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[bookmark: _Toc235455075][bookmark: _Toc235455104]Task 2 – Real Data Analysis:

[bookmark: _Toc235455076][bookmark: _Toc235455105]Figure 1 – Measured Cylinder Pressure vs Crank Angle:
[image: ]Figure 1 shows the variation in measured cylinder pressure throughout the engine cycle as a function of crank angle. During the compression stroke, the piston moves towards TDC, reducing the cylinder volume and increasing the cylinder pressure. Combustion causes a rapid pressure rise around TDC, with the maximum pressure occurring shortly after TDC. As the piston moves down the cylinder during the expansion stroke, the pressure decreases because the cylinder volume increases. This pressure profile is characteristics of a 4-stroke spark ignition engine. Figure 1 – Cylinder Pressure and Piston Position at 6500rpm


[bookmark: _Toc235455077][bookmark: _Toc235455106]Figure 2 – Pressure-Volume (P-V) Diagram:
[image: ]Figure 2 presents the measured pressure-volume (P-V) diagram for the engine cycle. The compression process is represented by increasing pressure as cylinder volume decreases, while the expansion process shows decreasing pressure as the piston moves away from TDC. The area enclosed by the P-V loop represents the indicated work associated with the analysed cycle. The diagram illustrates how pressure acting on the changing cylinder volume results in mechanical work transfer between the gases and the piston. Figure 2 - Measured P-V Diagram at 6500rpm


[bookmark: _Toc235455078][bookmark: _Toc235455107]Figure 3 – Polytropic Compression and Expansion:
Figure 3 shows the logarithmic pressure-volume relationship used to determine the compression and expansion polytropic indices. Linear regression was applied to [image: ]selected compression and expansion regions of the cycle. From the relationship PV^n = constant, the polytropic index was obtained from the negative gradient of each fitted line on the ln(P) against ln(V) plot. The calculated values indicate that the measured processes differ from ideal isentropic behaviour because of the heat transfer and other real-engine effects. These values were subsequently used to refine the thermodynamic model developed in Task 1. Figure 3 - Compression and Expansion Polytropic fits


[bookmark: _Toc235455079][bookmark: _Toc235455108]Figure 4 – Pressure Derivative:
[image: ]Figure 4 shows the rate of change of cylinder pressure with crank angle. A large positive pressure gradient occurs around the combustion period, indicating a rapid temperature rise. After the maximum cylinder pressure decreases. The derivative therefore assists in identifying changes in the pressure behaviour and provides supporting information when estimating the combustion interval. Figure 4 - Measured Cylinder Pressure Derivative


[bookmark: _Toc235455080][bookmark: _Toc235455109][image: ]Figure 5 – Apparent Heat Release:
Figure 5 shows the apparent heat release rate calculated from the measured cylinder pressure and volume data using a simplified first-law analysis. The heat release profile indicates that combustion occurs over a finite crank angle interval rather than instantaneously. Integrating the positive apparent heat release gives a cumulative heat release curve, from which the combustion phasing parameters CA10, CA50 and CA90 were estimated.  Figure 5 - Apparent Heat Release and Combustion Timing


[bookmark: _Toc235455081][bookmark: _Toc235455110]Figure 6 – Cylinder Temperature:
[image: ]Figure 6 shows the estimated cylinder gas temperature calculated using the ideal gas equation. The temperature increases during compression as work is done on the gas, rises sharply during combustion because energy is released, and decreases during expansion as the gases perform work on the piston. The calculation assumes ideal gas behaviours, a constant trapped mass and simplified initial conditions. Therefore, the result is an estimate rather than a direct measurement of the in-cylinder temperature.Figure 6 - Estimated Mean Cylinder Gas Temperature


[bookmark: _Toc235455082][bookmark: _Toc235455111]Figure 7 – Work and IMEP:
[image: ]Figure 7 presents the work transfer during the analysed engine cycle, obtained by numerical integration of pressure with respect to cylinder volume. Positive expansion work produces as the gases act on the piston, while compression requires work to be done on the cylinder contents. The net indicated work was used to calculate the indicated mean effective pressure (IMEP), which expresses the cycle work relative to the engine displacement and enables comparison independently of engine size.
Figure 7 - Work Done by or on the Cylinder Gas

[bookmark: _Toc235455083][bookmark: _Toc235455112]Task 3 – Model Refinement and Validation:

[bookmark: _Toc235455084][bookmark: _Toc235455113]3.1 Introduction: 
The objective of this task was to refine the ideal thermodynamic engine cycle developed in Task 1 so that it more accurately represents the behaviour of a real Ford Sigma 1.6L spark ignition engine analysed in Task 2. The original model was based on an idealised Otto cycle and assumed simplified combustion behaviour. Although this approach provides a good representation of the thermodynamic cycle, it does not fully reproduce the pressure development observed in a real engine.
To improve the accuracy of the model, information extracted from the experimental cylinder pressure data in Task 2 was incorporated into the simulation. The experimentally determined combustion timing and combustion characteristics were used to calibrate the Wiebe combustion model, while the measured compression and expansion behaviour were then evaluated by comparing the simulated cylinder pressure with the measured pressure data using quantitative validation metrics.

[bookmark: _Toc235455085][bookmark: _Toc235455114]3.2 Model Refinement:
The original model developed in Task 1 consisted of a single-cylinder thermodynamic simulation using the geometric dimensions of the Ford Sigma engine. Cylinder volume was calculated using slider-crank kinematics and the compression and expansion processes were modelled using fixed polytropic indices. Combustion was represented using standard Wiebe heat-release function with predefined combustion parameters. 
Although this model produced a realistic pressure trace, the combustion timing and pressure rise were based on assumed values rather than experimental measurements. Consequently, the simulated pressure differed from the measured engine cycle during the combustion phase.
The first refinement involved replacing the assumed combustion timing with combustion timing obtained from the measured pressure data analysed in Task 2. The apparent heat-release analysis was used to determine the combustion phasing through the CA10, CA50 and CA90 combustion angles. These values represent the crank angle at which 10%, 50% and 90% of the total fuel mass has burned and provide a more representative description of the combustion process than a fixed ignition angle alone. 
The Wiebe combustion function was then recalibrated using the measured combustion duration and start of combustion. This allowed the simulated heat release to occur over a realistic crank angle interval rather than relying solely on theoretical assumptions. The combustion efficiency, ignition delay and burn duration were therefore adjusted to better reproduce the measured combustion behaviour. 
The compression and expansion processes were also refined using experimentally determined polytropic indices calculated from the measured pressure-volume data. These values provided a more representative description of the real thermodynamic processes occurring within the cylinder than the ideal assumption used previously. 
Finally, the refined combustion model was incorporated into the pressure calculation by applying the first law of thermodynamics. The incremental heat release during each crank angle step was calculated using:
Q=mf · LHV ·​ ηc ·​ MFB
Where:
· mf = fuel mass
· LHV = lower heating value of the fuel
· ηc = combustion efficiency 
· MFB = mass fraction burned determined from the Wiebe function.
The heat released during combustion increased the cylinder pressure throughout the combustion process, producing a pressure trace that more closely resembled the measured engine cycle.

[bookmark: _Toc235455086][bookmark: _Toc235455115]3.3 Model Validation: 
The refined thermodynamic model was validated by comparing the simulated cylinder pressure with the measured in-cylinder pressure obtained from the Ford Sigma engine.
The original model successfully reproduced the compression and expansion processes but showed noticeable differences during combustion due to the use of assumed combustion timing. After refinement, the simulated pressure rise occurred closer to the experimentally observed combustion event and produced a more accurate prediction of peak cylinder pressure.
The refined model also provided improved agreement throughout the expansion stroke. The experimentally determined polytropic indices allowed the pressure decay during expansion to better represent the measured behaviour of the engine.
Although small differences remained between the measured and simulated pressure traces, the refined model reproduced the overall shape of the engine cycle with goof agreement.

[bookmark: _Toc235455087][bookmark: _Toc235455116]3.4 Model Performance Evaluation:
The performance of the refined model was evaluated using several quantitative validation metrics generated within the MATLAB model. 
These included:
· Root Mean Square Error (RMSE)
· Peak cylinder pressure 
· Peak pressure crank angle
· Indicated Mean Effective Pressure (IMEP)
· Coefficient of determination (R^2)
RMSE was used to assess the overall agreement between the measured and simulated pressure traces. A lower RMSE indicates that the simulated pressure follows the experimental data more closely.
The peak pressure and corresponding crank angle were also compared, as these parameters are particularly sensitive to combustion timing. Good agreement indicates that the combustion model correctly reproduces the timing and magnitude of the heat release.
IMEP was calculated to compare the work producing capability of the simulated cycle with the measured engine cycle. Since IMEP is directly related to engine performance, agreement between measured and simulated IMEP provides confidence that the refined thermodynamic model accurately predicts the work output of the engine.
The refined model demonstrated a reduction in RMSE together with improved prediction of peak pressure and combustion timing, indicating that incorporating experimentally determined combustion characteristics significantly improved the accuracy of the simulation.

[bookmark: _Toc235455088][bookmark: _Toc235455117]3.5 Discussion:
The comparison between the simulated and measured pressure traces demonstrates the importance of incorporating experimental data into thermodynamic engine models. The ideal cycle developed in Task 1 provides a useful representation of the engine cycle; however, its simplified assumptions limit its ability to predict real combustion behaviour accurately.
The incorporation of experimentally determined combustion timing significantly improved the agreement between the simulated and measured pressure traces. By calibrating the Wiebe combustion model using the measured combustion duration, the pressure rise occurred over a realistic crank angle interval rather than instantaneously. This resulted in a smoother pressure rise and a peak pressure that mor closely match the experiment data.
Using experimentally determined polytropic indices also improved the prediction of both the compression and expansion processes. The measured pressure-volume relationship reflects the influence of heat transfer and real gas behaviour, providing a more representative description of the engine cycle than the ideal assumptions used in Task 1.
Despite these improvements, differences remain between the two results. The refined model assumes constant specific heats throughout the cycle, whereas the ratio of specific heats decreases with increasing gas temperature during combustion. This affects both the predicted pressure and temperature throughout the expansion stroke.
The model also neglects heat transfer between the combustion gases and the cylinder walls. In practice, significant heat losses occur to the piston crown, cylinder liner and cylinder head, reducing the measured pressure compared with an adiabatic simulation.
The Wiebe combustion model represents combustion using a single empirical function and therefore cannot reproduce the complex turbulent flame propagation occurring within the cylinder. Factors such as fuel-air mixture inhomogeneity, turbulence intensity and flame stretch are not represented within the model.
Additional differences arise because the model neglects gas exchange processes including valve flow, residual exhaust gases and blow-by past the piston rings. These effects influence both the trapped cylinder mass and the pressure development throughout the engine cycle.
Overall, however the refined model provides a significant improvement over the original ideal cycle and successfully reproduces the principal features of the measured engine pressure trace. 

[bookmark: _Toc235455089][bookmark: _Toc235455118]3.6 Model Limitations and Recommendations:
Although the refined thermodynamic model provides a realistic representation of the measured engine cycle, several simplifying assumptions remain.
The model assumes constant specific heats, homogeneous combustion and a single zone combustion chamber. Heat transfer to the cylinder walls is neglected, and the trapped cylinder mass is assumed to remain constant throughout the closed portion of the cycle. These assumptions simplify the numerical model but reduce its accuracy when compared with a real engine.
Further improvements could include:
· Implementing temperature dependent specific heats.
· Incorporating a Woschni heat-transfer correlation. (COLORADO STATE UNIVERSITY, 2025)
· Using a multi-zone combustion model to represent flame propagation.
· Modelling intake and exhaust valve flow.
· Including residual gas fraction and blow-by losses. (Mechanic Base, 2026)
· Accounting for mechanical friction and pumping work.
· Calibrating the Wiebe parameters directly from measured apparent heat release data.
Implementing these refinements would improve the predictive capabilities of the model and further reduce the differences between the simulated and measured engine cycle.

[bookmark: _Toc235455090][bookmark: _Toc235455119]3.7 Conclusion:
The thermodynamic engine model developed in Task 1 was successfully refined using experimentally measured cylinder pressure data obtained from the Ford Sigma .16L engine. Measured combustion timing and experimentally determined polytropic indices were incorporated into the simulation, resulting in a more representative description of the combustion process. 
Comparison between the measured and simulated pressure traces demonstrated that the refined model provides improved agreement with the experimental data compared with the original ideal cycle. Validation using RMSE, peak pressure and IMEP confirmed that incorporating measured combustion characteristics significantly improves the accuracy of the simulation.
Although the model remains subject to several simplifying assumptions, it successfully captures the principal thermodynamic behaviour of the engine cycle and demonstrates the importance of validating theoretical models using experimental measurements.
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Figure 1 shows the variation in
measured cylinder pressure
throughout the engine cycle as a
function of crank angle. During the
compression stroke, the piston
moves towards TDC, reducing the
cylinder volume and increasing the
cylinder pressure. Combustion
causes a rapid pressure rise around
TDC, with the maximum pressure
occurring shortly after TDC. As the piston moves down the cylinder during the
expansion stroke, the pressure decreases because the cylinder volume increases. This
pressure profile is characteristics of a 4-stroke spark ignition engine.

Figure 1 - Cylindr Prssur and Piston Positon at 6500rpm

Figure 2 — Pressure-Volume (P-V) Diagram:

Figure 2 presents the measured pressure-volume (P-V) diagram for the engine cycle. The
compression process is represented by increasing pressure as cylinder volume
decreases, while the expansion process shows decreasing pressure as the piston
moves away from TDC. The area enclosed by the P-V loop represents the indicated work
associated with the analysed cycle. The diagram illustrates how pressure acting on the
changing cylinder volume results in mechanical work transfer between the gases and
the piston.

Figure 3 — Polytropic Compression and Expansion:

Figure 3 shows the logarithmic pressure-volume relationship used to determine the
compression and expansion polytropic indices. Linear regression was applied to
selected compression and expansion regions of the cycle. From the relationship PYAn =
constant, the polytropic index was obtained from the negative gradient of each fitted
line on the In(P) against n(V) plot. The calculated values indicate that the measured
processes differ from ideal isentropic behaviour because of the heat transfer and other
real-engine effects. These values were subsequently used to refine the thermodynamic
model developed in Task 1.
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Figure 4 shows the rate of change of cylinder pressure with crank angle. A large positive
pressure gradient oceurs around the combustion period, indicating a rapid temperature
rise. After the maximum cylinder pressure decreases. The derivative therefore assists in
identifying changes in the pressure behaviour and provides supporting information
when estimating the combustion interval.
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Figure 6 shows the estimated
cylinder gas temperature
calculated using the ideal gas
equation. The temperature
increases during compression as
workis done on the gas, rises
sharply during combustion
because energy is released, and
decreases during expansion as the
gases perform work on the piston.
The calculation assumes ideal gas
behaviours, a constant trapped mass and simplified initial conditions. Therefore, the
resultis an estimate rather than a direct measurement of the in-cylinder temperature.

Figure 6 - Estimated Mean Cylinder Gas Temperature

Figure 7 - Work and IMEP:

Figure 7 presents the work transfer during the analysed engine cycle, obtained by
numerical integration of pressure with respect to cylinder volume. Positive expansion
work produces as the gases act on the piston, while compression requires work to be
done on the cylinder contents. The net indicated work was used to calculate the
indicated mean effective pressure (IMEP), which expresses the cycle work relative to the
engine displacement and enables comparison independently of engine size.
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