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[bookmark: _Toc217085799]1 Introduction

Pistons are vital components in internal combustion engines, exposed to intense thermal and mechanical loads during operation. Their performance has a direct effect on engine efficiency, durability, and reliability. Understanding the structural and thermal behaviour of pistons under engine-like conditions is critical for enhancing design and extending component life (Mahle, 2018).

This study focuses on evaluating a piston’s response to combined thermal and mechanical loads. By simulating steady-state engine conditions, the aim is to identify regions of high stress and thermal concentration that could lead to material fatigue or failure. The analysis targets improving structural resilience and supporting future optimisation.
To achieve this, a combination of simulation tools was used. Ansys Workbench 2023 R1 handled the thermal and structural simulations, providing insight into temperature gradients, stress distributions, and deformation patterns. SolidWorks 2023 supported geometry creation and was used for preliminary design and topology optimisation tasks (Navathale et al, 2021).

Using these software’s allows for an in-depth evaluation of piston behaviour under realistic loading scenarios. Results are validated using established verification examples to ensure confidence in the simulation accuracy.
The findings offer key guidance for enhancing piston design through informed material selection and geometric refinement (Mahle, 2018).






[bookmark: _Toc217085800]2 Methodology

This study used ANSYS Workbench 2024 R2 to investigate the structural and thermal behaviour of an internal combustion engine sub assembly. The model consisted of five components: the piston, gaugeon pin, connecting rod, crankshaft, and bearing.
A multi-step workflow was followed, combining rigid body dynamics, steady-state thermal, and static structural simulations. Additionally, a topology optimisation study was performed using SolidWorks to explore potential weight saving opportunities in the piston design. This integrated approach ensured a realistic representation of engine conditions, enabling accurate analysis of stress, temperature, and deformation to identify potential failure points and design improvements.

2.1 Geometry and Materials
The piston was assigned 6061-T6 aluminium due to its balance of thermal conductivity, low weight, and moderate temperature strength. This alloy is widely used in automotive applications for its structural efficiency and machinability (Karem and Ismail, 2022).
 Its strength-to-weight ratio makes it ideal for high-speed engine components, offering both durability and reduced inertial loads. Additionally, 6061-T6 maintains stable mechanical behaviour under moderate thermal stress, making it suitable for parts exposed to fluctuating temperatures within combustion chambers.
Temperature dependent properties, including Young’s modulus, were implemented to account for reduced stiffness at elevated temperatures. This enabled the simulation to more accurately reflect real-world performance during thermal loading cycles. The temperature dependent degradation curve was modelled based on empirical data to simulate the drop in modulus from approximately 68 GPa at room temperature to around 12 GPa at elevated temperatures above 500 °C. This behaviour is essential to predict stress concentrations and possible deformation in high temperature zones of the piston crown.
All remaining components in the assembly were defined as stainless steel, assumed to maintain stable thermal and mechanical properties throughout the simulation cycle (Krishnamurthy,2019). Stainless steel was chosen not only for its strength but also for its corrosion resistance and ability to retain structural integrity across a wide range of thermal cycles. This assumption allowed for simplified material assignment while still capturing the dominant mechanical interactions between the piston and surrounding components.

[bookmark: _Toc217085801]2.2 Meshing
Meshing was carried out using ANSYS Mechanical’s automatic tetrahedral algorithm, selected for its suitability with intricate geometries such as the piston. Tetrahedral elements are particularly effective for capturing curvature and sharp transitions in complex shapes, making them ideal for high fidelity analysis of piston crown and skirt regions.
A local mesh refinement of 2.5 mm was applied to areas prone to stress and thermal gradients, specifically the crown, skirt, and groove zones (Navathale et al, 2021). These regions experience sharp thermal changes due to direct exposure to combustion gases and mechanical loading from the connecting rod, requiring higher element density to resolve stress concentrations accurately. In some internal areas, further refinements were made to maintain consistent aspect ratios and prevent distorted elements that could affect convergence.
Mesh quality was verified through skewness and aspect ratio checks to ensure solution stability. High skewness or poor aspect ratios can result in numerical errors or artificially increased stress readings. Acceptable limits were maintained to improve solver reliability. This resolution offered a compromise between accuracy in critical regions and computational efficiency across the full engine sub assembly. 







[bookmark: _Toc217085802]2.3 Simulation Workflow
The simulation workflow was structured into three stages: rigid body dynamics, steady-state thermal analysis, and static structural analysis. This approach ensured both mechanical and thermal interactions were accurately captured.

· Rigid Body Dynamics
A rotational velocity was applied to the crankshaft to replicate engine motion. Mechanical joints between components ensured realistic movement, while reaction forces at the gaugeon pin were extracted using joint probes. These forces were used as boundary inputs in the subsequent structural simulation (Karem and Ismail, 2022).

· Steady-State Thermal Analysis
Thermal loading was applied using surface-specific temperatures and heat transfer coefficients derived from averaged empirical values. The piston crown reached a peak of 928.5 °C with a heat transfer coefficient (HTC) of 497.5 W/m²·K, reflecting direct combustion exposure. Temperature dependent material properties were incorporated to allow stiffness and expansion to vary under thermal influence (Mahle, 2018).

· Static Structural Analysis
Mechanical loads obtained from the dynamic’s simulation including inertial and pressure forces were applied to the piston. Constraints were defined at the crankshaft ends, while remote forces simulated loading via the connecting rod. Thermal results were mapped to account for combined thermal and mechanical effects, producing a realistic stress distribution across the piston geometry (Navathale et al, 2021).



[bookmark: _Toc217085803]3. Results and Discussion
This section presents the key simulation results obtained from the thermal and structural analysis of the piston model under representative operating conditions. The findings are interpreted in relation to the mechanical and thermal behaviour expected in internal combustion engine pistons. Emphasis is placed on analysing temperature distribution, stress development, and the influence of loading and boundary conditions on component performance (Karem and Ismail, 2022).
The piston geometry was modelled using a high conductivity aluminium alloy, which is commonly used in engine pistons due to its favourable thermal properties and lightweight nature (Mahle, 2018). The remaining components were assumed to be stainless steel, ensuring mechanical stability under applied loads. The material selection was based on both industrial relevance and data availability, providing realistic inputs for simulation and reliable outputs for validation against reference literature (Krishnamurthy,2019).


[bookmark: _Toc217085804]3.1 Thermal Distribution
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AI-generated content may be incorrect.] The steady-state thermal simulation of the piston revealed a clear and expected heat gradient across the component. The maximum temperature recorded was 309.6 °C, concentrated at the piston crown, which is in direct contact with combustion gases. The minimum temperature of 165.1 °C occurred near the lower skirt, a region largely shielded from thermal exposure and more directly cooled by oil splash and conduction to the cylinder wall. The average temperature across the piston was calculated at 251.5 °C. This distribution is shown in Figure 1. Figure 1 - Thermal Distribution of Piston
Figure 2 - Temperature Distribution in Gasoline Piston (Mahle, 2018)


This gradient reflects a typical thermal pattern from the combustion chamber to the lower piston body. High thermal intensity was observed at the crown and ring groove regions, which are critical zones for structural stress. These results are important for assessing thermally induced stresses and are consistent with thermal trends observed in internal combustion engine pistons.
To validate the simulation results, figure 2 presents a reference case from Mahle International GmbH (2018), showing the thermal behaviour of a gasoline piston under combustion conditions. The image illustrates a similar thermal gradient, confirming the accuracy of the simulation’s boundary conditions and material definitions.
Additionally, Mahle explains that temperature fluctuations across the piston body are moderated by thermal inertia, leading to smoother gradients. This aligns with the gradual transition observed in the simulation. The strong resemblance between the simulation and published data supports the suitability of the applied heat transfer coefficient and the use of aluminium alloy in capturing realistic temperature distributions.
Overall, the results confirm that the piston model replicates expected thermal behaviour. This validation provides a reliable input for subsequent structural stress analysis and supports the accuracy of the simulation method (Mahle, 2018).
[bookmark: _Toc217085805]3.2 Structural Stress and Deformation 
This section evaluates the piston’s mechanical response under peak loading conditions. Input forces were derived from the rigid body dynamic simulation, while temperature fields were imported from the thermal analysis. Together, these define a realistic representation of engine conditions during peak combustion and crankshaft motion.
[bookmark: _Toc217085806]Loading and Constraints
A uniform pressure of 10.5 MPa was applied to the piston crown. Additional inertial and reaction loads were transferred through the gaugeon pin to represent the connecting rod forces. The applied remote loads were:
· X-direction: 2373.7 N
· Y-direction: –123.6 N
· Applied moment: 0.00028 Nm
These loads were mapped directly from the motion analysis to preserve load direction and magnitude. Contact definitions and joint constraints were used to allow realistic load transfer, and weak springs were enabled to maintain numerical stability.

[bookmark: _Toc217085807]Material and Thermal Influence
The piston material was defined as 6061-T6 aluminium, with temperature dependent mechanical properties. Young’s modulus reduced from 67 GPa at 22 °C to 12 GPa at 500 °C, accounting for stiffness degradation at elevated temperatures. A mapped temperature field from the steady-state thermal analysis was applied to include thermal expansion and thermally induced stresses.

[bookmark: _Toc217085808]Mesh and Solution Setup
A tetrahedral mesh was applied with a global element size of 4 mm, refined to 2 mm in regions near the piston crown to capture high stress gradients. Mesh quality was validated through skewness and aspect ratio checks. The solution focused on evaluating von Mises equivalent stress and total deformation under combined thermal and mechanical loading conditions.
[bookmark: _Toc217085809]Results
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AI-generated content may be incorrect.]The von Mises stress distribution, shown in Figure 3, highlights the concentration of stress around the gaugeon pin boss, where the maximum value reached 2.265 GPa. This area is subject to complex loading during piston acceleration and combustion, and the simulation confirms it as a critical point for structural performance. While the average stress across the piston body was significantly lower, at 2.35 MPa, the high localised stress matches patterns observed in industrial studies.Figure 3 -Equivalent Stress Distribution in Piston (von Mises)
Figure 4 -Sectional View of Equivalent Stress in Piston
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AI-generated content may be incorrect.]A more detailed cross-sectional view of the stress concentration can be seen in Figure 4, which confirms that the stresses are sharply confined to small regions rather than spread across the body. This localisation supports the conclusion that the material remains structurally intact despite local peaks, due to thermal degradation rather than overstress failure. These findings are consistent with industry observations on thermal softening and mechanical load transfer (Mahle, 2018).Figure 5 - Piston Deformation Due to Thermal Mechanical Loading

Figure 5 presents the total thermal mechanical deformation, with a maximum displacement of 0.000346 m occurring at the piston crown centre. This region experiences combined loading from high pressure and elevated temperature, leading to expansion consistent with observed thermal behaviour in gasoline pistons. As reported by Mahle, crown areas are often the most constrained in terms of thermal growth, resulting in elevated stress due to restricted deformation, a trend replicated in this simulation. 
Although the peak stress exceeded the 6061-T6 yield strength of 240 MPa, the affected zones were minimal and highly localised. Mahle’s reference data suggests that such behaviour is typical under thermal degradation conditions, and these peaks are more likely to be mesh driven than indicators of failure. This reinforces the need for potential design refinement, including filleting around the pin boss or localised geometry changes to reduce stress concentrations in future design iterations.


[bookmark: _Toc217085810]3.3 Topology 
 To improve heat distribution and reduce fatigue, a 10 mm concave bowl was cut into the centre of the piston crown. This design takes inspiration from re-entrant bowls used in diesel engines, which are known to improve combustion efficiency and promote more even thermal behaviour, as noted by Krishnamurthy.
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AI-generated content may be incorrect.]The updated geometry was modelled in SolidWorks by flattening the original crown and revolving the cut feature, as shown in Figure 6. A new thermal analysis was then run in ANSYS using identical boundary conditions to the original setup.Figure 7 - Thermal Distribution of Original Piston Design
Figure 6 - Modified Piston Crown with 10 mm Central Bowl Geometry


In the baseline piston, shown in Figure 7, high temperatures were spread across the entire crown surface and upper ring land. After the change, the updated thermal results in Figures 8 and 9 show a noticeable shift in heat concentration towards the centre of the bowl, with cooler outer crown and skirt regions.
This redistribution is beneficial, as the ring land and upper skirt, common failure areas, are now exposed to lower temperatures. The sectional view in Figure 9 highlights how the gradient across the skirt is now more gradual and uniform compared to the original.	
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AI-generated content may be incorrect.] While the original piston peaked at 304.83 °C as shown in Figure 1, the modified design saw a slightly higher peak of 335.84 °C, seen in Figures 8 and 9. However, the key improvement is how the heat is managed: the thicker central bowl absorbs more heat safely, reducing the risk of deformation in thinner, weaker areas. This adjustment supports long term durability under repeated high loads.Figure 8 - Top thermal view of modified piston crown showing heat distribution
Figure 9 - Sectional side thermal view of modified piston illustrating improved temperature gradients across skirt and crown.













[bookmark: _Toc217085811]4 Validation
To ensure confidence in the simulation environment used for the piston analysis, two established benchmark tests were conducted. These validation cases assess the thermal and mechanical accuracy of the Ansys simulation setup against known reference results. By verifying that the simulation produces results within an acceptable error margin, the methodology can be trusted to deliver reliable insights into piston performance under thermal and structural loading.

[bookmark: _Toc217085812]4.1 Strip Thermal Expansion
 A standard bimetallic strip expansion test was used to verify thermal simulation accuracy, following the Ansys Bimetallic Strip Verification Example. The test involved two bonded layers, copper and Invar, each 100 mm in length and 1 mm thick. Due to different thermal expansion coefficients (Invar: 1.2 × 10⁻⁶ /°C, Copper: 2.0 × 10⁻⁵ /°C), the strip bends when exposed to a uniform temperature increase.
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AI-generated content may be incorrect.]The strip geometry is shown in Figure 10, and the thermal deformation under loading is visualised in Figure 11.Figure 10 - Bimetallic Strip Geometry Setup in ANSYS
Figure 11 - Total Deformation of Bimetallic Strip under Thermal Load

The temperature increases to 122 °C (from a reference of 22 °C) was applied, and the mesh was refined to 0.25 mm for accuracy. The simulation predicted a tip displacement of 7.12 mm, closely matching the benchmark value of 7.049 mm, with an error below 1%.
The similarity in deformation shape and value confirms that the thermal boundary conditions and mesh settings are suitable for thermally driven expansion behaviour. This reinforces the accuracy of the modelling approach used for thermal loading in the piston analysis.
[bookmark: _Toc217085813]4.2 Cantilever Beam Under Uniform Pressure

To verify mechanical simulation accuracy, a cantilever beam test was run using a uniform pressure load, following the method outlined in the Ansys Cantilever Beam Validation example.
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AI-generated content may be incorrect.]The beam was fixed at one end with pressure applied to the top surface. It had a length of 400 mm and a square cross-section. Structural steel was used, with default Ansys material values. A mesh with 0.25 mm element size provided good resolution for capturing deformation.Figure 12 - Total Deformation of Cantilever Beam under Uniform Pressure Load

The simulation produced a maximum deflection of 157.15 mm, shown in Figure 12, compared to the theoretical value of 156.8 mm calculated using classic beam theory. The error was less than 0.3%.
This close match confirms that the structural simulation setup accurately reflects linear bending behaviour and supports the validity of the mechanical loading and material properties used in the piston model.




[bookmark: _Toc217085814]5. Conclusion
This project examined the thermal and structural performance of an internal combustion piston using a simulation-driven approach. ANSYS Workbench facilitated thermal and static structural analysis, while SolidWorks was used to develop and refine geometry for performance improvement.
Thermal analysis revealed an expected gradient from the crown to the skirt, peaking at the crown due to direct exposure to combustion gases. These results were consistent with established literature, supporting the validity of the model’s boundary conditions and material setup.
Structural results identified the piston pin boss and crown edge as high-stress regions under peak loading, with von Mises stresses exceeding the 6061-T6 yield strength in localised areas. Deformation was also concentrated at the crown, reflecting the influence of both mechanical and thermal loads. These behaviours matched known stress distribution trends in engine pistons, reinforcing the realism of the simulation.
To address heat-related fatigue, a re-entrant bowl design was added to the piston crown. This reduced heat accumulation in outer crown areas and ring lands, redirecting thermal load to the thicker central crown. The change resulted in a more favourable temperature distribution without altering peak temperatures significantly, suggesting improved long-term durability.
Validation studies, including thermal expansion and structural bending benchmarks, showed strong agreement between simulation and theory, with less than 1% error. This confirmed the simulation setup was appropriate for accurately modelling thermally and mechanically loaded components.
In summary, this CAE study successfully highlighted key stress and thermal behaviours in a piston and demonstrated how simulation-led design changes can meaningfully improve performance.
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