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[bookmark: _Toc223785927]Task 1: Cycle Simulation fundamentals
The first stage of this work was to develop an ideal thermodynamic model of the Ford Sigma 1.6 L engine using a slider–crank formulation. Cylinder volume was calculated as a function of crank angle from the specified bore, stroke and connecting rod length, giving a compression ratio of approximately 11:1, consistent with the engine specification. (Heywood, 2018)
An ideal Otto cycle was then applied, assuming isentropic compression and expansion with constant specific heats and instantaneous heat addition at top dead centre. The predicted pressure trace follows the expected cycle behaviour: gradual compression, a rapid pressure rise at combustion, and a steady decline during expansion. The model produced a peak pressure of approximately 74 bar and a peak temperature of approximately 2380 K.
Although idealised, this model establishes a clear thermodynamic reference against which the measured engine data can later be assessed and refined.
All available in matlab grader

[bookmark: _Toc223785928]Task 2: Real Data Analysis
[bookmark: _Toc223785929]Introduction
This task analyses measured in-cylinder pressure data from the Sigma 1.6 L engine across a range of operating speeds. Crank-angle-resolved pressure traces are used to evaluate combustion phasing, pressure–volume behaviour and effective polytropic characteristics, highlighting deviations from ideal Otto cycle assumptions.
Figure 1: Three-dimensional representation of measured in-cylinder pressure as a function of crank angle and engine speed for the Ford Sigma 1.6 L engine. The surface illustrates the compression, combustion and expansion phases across the full operating speed range.[image: ]
Figure 1 illustrates the measured in-cylinder pressure across the full crank angle range and engine speed spectrum. The surface clearly captures the thermodynamic cycle structure, with pressure rising during compression, reaching a distinct maximum shortly after top dead centre, and subsequently decreasing during expansion.
The consistent positioning of peak pressure between approximately 10° and 25° after TDC confirms effective combustion phasing across the operating range. The increase in peak pressure with engine speed indicates enhanced turbulence and accelerated flame propagation at higher piston velocities, resulting in more concentrated heat release near TDC. Furthermore, reduced residence time at elevated RPM limits heat transfer to the cylinder walls, contributing to higher peak pressures.
The deviation of the compression and expansion regions from ideal isentropic curvature highlights the presence of heat transfer and irreversible effects, reinforcing that the real cycle behaviour differs significantly from the ideal Otto model developed in Task 1. This surface therefore provides a comprehensive experimental benchmark for subsequent model refinement.
[bookmark: _Toc223785930]Figure 2: Rate of change of cylinder pressure  versus crank angle. The peak in the pressure gradient identifies the main heat-release region and indicates the effective start and intensity of combustion.
[image: ]
The  traces are a direct diagnostic for combustion start and burn intensity. Prior to SOC, the gradient remains low and varies smoothly, representing compression-driven pressure rise. As combustion begins, increases rapidly and reaches a pronounced maximum near the main heat release region. The location of the maximum   indicates where the bulk of heat release is occurring; shifting of this peak with RPM reflects changes in effective combustion phasing. After peak, typically falls sharply and becomes negative as the cylinder transitions into expansion and pressure decays. 
Figure 3: Estimated polytropic index during compression and expansion across the engine speed range. The variation in index highlights the deviation from ideal isentropic behaviour due to heat transfer and real gas effects.
[image: ]
Figure 3 shows the estimated polytropic index during compression and expansion across the engine speed range. The compression index is generally higher than the expansion index, which reflects the different heat transfer behaviour during each stroke. During compression, the charge temperature rises and some heat is transferred to the cylinder walls, while during expansion the hot gases lose heat more rapidly and continue to do work on the piston. As engine speed increases, the polytropic index trends slightly towards more adiabatic behaviour. This is expected because higher RPM reduces the time available for heat transfer per cycle. 


Figure 4: Instantaneous indicated torque as a function of crank angle and engine speed. Positive torque occurs primarily during the expansion stroke when high combustion pressure acts on the piston.[image: ]
Figure 4 presents the instantaneous indicated torque as a function of crank angle and engine speed. Positive torque is produced primarily during the expansion stroke, where high cylinder pressure acts on the piston and transfers energy to the crankshaft. Negative torque regions occur during compression, as work must be supplied to compress the air–fuel mixture. The strongest positive torque region aligns closely with the peak pressure region observed earlier, confirming the direct relationship between combustion pressure and mechanical output. The torque surface also shows how the useful work portion of the cycle becomes more concentrated as RPM increases. This demonstrates how combustion phasing and pressure magnitude directly influence engine performance.


Figure 5: Calculated Mass Fraction Burned[image: ]
Figure 5 shows the modelled mass fraction burned (MFB) using a Wiebe function. The surface illustrates the progression of combustion from ignition through to complete burn. The steep central region represents the main heat release phase, while the flat regions before and after indicating unburned and fully burned conditions respectively. Although this is a modelled result rather than measured data, it provides a structured representation of combustion timing. (Wiebe, 1970)




Figure 6: Mass Fraction Burned vs Crank Angle vs RPM (%)[image: ]
Figure 6 presents the mass fraction burned in percentage form, making it easier to interpret combustion milestones such as 10%, 50% and 90% burn. The 50% burn point (CA50) is particularly important because it strongly influences engine efficiency and peak pressure timing (Stone, 2012). Across the RPM range, the general shape of the combustion progression remains similar, although small shifts in slope indicate changes in burn rate. If CA50 occurs too early or too late relative to top dead centre, efficiency would decrease. This figure therefore helps link combustion phasing directly to overall thermodynamic performance. evolution, temperature trends, combustion phasing, and effective polytropic indices provides a robust experimental benchmark. 

[bookmark: _Toc223785931]Polytropic Behaviour of Compression and Expansion
Analysis of the pressure–volume relationship during the compression and expansion strokes indicates that both processes follow a polytropic rather than an ideal isentropic path (Ferguson & Kirkpatrick, 2015). The calculated polytropic indices confirm that real heat transfer and irreversibility effects are present throughout the cycle.
During compression, the effective polytropic index reflects the combined influence of rising gas temperature and heat exchange with the cylinder walls. During expansion, the index differs due to continued thermal losses, residual combustion effects and changing gas properties at elevated temperature. The observed variation in polytropic index with engine speed suggests that heat transfer rates and gas dynamic behaviour are strongly speed dependent. At higher RPM, reduced cycle duration limits heat transfer time, causing the process to approach more adiabatic behaviour, whereas at lower speeds greater thermal interaction with the walls becomes evident.
These findings demonstrate that assuming constant isentropic behaviour, as in the ideal Otto cycle, is insufficient to describe real engine thermodynamics with high accuracy.

[bookmark: _Toc223785932]Real-World Effects on Engine Behaviour
The measured pressure and temperature behaviour confirms that real engine operation departs significantly from ideal Otto cycle assumptions. Finite-rate combustion, heat transfer and gas exchange effects alter both peak magnitude and expansion behaviour, reinforcing the need for model refinement.
The relatively stable combustion phasing observed across the RPM range suggests effective ignition timing control, while the progressive increase in peak pressure and temperature with engine speed highlights the role of turbulence-enhanced flame propagation. However, the non-ideal curvature of the compression and expansion traces confirms that the working fluid does not behave as a perfectly adiabatic, constant-property gas.
These real-engine characteristics underline the limitations of simplified thermodynamic assumptions and justify the need for model refinement when attempting to replicate measured behaviour computationally.

[bookmark: _Toc223785933]Conclusion
The analysis demonstrates that measured pressure data provide a far more realistic representation of engine thermodynamics than ideal cycle modelling alone. Combustion phasing remains relatively consistent across the speed range, while peak pressure and work output increase with RPM due to enhanced turbulence and reduced heat transfer time. The deviation from isentropic behaviour confirms that real engines are governed by heat losses and irreversible processes, providing a clear benchmark for subsequent model refinement.
[bookmark: _Toc223785934]Task 3: Model Refinement and Validation
[bookmark: _Toc223785935]3.1 Comparing the Baseline Model with Measured Data
The first step in Task 3 was to directly compare the idealised model from Task 1 with the real in-cylinder pressure data analysed in Task 2. Overlaying the two traces immediately showed that, while the general cycle shape was correct, the combustion region did not align well with the measured behaviour.
For example, at low engine speed the baseline model predicted a peak pressure of approximately 74 bar, whereas the measured data showed a peak closer to 67 bar, giving an over-prediction of roughly 10%. In addition, the model peak occurred at around 6° after TDC, while the measured peak was closer to 18° after TDC, representing a phasing error of approximately 12 degrees.
These differences were not minor; they indicated that the combustion event in the model was occurring too early and too rapidly.
During the expansion stroke, the model also maintained slightly higher pressures than measured, suggesting that heat losses and non-ideal gas behaviour were not sufficiently represented.
[bookmark: _Toc223785936]3.2 Understanding Why the Model Was Wrong
Rather than simply adjusting parameters blindly, it was important to understand what was causing the discrepancies.
The combustion process in the baseline model is governed by a fixed Wiebe function with a burn duration of 30° and a start of combustion based purely on ignition timing. In reality, combustion duration depends strongly on turbulence, mixture quality and engine speed. The measured pressure rise rate (from the   plots in Task 2) showed that combustion was more distributed in crank-angle terms than assumed in the model.
The constant value of γ (1.25) is another simplification. At peak temperatures approaching 2200–2400 K, the specific heat ratio decreases due to temperature-dependent gas properties. Holding γ constant therefore leads to an exaggerated pressure response.
Finally, the model assumes that all chemical energy released is converted into sensible internal energy of the gas, aside from a simple combustion efficiency factor. In practice, a portion of this energy is lost to the cylinder walls, particularly during the high-temperature combustion phase.
[bookmark: _Toc223785937]3.3 Refinement of Combustion Parameters
Four parameters were selected for refinement:
· Start of combustion (SOC)
· Burn duration (bdur)
· Heat release scaling factor
· Effective γ
Using numerical optimisation to minimise the error between modelled and measured pressure in the combustion window (−60° to +120°), the refined parameters converged to the following representative values at mid-range speed:
· SOC shifted from −7° to −3°
· Burn duration increased from 30° to 44°
· Heat release scaling reduced from 1.00 to 0.86
· Effective γ increased slightly to 1.29
Each adjustment has physical meaning. Delaying SOC aligned the pressure peak with measured data. Increasing burn duration reduced the sharpness of the pressure rise, better matching the measured   behaviour. Reducing total heat release effectively accounted for thermal losses not explicitly modelled. Adjusting γ improved expansion behaviour and peak pressure magnitude.
[bookmark: _Toc223785938]3.4 Validation of the Refined Model
After refinement, the pressure trace was recalculated and compared again with the measured data.
The improvement was clear. Peak pressure reduced from 74 bar (baseline) to 68.5 bar (refined), closely matching the measured 67 bar, reducing the peak pressure error from 10% to under 3%. Peak timing improved from a 12° error to less than 3° difference relative to measured data.
The root-mean-square error across the combustion window reduced from approximately 6.2 bar to 2.1 bar, representing a substantial improvement in overall fit, not just at the peak.
[bookmark: _Toc223785939]Figure 7: Comparison between measured cylinder pressure and predicted pressure traces from the baseline and refined thermodynamic models at 1000 rpm.
[image: ]
Figure 7 Comparison of measured in-cylinder pressure trace with baseline and refined thermodynamic model predictions at 1000 rpm. The baseline model significantly over-predicts peak pressure and advances combustion phasing relative to the measured data, indicating limitations in the original heat release and polytropic assumptions. Following parameter refinement, the predicted pressure trace exhibits improved peak alignment (within approximately 2–3 bar of measured maximum) and more realistic expansion behaviour. The refined model captures both the magnitude and temporal positioning of peak pressure more accurately, demonstrating improved representation of low-speed combustion dynamics and associated heat transfer effects.
[bookmark: _Toc223785940]Figure 8: Validation of the refined thermodynamic model against measured cylinder pressure data at 6500 rpm, showing improved agreement in peak pressure magnitude and combustion phasing.
[image: ]
Figure 8 Validation of baseline and refined model predictions against measured in-cylinder pressure at 6500 rpm. At high engine speed, the baseline model underestimates peak pressure and fails to reproduce the steep pressure rise characteristic of rapid turbulent combustion. After refinement of combustion duration and polytropic parameters, the model shows strong agreement with measured peak magnitude and combustion phasing. The refined trace closely follows the experimental pressure decay during expansion, indicating improved modelling of heat release rate and reduced residence-time heat losses at elevated piston speeds.
[bookmark: _Toc223785941]3.5 Thermodynamic Interpretation
The refinement results support the conclusions drawn in Task 2. The longer burn duration reflects finite flame propagation rather than instantaneous heat release. The reduced heat release scaling factor is consistent with measurable wall heat losses and incomplete conversion of chemical energy into in-cylinder pressure rise.
The adjustment of γ highlights the limitations of constant-property assumptions at high temperature. By increasing the effective γ slightly, the expansion pressure behaviour better matched the measured trace, indicating that thermodynamic property selection plays a non-trivial role in model accuracy.
[bookmark: _Toc223785942]3.6 Remaining Limitations
Although the refined model shows strong agreement with measured pressure traces, it is still a simplification. It does not include:
· Explicit heat transfer modelling
· Residual gas fraction
· Blow-by or crevice losses
· Multi-zone combustion modelling
· Variable specific heats
The assumption of uniform temperature within the cylinder is particularly limiting, as real combustion involves strong spatial gradients. These factors explain the small remaining discrepancies observed during late expansion.
[bookmark: _Toc223785943]3.7 Conclusion
Rather than treating the ideal Otto cycle as a fixed representation of reality, this task showed how experimental pressure data can be used to improve it. The baseline model captured the general cycle shape but over-predicted peak pressure and advanced combustion phasing. By adjusting combustion timing, burn duration, effective heat release and γ, the refined model reduced peak pressure error from around 10% to under 3%.
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