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[bookmark: _Toc219058016]1.0 Abstract
Modern Internal Combustion Engines continue to evolve through advancements in Combustion Strategy, Fuel Formulation, and simulation-driven development in response to rigorous efficiency and emissions requirements. 
This study investigates combustion behaviour, and emissions related performance across various contemporary powertrain technologies using a combination of experimental data analysis and simulation tools. 
Measured In-cylinder pressure data   from various engine types are analysed to determine key combustion metrics including indicated mean effective pressure (IMEP), Peak cylinder pressure, pressure rise rates, and indicative cycle efficiency.
In addition, alternative fuels are modelled using a Ricardo WAVE simulation of a turbocharged direct injection engine to assess their influence on performance factors such as Torque, Brake specific fuel consumption and combustion pressure characteristics.
Finally, combustion modelling accuracy is explored through the implementation of a Weibe Heat Release model in MATLAB, allowing for comparison against commercial simulation outputs. 


[bookmark: _Toc219058017]2.0 Introduction
The Internal Combustion Engine (ICE) remains a dominant powertrain technology within the automotive and motorsport industry despite the increasing use of hybrid and electric vehicle technologies driven by legislative and environmental pressures. Ongoing development efforts focus on improving thermal efficiency, reducing regulated emissions, and enabling compatibility with alternative and low-carbon fuels while maintaining performance. Achieving these objectives requires a detailed understanding of combustion behaviour, fuel chemistry, and the limitations of experimental measurements and simulation tools.
Metrics such as indicated mean effective pressure (IMEP), peak cylinder pressure, and pressure rise rate characterise combustion efficiency, mechanical loading, and knock behaviour across different engine architectures.
Furthermore, one-dimensional simulation tools such as Ricardo WAVE are widely used in powertrain development to evaluate performance trends and design changes. These tools are increasingly applied to assess alternative and synthetic fuels; however, combustion is often represented using simplified or ‘legacy’ models that may not fully capture the complex chemical and thermodynamic behaviour of non-conventional fuels.
This assignment is structured around three tasks. First, measured in-cylinder pressure data from three engines are analysed to compare combustion characteristics and key thermodynamic performance metrics. Second, alternative fuels are implemented within a Ricardo WAVE model of a turbocharged direct-injection engine to assess their impact on predicted performance and efficiency. Finally, a simplified combustion model based on the Wiebe function is developed in MATLAB and compared against WAVE outputs to evaluate model accuracy and highlight model limitations.


[bookmark: _Toc219058018]3.0 Comparative Combustion Analysis – Task 1
[bookmark: _Toc219058019]3.1 Data Set & Methodology
Three engines were selected for the comparative combustion analysis to provide a broad contrast in engine architecture, operating conditions, and combustion strategies. The datasets represent high-performance automotive, mass-production passenger car, and heavy-duty off-highway applications, allowing meaningful comparison of thermodynamic behaviour.
The Ford FOX engine represents a modern, downsized turbocharged spark-ignition powertrain designed for efficiency and emissions compliance
The McLaren 570S engine is a high-performance, twin-turbocharged spark-ignition engine operating at significantly higher specific power levels. This dataset enables examination of how combustion is optimised under high load and high-speed operating conditions.
The CLAAS engine represents a heavy-duty compression-ignition application, likely operating at lower engine speeds but much higher cylinder pressures. Its combustion behaviour is fundamentally different, characterised by auto-ignition, rapid premixed heat release, and higher pressure rise rates. This enables direct comparison between spark-ignition and compression-ignition combustion modes.
Together, these engines provide a representative cross-section of modern powertrain combustion strategies, supporting a robust comparative analysis of pressure traces, efficiency metrics, and combustion characteristics.
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The in-cylinder pressure traces provide direct insight into the combustion characteristics of each engine configuration. Figure 1 shows the mean cylinder pressure for the Ford FOX engine, averaged across multiple cycles to reduce cyclic variability. The pressure trace exhibits a smooth pressure rise following ignition, with peak pressure occurring shortly after top dead centre (TDC), characteristic of a modern turbocharged spark-ignition engine optimised for efficiency and emissions compliance.
The McLaren 570S pressure traces, shown in Figure 2, demonstrate significantly higher peak pressures and steeper pressure rise rates compared to the Ford FOX engine. As engine speed increases, peak pressure initially rises before plateauing at higher RPM, reflecting the influence of combustion phasing, boost pressure, and reduced available burn duration at high engine speeds.
In contrast, the CLAAS heavy-duty diesel engine exhibits markedly higher absolute cylinder pressures at much lower engine speeds (Figure 3). The pressure trace is characterised by a rapid pressure rise associated with auto-ignition and premixed combustion, followed by a slower diffusion-controlled burn.
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[bookmark: _Toc219058022]3.4 Summary of Extracted Combustion Metrics For each Engine and Operating Condition (Table)
The Ford FOX engine exhibits relatively moderate peak pressures and pressure rise rates, consistent with a combustion strategy prioritising emissions control, knock avoidance, and durability. The peak pressure location occurs shortly after TDC, indicating conservative combustion phasing.
The McLaren 570S engine demonstrates substantially higher peak pressures and pressure rise rates across all engine speeds. As RPM increases, the maximum pressure rise rate initially increases before stabilising, reflecting the combined effects of higher boost pressure and reduced combustion duration at elevated engine speeds. These trends are indicative of a performance-oriented combustion strategy, operating closer to knock and material limits.
The CLAAS diesel engine achieves the highest absolute cylinder pressures and pressure rise rates despite operating at significantly lower engine speeds. This is characteristic of compression-ignition combustion, where rapid heat release following auto-ignition leads to high pressure gradients. The higher IMEP values observed for the CLAAS engine reflect its optimisation for high torque output and thermal efficiency.



[bookmark: _Toc219058023]3.5 Discussion
The results from Task 1 highlight clear distinctions in combustion behaviour arising from differences in engine architecture, operating conditions, and combustion strategy. Spark-ignition engines operating under performance constraints (McLaren 570S) exhibit higher pressure rise rates and peak pressures than mass-production engines (Ford FOX), reflecting more aggressive combustion phasing and higher boost pressures.
The CLAAS diesel engine demonstrates fundamentally different combustion characteristics, with high pressure rise rates driven by auto-ignition and premixed heat release. While this results in high thermal efficiency and torque output, it also imposes greater mechanical and acoustic loading on engine components.
These differences underline the trade-offs inherent in combustion system design, where efficiency, performance, emissions, and durability must be balanced depending on application requirements.
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Figure 7, Ricardo WAVE Setup
[bookmark: _Toc219058025]4.1 Fuel Selection & Properties 
Three fuels were considered in this study: RON 95 gasoline, E85, and Ethanol. RON 95 gasoline was selected as the baseline fuel, representing a conventional reference for assessing performance and efficiency changes when alternative fuels are introduced.
E85 was selected as an oxygenated gasoline surrogate fuel. E85 contains a high proportion of ethanol and is characterised by a lower stoichiometric air–fuel ratio and lower lower heating value compared to conventional gasoline. The presence of oxygen within the fuel promotes more complete combustion but increases the required fuel mass flow for stoichiometric operation. Although E85 is not directly equivalent to E10 gasoline, it provides a useful comparison to highlight the effects of oxygenated fuels on engine performance, fuel consumption, and combustion behaviour.
Ethanol has a significantly lower heating value than gasoline and a much lower stoichiometric air–fuel ratio, which strongly influences combustion characteristics, indicated efficiency, and brake specific fuel consumption. Its inclusion in this study allows the effects of high-oxygen, renewable fuels to be evaluated relative to conventional gasoline.
Due to limitations in the WAVE fuel library, E85 and ethanol were used as surrogate fuels to examine general trends rather than exact real-world blends.”


[bookmark: _Toc219058026]4.2 WAVE Model configuration 
The engine model used in this study represents a BMW B48 2.0-litre turbocharged spark-ignition engine configured for the Morgan Plus Four. The model includes detailed representations of the intake system, turbocharger and twin-scroll turbine, intercooler, exhaust manifold, catalyst, and four-cylinder engine geometry. Key components such as intake and exhaust valves, injectors, and combustion chambers were predefined within the supplied model.
To investigate the effect of fuel type, separate model instances were created for each fuel. This was necessary because fuel definitions within the supplied Ricardo WAVE model are global and cannot be varied on a per-case basis. Each model instance therefore used an identical engine configuration, operating conditions, and control strategy, with the fuel tag modified to represent RON 95, E85, or Ethanol respectively.
Engine speed, load, air–fuel ratio control, and turbocharger operation were kept constant across all simulations. This ensured a fair comparison between fuels and allowed performance metrics such as torque, brake power, and brake specific fuel consumption to be compared directly.

[bookmark: _Toc219058027]4.3 Simulation Results 


[bookmark: _Toc219058028]4.4 Discussion & Model Limitations
Several limitations of the modelling approach should be acknowledged. Firstly, the use of predefined fuel surrogates rather than exact real-world fuel compositions limits the quantitative accuracy of the results. While E85 and Ethanol provide useful insights into the effects of oxygenated and renewable fuels, they do not exactly replicate the behaviour of E10 gasoline or specific sustainable gasoline blends.
Secondly, the combustion model employed in Ricardo WAVE is based on simplified heat release correlations rather than detailed chemical kinetics. As a result, effects such as knock resistance, detailed emissions formation, and fuel-specific flame speed variations are not fully captured. The results should therefore be interpreted as indicative of performance trends rather than absolute predictions.
Finally, the model represents steady-state operation and does not account for transient effects such as turbocharger lag, cold-start behaviour, or real-world driving cycles. These factors can have a significant influence on fuel consumption and emissions in practical applications.
Despite these limitations, the modelling approach is well suited to comparative analysis and provides valuable insight into the influence of fuel properties on spark-ignition engine performance.


[bookmark: _Toc219058029]5.0 Combustion Model Refinement Using MATLAB – Task 3
[bookmark: _Toc219058030]5.1 Combustion Model Overview
Due to difficulties in extracting consistent cylinder pressure data from the WAVE simulations, Task 3 was conducted using a representative combustion pressure trace generated in MATLAB. This approach allows the underlying combustion model behaviour to be investigated independently of solver-specific implementation details, while remaining representative of a modern turbocharged spark-ignition engine such as the BMW B48.
The MATLAB model employs a single-zone combustion framework consisting of a slider–crank volume model, a polytropic compression and expansion backbone, and a Wiebe function to represent the combustion heat release. The combination of these elements enables the generation of a physically plausible in-cylinder pressure trace suitable for post-processing and apparent heat release analysis. While simplified, this methodology is well suited to investigating combustion phasing, burn duration, and sensitivity of key combustion parameters, which are the primary objectives of Task 3.
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[bookmark: _Toc219058031]5.2 Parameter estimate approach 
Combustion heat release was modelled using a Wiebe function. The Wiebe formulation is defined by four key parameters: the start of combustion , the burn duration , the efficiency parameter , and the shape parameter . These parameters collectively control the timing, duration, and shape of the combustion event.
An initial baseline parameter set was selected based on typical spark-ignition engine behaviour, with combustion starting slightly before top dead centre and extending over a moderate crank angle duration. From this baseline, a systematic parameter sweep was performed to investigate the sensitivity of combustion phasing and pressure development to changes in , , and .
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AI-generated content may be incorrect.]Refinement of the combustion model was guided by engineering targets rather than direct experimental calibration. A target combustion phasing of approximately CA50 ≈ 10° aTDC was selected, as this range is commonly associated with near-optimal indicated efficiency in spark-ignition engines. Additional consideration was given to limiting excessive pressure rise rates to avoid unrealistically harsh combustion behaviour. A simple scoring metric combining CA50 error and pressure rise rate penalty was therefore used to identify a refined set of Wiebe parameters.Figure 11, Weibe Burn Fraction (Baseline)
Figure 10, Cumulative Apparent Heat Release (Baseline)







[bookmark: _Toc219058032]5.3 Model Results & Comparison 
The baseline synthetic firing pressure trace exhibits a clear pressure rise associated with combustion relative to the motoring case, confirming that the Wiebe heat release model successfully drives realistic pressure development. The derived apparent heat release rate calculated using the first law-based single-zone formulation, displays a broader and more asymmetric profile compared to the imposed Wiebe heat release. This difference is expected and arises from the combined effects of volume change, numerical differentiation of pressure, and the simplified coupling between heat release and pressure in the synthetic model.
A sensitivity analysis demonstrated that the start of combustion exerts a strong influence on combustion phasing. Advancing shifts CA50 earlier and increases peak cylinder pressure, while retarding delays CA50 and reduces peak pressure. This behaviour is consistent with fundamental combustion theory and highlights the dominant role of ignition timing in controlling combustion phasing within Wiebe-based models.
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AI-generated content may be incorrect.]Based on the refinement criteria, the selected parameter set was , , and , which resulted in a CA50 value of approximately 10.7° aTDC. This refined case achieved the target phasing while maintaining a moderate maximum pressure rise rate. Comparison of the baseline and refined pressure traces shows that the refined combustion model produces an earlier and more concentrated pressure rise, demonstrating successful refinement of the combustion event relative to the initial parameter estimates.Figure 13, Sensitivity of CA50
Figure 12, Imposed Wiebe heat release profile and derived apparent heat release rate.
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Figure 14, Sensitivity of Pmax
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[bookmark: _Toc219058033]6.0 Critical Evaluation 
While the MATLAB-based combustion model provides valuable insight into the sensitivity and refinement of Wiebe combustion parameters, several limitations should be acknowledged. The model employs a single-zone assumption with a fixed ratio of specific heats, which neglects temperature-dependent gas properties, spatial variations in mixture composition, and flame propagation effects. As a result, the predicted pressure and heat release profiles should be interpreted qualitatively rather than quantitatively.
Furthermore, the use of a synthetic pressure trace limits direct validation against Ricardo WAVE results or experimental data. The simplified pressure–energy coupling used in the model leads to discrepancies such as delayed peak pressure relative to typical real-engine behaviour.
Future improvements could include the use of WAVE-exported cylinder pressure data for direct calibration, implementation of a variable ratio of specific heats, inclusion of empirical heat transfer correlations, and extension to a two-zone combustion model. Despite these limitations, the current approach successfully demonstrates the estimation, refinement, and critical evaluation of Wiebe combustion parameters, fulfilling the objectives of Task 3.
[bookmark: _Toc219058034]
7.0 Conclusions
This study investigated the influence of fuel properties and combustion modelling assumptions on the performance and combustion behaviour of a modern turbocharged spark-ignition engine.
Due to difficulties in extracting consistent cylinder pressure data from the WAVE simulations, a representative combustion pressure trace was generated in MATLAB for the purposes of combustion model refinement. This approach enabled the fundamental behaviour of the Wiebe combustion model to be examined independently of solver-specific implementations. A single-zone combustion framework incorporating a slider–crank volume model, polytropic compression and expansion, and a Wiebe heat release formulation was successfully used to generate physically plausible pressure and heat release profiles.
A sensitivity study demonstrated that combustion phasing, quantified using CA50, is strongly governed by the start of combustion parameter, while burn duration and shape factor influence pressure rise rate and peak cylinder pressure. Through systematic parameter refinement, a Wiebe parameter set achieving CA50 ≈ 10.7° aTDC was identified, consistent with typical optimal combustion phasing for spark-ignition engines. Comparison of baseline and refined cases highlighted the trade-offs between combustion efficiency, peak pressure, and pressure rise rate.
The apparent heat release derived from pressure–volume analysis exhibited broader and delayed behaviour relative to the imposed Wiebe heat release, reflecting the limitations of simplified single-zone modelling and numerical differentiation. These discrepancies emphasise the importance of recognising the assumptions and constraints inherent in reduced-order combustion models when interpreting results.
Overall, the combined use of Ricardo WAVE and MATLAB provided valuable insight into combustion modelling, parameter sensitivity, and model limitations. While the simplified combustion approach restricts quantitative accuracy, it remains effective for comparative analysis and conceptual understanding. The methodologies developed in this study demonstrate the importance of critical evaluation when applying simplified combustion models and provide a foundation for future work incorporating higher-fidelity pressure data, variable thermodynamic properties, and more advanced combustion modelling techniques.

2

image1.png
Prifysgol Cymru
% Y Drindod Dewi Sant

. University of Wales
Trinity Saint David

»




image2.png
McLaren 5708: Pressu & {=|{" & O (]

60

20

Cylinder Pressure (sheet units)
&

200 400 600 800
Crank Angle (deq)




image3.png
Ford FOX - Mean Cylinder Pressure

Pressure (bar)

10

0
400 200 0 200 400
Crank Angle (deqCA)




image4.png
Gp/ACA (unitsideq)

McLaren - Pressure Rise Rate

200 400 600
Crank Angle (deq)

800




image5.png
Pressure (bar)

100

CLAAS - Cylinder Pressure @ 1000 rpm

80

60

40

2

0
-400

200 0 200
Crank Angle (deq)

400




image6.png
Mol aren 570S - Peak Cylinder Pressure vs Engine Spee

10

100

%

80

Peak Cylinder Pressure (bar

70
0 2000 4000 6000 8000 10000
Engine Speed (rpm)




image7.png
Laren 570S: Maximum Pressure Rise Rate vs Eng

o

0 2000 4000 6000 8000 10000
Engine Speed (rpm)

ressure Rise Rate, max(dp/dCA;




image8.png
[0 emreesuaysmers  x [#]

lgBBa=3R-8 2o

Library 2

seoeh
Inecton ate rofle
Inection Rte Map
Inecton Pressure Profe
Inector Ful Delvry Proile
Inector Plse Shapes Profle
Inector Mapped Pue Shapes Prfile
- vave
Vave it roile
Valve Biectiv Aves Prfile
Vave Lt Efective Aves Prfile
Vave Force Proie
Ve Mass and Ara Profle
Vave Inrtio and Aves Prfile
Vave Flow Coe. Profle
Vave il Coe. Profle
Vave Flow Velocity istibution
Dymarmic Vlve Lt Prfile

Library | Active Libraries.

v/ [0 WAVE Sover FL
- CaseSets
B ess
[ Ethanol (Sustain)
[ Ron s
- Parsmeters
Y © Fixed
Speed
neye
AR
v
e
CENHTC
CENHTO
&
e
AcF
cRom
PID_Torque.|

Command >

. WA QR

Model

i BEE ©® & oo

Rotation [90.0

Scale (200

o

<

(CAC with Haat Exclanger

N mLT

[

Output A

TITLE:
13 02 15
Function MFR:
13 of 15
Function MFR:
15 oz 15
Function MFR:
TITIE:
Unable to remove folder for embedded files: C:/Users/210474¢/0nebrive -
ower Trains/Slclfeca-sTde-4661-a0cc-1254870d13a_enbeddedFiles

Solver input check finished successfully (0 errors, 1¢ warnings)

Case
ey
Case
ey
Case
ey

Argument(s) out of range for index=l.

in "mL/(ml+m2)": result set to 1

Argument(s) out of range in "ml/(ml+n2)": result set to 1 for index=l.

Argument(s) out of range in "ml/(ml+n2)": result set to 1 for index=l.

University of Wales Trinity Saint David/Contemparary ®

Help | Output

Label|Model Properties.

Propertes | Comments
< Fluid Properies
Compressbiity |1deal gaz
Specifed by | Tag (predefned fuel i)

Tog |RON 95

Fuel 1
Fuel Type [RON 95
Stoichiometric AFR [14.019288063049316
Lhy (41780000
Liquid Density 751
Carbon [7
Ouygen 02
Hydrogen [13.1

Nitrogen [0

Calculation method | Interpolation

= Global Muliplers
Wallficion [1
Heattranster [1
= Body Forces
Acceleation [9
Specify by |Vector
x[o

kg

kg/m*3

misr2 |-





image9.png
Pressure (bar)

dffotoring vs Synthetic Firing Pressure (baseline)

Wiotoring
2 Fiing (baseline)

30

20

10

0

200 100 0 100 200

Crank angle (deq)




image10.png
Wiebe Burn Fraction (baseline)

Burn fraction Xy

0
200 100 0 100 200
Crank angle (deq)




image11.png
3 gooCumulative Apparent Heat Release (baseline)

6000

4000

2000

0
200 100 0 100 200
Crank angle (deq)

Cumulative apparent heat release




image12.png
Heat release rate (J/deg)

80

Wiebe HRR vs Apparent HRR (baseline)

60

40

2

0

2

Wiebe FIRR (npull
Apparent HRR (from p-V)

0
-200

100 0 100
Crank angle (deq)

200




image13.png
Sensitivity of CA50 to 80 (d8=60 deg, m=2.0)

20 15 10 -5 [J
Start of combustion 80 (deq)




image14.png
gBaseline vs Refined Synthetic Firing Pressure

Baseine
Refined

Pressure (bar)

0
200 100 0 100 200
Crank angle (deq)




image15.png
Sensitivity of Pmax to 80 (d8=60 deg, m=2.0)

20 15 10 -5 [J
Start of combustion 80 (deq)




