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[bookmark: _Toc193053889]Abstract
Increasing the rotational speed of internal combustion engines imposes greater mechanical loads on critical components, affecting their structural integrity and fatigue life. Higher inertia forces amplified cyclic stresses, and variations in gas pressure distribution contribute to accelerated wear and potential failure. This study investigates the impact of increased engine speeds on component safety factors, focusing on the piston, connecting rod, and gudgeon pin. Through analytical calculations and MATLAB-assisted simulations, fatigue safety factors are assessed to determine design limitations and areas for optimisation. Various strategies, including geometric refinements and material considerations, are explored to maintain mechanical reliability under intensified loading conditions. The findings provide insight into balancing performance gains with durability, ensuring that ICE components can withstand higher speeds without premature failure.
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[bookmark: _Toc193053890]Introduction
Increasing ICE RPM enhances power but introduces higher inertial forces, reduced volumetric efficiency, and increased component stresses, impacting fatigue life. To ensure engine reliability, components must be optimised to withstand these effects without excessive weight penalties or premature failure. This study evaluates key elements to maintain structural integrity under high-RPM conditions.
[bookmark: _Toc193053891]Objectives and Justification
Understanding the impact of increased RPM is crucial for improving engine performance while maintaining durability. Key components' safety factors are analysed at different RPM levels to identify failure risks. Standard and cross-plane crankshafts are compared to determine the most suitable configuration for high-RPM operation, focusing on torque smoothness and mechanical stress distribution. 


[bookmark: _Toc193053892]Methodology
This study employs a combination of theoretical calculations and MATLAB-based computational analysis to evaluate component safety factors, predict failure risks, and explore design improvements. The approach follows a systematic process: first, the baseline safety factors of key components are analysed, and then the effects of increased RPM are assessed.
[bookmark: _Toc193053893]MATLAB and Analytical Solutions 
The forces acting on engine components, including gas pressure and inertia forces due to reciprocating masses, are calculated using first-principles methods. These forces provide the basis for stress analysis, allowing for determining fatigue safety factors in relation to known endurance limits. MATLAB is used to efficiently process these calculations, including interpolating pressure curves and recalculating stresses at higher RPM. This computational approach ensures accuracy while enabling rapid evaluation of multiple scenarios.
[bookmark: _Toc193053894]Assumptions and Limitations
Several assumptions are made to streamline the analysis. Pressure variations for increased RPM are interpolated based on available data rather than directly measured, introducing some estimation into the results. Material properties such as ultimate tensile strength and endurance limits are assumed constant, neglecting potential variations due to thermal effects or wear. While these assumptions simplify calculations, they also introduce limitations that should be acknowledged when interpreting results.

[bookmark: _Toc193053895]Analysis of Existing Components
[bookmark: _Toc193053896]Connecting Rod
The connecting rod is a critical component in an internal combustion engine, transmitting force between the piston and the crankshaft while undergoing significant dynamic loading. During operation, it experiences a combination of gas force, generated by cylinder pressure, and inertia force, resulting from the reciprocating motion of the piston assembly. These forces vary throughout the engine cycle and are influenced by crank angle and speed.
This analysis aims to determine the forces acting on the connecting rod and evaluate the resulting stresses at different RPMs. By assessing the axial and bending stresses and the fatigue safety factor, the objective is to establish whether the current design remains structurally sound as engine speed increases. Understanding these effects is essential for predicting failure risks and identifying potential improvements in the design to withstand higher operating speeds.
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[bookmark: _Toc193053800]Figure 1 - Gas Force against Crank
This plot shows the variation of gas force over the crankshaft rotation. The force peaks sharply around the top dead centre (TDC) due to the combustion pressure exerted on the piston. The force's rapid rise and fall indicate the sudden gas expansion during the power stroke. 
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[bookmark: _Toc193053801]Figure 2 - Inertia Force vs Crank
The inertia force plot highlights the cyclic acceleration and deceleration of the reciprocating mass (piston and part of the connecting rod). The force follows a sinusoidal pattern, with peaks occurring near TDC and bottom dead centre (BDC). As RPM increases, the magnitude of inertia force rises significantly due to the squared relationship between acceleration and angular velocity. 
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[bookmark: _Toc193053802]Figure 3 - Net Force vs Crank
This plot represents the combined effect of gas and inertia forces on the connecting rod. The net force exhibits a strong negative peak around TDC, where the downward gas force and the inertia of the decelerating piston combine. The force then gradually recovers as the piston moves toward BDC. At higher RPMs, the net force magnitude increases, emphasising the role of inertia in the overall loading of the connecting rod. The broader spread of curves at increasing speeds suggests that the effects of RPM variation are more pronounced on inertia than on gas force.
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Figure 4 - Fatigue Safety Factors of Con-Rod per RPM
The fatigue safety factors remain relatively stable across different RPMs, with slight fluctuations between 2.77 and 2.86. The values indicate that, under the given loading conditions, the connecting rod maintains a consistent margin of safety against fatigue failure. However, a slight decline beyond 3000 RPM suggests that increased cyclic loading and stress variations contribute to reduced fatigue resistance at higher speeds. This trend implies that while the current design is sufficient, higher RPMs may push the component closer to fatigue limits over extended operation.
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Figure 5 - Goodman Diagram of Con-Rod
The Goodman diagram illustrates the relationship between alternating and mean stress for the connecting rod, helping assess its fatigue performance. The plotted data points in blue remain within the safe region, indicating that the connecting rod operates below critical fatigue limits. The red diagonal line represents the Goodman limit, beyond which fatigue failure would be expected. The horizontal and vertical dashed lines mark the ultimate tensile strength (UTS) and the mean stress limit.
The stress range shown by the yellow and green lines suggests that while forces fluctuate during operation, they do not approach the failure boundary. Compared to the UTS, the relatively low alternating stress confirms that the component maintains a sufficient fatigue safety margin. Although increasing RPM would raise the stress values, the current data suggests that the connecting rod is not at immediate risk of fatigue failure. Future analysis at higher speeds would be necessary to determine if additional structural reinforcement is needed. Due to inaccurate interpolation of increased RPM, no accurate estimate of fatigue failure was calculated for the higher RPM range.

[bookmark: _Toc193053897]Gudgeon Pin
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Figure 6 - Stresses of Gudgeon Pin
The plot shows the shear, bending, and resultant stress variation on the gudgeon pin throughout the crank cycle. Shear stress, represented by the red curve, remains relatively low and stable, suggesting that shear loading is not a major failure mode for the gudgeon pin. The blue curve, representing bending stress, exhibits significant fluctuations, with a pronounced dip at the top dead centre (TDC), where the piston reverses direction. This indicates that the gudgeon pin experiences high tensile and compressive forces at this point due to the changing direction of the connecting rod’s force transmission.
The resultant stress, shown in yellow, follows a similar pattern to the bending stress but peaks sharply near TDC, confirming that this is the most critical point in the cycle. The high-frequency variations outside TDC suggest that the pin undergoes cyclic loading, a major factor in fatigue failure. Since bending is the dominant stress component, fatigue resistance is the primary design concern for the gudgeon pin. If stress levels approach material limits, modifications in material selection, geometry, or surface treatments could help improve fatigue life, particularly at high RPMs where stress variations become more pronounced.
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Figure 7 - FSF of Gudgeon Pin
The fatigue safety factors for the gudgeon pin show an increasing trend as RPM rises, ranging from 4.69 at 1000 RPM to 6.82 at 6000 RPM. This pattern suggests that the pin experiences lower cyclic stress than its fatigue limit at higher engine speeds. Unlike the connecting rod, which sees increased fatigue risk with RPM due to rising inertial forces, the gudgeon pin benefits from the distribution of loads across its bearing surfaces, leading to reduced stress concentrations.
The safety factor remains relatively stable at lower RPMs, indicating that the pin operates well within its material limits across all tested speeds. The increased FSF at higher RPMs suggests that while absolute stress levels may rise, the relative loading conditions favour the pin’s structural integrity. This implies that the gudgeon pin is not a fatigue-critical component under normal operating conditions, and no immediate design modifications are necessary to enhance durability at higher speeds.
The fatigue safety factors (FSF) for the connecting rod and gudgeon pin indicate a substantial margin of safety across all tested RPMs. The connecting rod FSF remains around 2.7–2.8, which is reasonable given the high cyclic loads it experiences. However, the gudgeon pin FSF ranges from 4.69 at 1000 RPM to 6.82 at 6000 RPM, suggesting a much higher margin of safety. This indicates that the gudgeon pin may be over-engineered, as its fatigue limit is significantly above the expected operating stress levels.

[bookmark: _Toc193053898]Effects of Increased RPM
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[bookmark: _Toc193053803]Figure 4 - Gas Force at Increased RPM
The Gas Force vs. Crank Angle plot shows a sharp peak at TDC, where combustion pressure is at its highest. As expected, the gas force increases with RPM, but the irregularities in the higher-speed curves suggest interpolation inaccuracies, introducing artificial fluctuations that may affect stress and fatigue calculations. A smoother interpolation would provide more reliable force estimations.
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[bookmark: _Toc193053804]Figure 5 - Net Force at Increased RPM
The Net Force vs. Crank Angle plot combines gas and inertia forces with pronounced peaks near TDC due to the dominant combustion pressure and piston deceleration. At higher RPMs, net force variations become more erratic. This affects the accuracy of loading predictions, potentially exaggerating peak forces, and altering fatigue assessments. More precise data processing would help refine the trends, ensuring a more accurate representation of dynamic engine forces.
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[bookmark: _Toc193053805]Figure 6 - FSF of Rod at Increased RPM
The newly calculated Fatigue Safety Factors (FSF) for the connecting rod show slight deviations from the original values at 1000–6000 RPM despite no expected change in loading conditions. Ideally, the FSF values at these RPMs should remain consistent unless alterations were made to the force calculations or stress derivations. The observed differences suggest that the interpolation process used to introduce the 7000–9000 RPM data points has affected the original force estimations.
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[bookmark: _Toc193053806]Figure 7 - FSF for Pin at Increased RPM
The gudgeon pin's FSF increases from 4.69 at 1000 RPM to 6.82 at 6000 RPM and then declines to 4.76 at 9000 RPM. Initially, the FSF rises as gas forces dominate, while inertia forces remain moderate, keeping stress levels relatively low. This could be due to the gudgeon pin operating more efficiently as RPM increases, with stresses increasing at a slower rate than its fatigue endurance, leading to a higher FSF.
Beyond 6000 RPM, the FSF declines as inertia forces grow exponentially, introducing higher cyclic stresses that reduce the fatigue margin. This trend indicates that while the pin is structurally efficient at mid-range speeds, sustained high-RPM operation increases fatigue risk, potentially requiring material or design improvements to maintain durability.


[bookmark: _Toc193053899]Evaluation of Crankshaft Configuration
This task examines the impact of crankshaft configuration on engine performance at elevated RPMs. The objective is to determine whether a flat-plane or cross-plane crankshaft is better suited for high-speed operation by analysing their effects on torque characteristics and inertia forces. This section aims to establish which design provides the best option in a high-RPM environment by evaluating instantaneous torque fluctuations, inertia torque contributions, and overall crankshaft dynamics.[image: A graph of a function
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[bookmark: _Toc193053807]Figure 8 - Inertia Torque of Standard Configuration
Figure 8 represents the inertia torque contributions from individual cylinders and the total crankshaft torque for a flat-plane crankshaft. The black curve, representing the total crank torque, exhibits large fluctuations with peak values exceeding ±500 Nm. This variation occurs because the inertia torques of multiple cylinders align in phase at specific points in the cycle, amplifying the total crankshaft torque. The result is a more aggressive oscillation pattern, with rapid changes in torque over the crank angle.
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[bookmark: _Toc193053808]Figure 9 - Inertia Torque of Cross-Plane Configuration
In contrast, Figure 9 illustrates the inertia torque characteristics of a cross-plane crankshaft. Here, the individual cylinder torque contributions are distributed more evenly throughout the cycle, reducing the peak fluctuations in the total crankshaft torque, which remains below ±100 Nm. Unlike the standard crankshaft, where overlapping inertia forces create significant swings in torque, the cross-plane configuration benefits from an offset firing order that prevents simultaneous torque peaks from multiple cylinders. This leads to a more uniform total crank torque profile.
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[bookmark: _Toc193053809]Figure 10 - Gas Torque for Standard Configuration
Figure 10 illustrates the gas torque variations for a standard crankshaft. The peaks exceed 600 Nm, showing the contribution of combustion pressure to crankshaft torque. The shape of the curves indicates the periodic nature of the torque generation, with each peak aligning with the power stroke of individual cylinders. 
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[bookmark: _Toc193053810]Figure 11 - Crank Torque for Standard Configuration
Figure 11 represents the total crankshaft torque after combining gas and inertia effects. The peaks are lower than in the gas torque plot, showing the influence of inertia forces in moderating fluctuations. The torque curve is more irregular than the gas torque plot, indicating that inertial loads contribute significantly to torque variation, particularly at higher crank angles. The dips below zero suggest negative torque moments, where inertia forces momentarily counteract the combustion torque.
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[bookmark: _Toc193053811]Figure 12 - Gas Torque for Cross-plane Configuration
This plot illustrates the total crankshaft torque for a cross-plane crankshaft, showing how torque varies over the engine cycle. The most noticeable feature is the presence of two dominant torque peaks per cycle, which contrasts with the more evenly spaced peaks observed in a standard crankshaft. These peaks are primarily driven by the gas torque contributions from power strokes, but the distribution of inertia forces shapes the overall torque curve.
The gradual rise and fall between torque peaks indicate that the cross-plane crankshaft distributes the load more progressively rather than experiencing the sharp transitions seen in a flat-plane crankshaft. The torque values reach above 700 Nm at peak, but the lower sections of the curve remain closer to zero, suggesting a more balanced rotational motion. Unlike the flat-plane crankshaft, where torque variations are more frequent and aggressive, the cross-plane configuration results in longer intervals between significant torque fluctuations.
[bookmark: _Toc193053900]
Conclusion
The analysis highlights how gas pressure and inertia forces influence fatigue safety across increasing RPMs. The connecting rod maintains stable FSF values, while the gudgeon pin peaks at 6000 RPM before declining, reflecting the growing impact of inertia forces at high speeds. The rod bolts remain well within safe limits, suggesting potential over-engineering. Minor discrepancies in FSF values due to interpolation inaccuracies emphasise the need for precise force estimations in fatigue analysis.
Crankshaft configuration significantly affects inertia torque characteristics. The flat-plane crankshaft produces higher peak torques and more significant loading fluctuations, while the cross-plane crankshaft reduces cyclic stress for smoother operation. This underscores the trade-off between performance and mechanical stability, where standard designs favour responsiveness and cross-plane designs enhance durability.
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