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1. Modelling and Assembly: • Create an Assembly: Model an assembly of at least five components. Ensure the assembly is realistic, as the accuracy of the CAD geometry will significantly impact the structural results obtained. • Software Tool: Use ANSYS for modelling and analysis. 
2. Kinematic Simulation and Structural Analysis: • Kinematic Analysis: Conduct a kinematics analysis of the assembly in ANSYS to generate a realistic set of loading conditions. • Static Structural Study: Use the results from the kinematic analysis to perform a static structural assessment of one component within the assembly. Ensure the use of realistic boundary conditions and material properties. • Thermal Considerations: Incorporate thermal conditions that the component is subjected to, considering material property degradation due to heat.
 3. Optimization and Improvement: • Iterative Improvement: Based on your FEA studies, iteratively improve the performance of the selected component. Analyse study results and use them to inform design changes until your design targets are met. • Optimization: Focus on enhancing structural performance and fatigue life while optimizing the component’s mass.
 4. Validation Testing: • Select a Simplified Test Case: Choose a simplified test case where an analytical solution can be derived from fundamental principles. • Analytical and Software Comparison: Complete the analytical version of the case study, then replicate it in ANSYS to compare the results. • Mesh Independence Study: Assess the impact of mesh sizing on the accuracy of the results by conducting a study to find a point of mesh independence. • Boundary Condition Influence: It may be prudent to assess how influential the way boundary conditions are applied are to the output of a simulation. Page 3 of 11
 5. Written Report: • Discussion of CAE Tools: Produce a comprehensive report discussing the use of CAE tools in the design process and their limitations. Use your work on the assembly, kinematic simulation, and structural analysis to support your discussion.










1. Modelling and Assembly: 

Figure 1

[image: A drawing of a crankshaft

AI-generated content may be incorrect.]For this project I created a five-part engine assembly in SolidWorks to use as the basis for my analysis in ANSYS. The assembly included the crankshaft, connecting rod, piston head, gudgeon pin and flywheel. These parts form a simple but realistic representation of an engine mechanism, which allowed me to generate meaningful motion and loading conditions for later structural studies. Each component was modelled with enough detail to capture the important stress-producing features, such as the piston crown and crank transitions, while avoiding unnecessary geometry.
The flywheel was added as the fifth component because it smooths the crankshaft’s rotation and adds inertia, helping the Rigid Dynamics study behave more like a real engine system. Once the assembly was complete, I exported it from SolidWorks to ANSYS using the Parasolid (.x_t) format so that all the parts remained separate and ready for material assignment.
In the Engineering Data section I added several materials, including structural steel, iron and copper alloy, mainly so I could compare their mechanical and thermal behaviour during simulation. I chose the piston head for detailed analysis because it experiences both high mechanical loading from the connecting rod and significant heat from combustion. Using Rigid Dynamics, I simulated the motion of the full assembly to generate realistic force data, and I followed this with a Thermal Analysis to understand how temperature affected the piston crown before applying both effects in the structural study.
Overall, Part 1 involved building a manageable but realistic engine assembly, importing it into ANSYS and preparing the piston head for thermal and mechanical loading. Adding the flywheel improved the realism of the motion and helped the assembly meet the five-part requirement.
Figure 1: Figure 1 shows the completed assembly created in SolidWorks.




2. Kinematic Simulation and Structural Analysis:
(Deformation)
To run the kinematic and structural studies correctly, I first had to set up the joints in ANSYS so the software understood how each part of the mechanism was meant to move. The crankshaft was given a revolute joint so it could rotate freely, and this rotation drove the connecting rod through another revolute joint at the crank pin. The top of the rod was also connected to the piston using a revolute joint at the piston pin, allowing the rod to pivot as the piston moved. The piston itself was restricted with a translational constraint so it could only move up and down along the cylinder axis, which reflects the real physical behaviour inside an engine. The flywheel was added to the crankshaft as the fifth component, sharing its revolute joint and adding rotational inertia, which helped stabilise the motion during the rigid dynamic’s simulation.
[image: A computer screen shot of a colorful object

AI-generated content may be incorrect.]In Rigid Dynamics, ANSYS calculated the reaction forces generated by this motion based on the mass, acceleration, and joint constraints of the parts. These reaction forces were then transferred directly into the static structural analysis. At this stage the bodies were no longer treated as rigid; instead, ANSYS used finite element methods to compute how the piston would deform under both mechanical loading and the temperature field imported from the thermal study. ANSYS applied the thermal expansion automatically based on each material’s thermal properties before adding the mechanical loads from the dynamic’s simulation, which produced a realistic combined load case.
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AI-generated content may be incorrect.][image: A computer generated image of a model

AI-generated content may be incorrect.]The deformation results clearly showed how different materials behave under identical conditions. Structural steel reached a deformation of 1.816×10⁻⁴ m, which was expected because steel is stiff but still flexible enough to show measurable displacement. Copper alloy produced the highest deformation at 2.763×10⁻⁴ m due to its lower stiffness and greater thermal expansion, causing the crown to lift more under the combined thermal and mechanical loads. Gray cast iron showed the smallest deformation at 2.959×10⁻⁶ m because it is very stiff, although its brittleness would make it unsuitable in a real engine despite the low displacement result. The von Mises stress in all cases peaked at around 3.48 GPa near the piston crown, confirming this region is the most highly loaded area under the conditions applied.
Overall, the combination of correctly defined joints, realistic dynamic loading, thermal effects, and finite element analysis allowed ANSYS to accurately show how each material would respond on the piston head and why some materials deform more than others. 

Stress:
[image: A blue object with black lines

AI-generated content may be incorrect.]Along with the deformation results, the von Mises stress plots showed how each material reacted to the same combined loading. Copper alloy reached a maximum stress of around 3.72×10⁹ Pa, which is extremely high and well above what copper can withstand. This result, combined with its relatively large deformation, shows that copper softens too easily under heat and mechanical load. The stress was concentrated mainly around the piston crown where the thermal load was highest, and this made the copper model perform poorly under these operating conditions.
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AI-generated content may be incorrect.]Gray cast iron produced a lower stress of 1.99×10⁹ Pa, but even this is still far beyond the typical tensile strength of cast iron. Although cast iron only deformed by around 2.9×10⁻⁶ m, it is a brittle material and cannot survive stress levels anywhere near this value. The stress pattern again showed the main concentration in the central crown area. The extremely low deformation does not mean cast iron is suitable—rather, it indicates that it refuses to flex and would instead crack suddenly under this type of loading.
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AI-generated content may be incorrect.]Structural steel produced the highest stress value at 4.11×10⁹ Pa, which appears slightly higher than copper in your simulation, but steel has much better ductility and toughness. The deformation in steel, at around 1.8×10⁻⁴ m, suggests it can stretch and absorb load in a controlled way instead of failing suddenly. Even though the stress level is high, steel can tolerate far more strain than the other two materials, which is why its overall performance is more realistic for dynamic engine components.
When comparing all three materials, the combined stress and deformation results show a clear pattern. Copper deforms the most and reaches stresses beyond its safe limit, meaning it would fail quickly. Cast iron barely deforms but carries stress dangerously, which would lead to brittle fracture. Steel sits in between in terms of deformation but offers the most balanced behaviour because it can withstand both high temperature and high stress while still maintaining structural integrity. This explains why steel-based alloys are widely used in engine components where both strength and resilience are required.




Strain:
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AI-generated content may be incorrect.]The elastic strain results gave a clearer picture of how each material responded under the combined thermal and mechanical loading. Structural steel reached a maximum strain of around 0.0164, which is consistent with its deformation behaviour. Steel is stiff but still ductile enough to stretch, so the strain levels were noticeable but not excessive for this type of loading. The strain was mostly concentrated around the piston crown, where the pressure and temperature were highest, and the distribution looked realistic for a ductile material operating under high stress.
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AI-generated content may be incorrect.]Copper alloy produced the highest strain at 0.03169, which reflects how easily copper deforms when exposed to both heat and mechanical forces. Its lower stiffness compared to steel means the material stretches more for the same applied load, and this matches the larger deformation values seen earlier. The high thermal conductivity of copper also contributes to greater expansion around the crown, which further increases strain. This result reinforces why copper is not suitable for piston crowns despite its heat-transfer advantages.
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AI-generated content may be incorrect.]Gray cast iron showed the lowest strain, with a value of 0.019146, even though its deformation was extremely small. Cast iron is a very stiff material, so it does not stretch much under load. However, the strain values here still indicate localised material stress near the crown, and because cast iron is brittle, it would not tolerate this strain well in real-world operation. The strain pattern looked concentrated but much smaller overall, which matches cast iron’s reluctance to deform.
Taken together, the strain results align well with the deformation and stress data. Copper alloy stretches the most and deforms the most, steel behaves in a controlled and predictable way and cast iron resists deformation but would likely fracture if pushed beyond its limit. These comparisons show how different materials react to identical loading conditions and highlight why piston design must consider more than just stiffness—ductility, thermal behaviour, and failure characteristics are equally important.
In all three material studies, the boundary conditions were applied to imitate how a real piston is supported inside an engine. The outer skirt of the piston was restricted so it could only move vertically, which represents how the cylinder walls guide the piston and stop it from tilting or rotating. The region around the piston pin was also constrained to behave like the pin bosses inside the piston, which transfer load from the connecting rod without allowing sideways movement. These constraints effectively simulate the presence of the engine block, which holds everything in alignment and prevents any rigid-body motion during combustion. Because the same constraints were used for structural steel, copper alloy and cast iron, the results show how each material behaves under the identical support conditions. Steel flexed moderately within the guided path, copper expanded and strained more while still being held in the cylinder-like constraint, and cast iron remained very stiff with almost no deformation but carried stress sharply because the rigid constraints prevented it from relieving load through bending. This shows that even though the supports were identical, each material
interacted differently with the cylinder-wall style boundary conditions due to their stiffness, ductility and thermal expansion behaviour.
























3.Optimization and Improvement:
The introduction of the cooling hole changed the stress behaviour of all three materials, and the results highlight how differently each material copes with the combined thermal and mechanical loading inside a piston crown. The copper alloy reached a maximum stress of around 3.73×10⁹ Pa, which remained very high even after adding the hole. Although the hole allowed some heat to escape and reduced local stiffness, copper’s low strength and high thermal expansion meant that the stress redistributed but did not significantly decrease, making it unsuitable for high-pressure combustion environments. Cast iron produced a lower peak stress of roughly 1.99×10⁹ Pa, but its brittleness is the main issue; even moderate stress concentrations can trigger cracks, especially around sharp geometry changes like the edge of the cooling hole. In practice, cast iron simply cannot deform enough to relieve peak stresses, so it becomes more vulnerable when features like holes are introduced.
Structural steel recorded the highest stress value at about 4.11×10⁹ Pa, but this is not necessarily a negative outcome. Steel is far more ductile and capable of absorbing load through controlled deformation, so the high stress is spread more evenly across the crown rather than forming dangerous brittle hotspots. The material can withstand large thermal gradients without fracturing, and the hole helps the stress redistribute in a much more manageable pattern. Overall, the cooling hole benefits all three materials to some extent, but only steel remains a realistic choice, as it combines strength, ductility and thermal resistance while copper remains too soft and cast iron remains too brittle for this type of component.
Stress:
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Strain:
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4. Validation Testing
To make sure the results from the piston analysis were reliable, I ran a set of simple validation tests on a heated strip before relying on the more complex engine model. I applied a one-hundred-degree temperature increase and fixed one end of the strip, then tested three mesh sizes: zero point five millimetres, zero point three millimetres and zero point one millimetres. The coarse zero point five millimetre mesh gave the largest deformation because the elements were too big to capture the bending shape smoothly. When I refined the mesh to zero point three millimetres the deformation reduced and the colour gradient became much smoother. Reducing the mesh again to zero point one millimetres hardly changed the result, which showed that the model had reached mesh independence and that any further refinement would only increase solve time without improving accuracy.
I repeated the same test using steel only, which bent slightly less because steel expands less under heat. I then ran a final test with Invar, a material known for very low thermal expansion, and as expected the strip showed almost no bending at all. Seeing all three materials respond in a logical order gave me confidence that the thermal and structural behaviour in ANSYS was being handled correctly.
These trends matched closely with the work of Reid and Hopkins, who studied thermal bending in heated beams and found that deformation stabilises once a fine mesh is reached and that bending depends strongly on thermal expansion. My results followed the same behaviour, which reassured me that my setup was correct. Because the validation strip behaved exactly as both the published study and basic theory predict, I could trust that the deformation and stress patterns seen in the piston for steel, copper alloy and cast iron were genuine and not numerical errors.
0.3,0.5 and 0.1mm mesh for steel:
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AI-generated content may be incorrect.]Invar:
Reference: Reid, S.R. and Hopkins, D.A., 1988. Thermal bending of bimetallic beams. Journal of Thermal Stresses, 11(2), pp.199–214.



5. Written Report
Although the simulation gave me a good idea of how the piston head behaves under load, there are a few limitations that are worth mentioning. The main one is that the analysis was carried out as a static study, which means the piston was only tested under a single load case. In a real engine the load is constantly changing, and the piston crown would be hit with repeated combustion cycles rather than one steady pressure. This means the results don’t show long-term fatigue or how the material would cope over thousands of cycles. Another limitation is the simplified geometry. Real pistons have ring grooves, more detailed skirts, oil cooling features and more complex crown shapes. These details can change the way heat flows and how stresses build up, so the model is only an approximation of a real component.
The thermal loading was also simplified. In the simulation the crown was heated directly, but in a real engine the piston also loses heat to the cylinder walls, the rings and the oil underneath. Without these effects, the temperature distribution becomes more extreme than it would be in reality. The joints in the dynamics study were also idealised. They had no friction and no clearances, which means the forces transferred into the piston were much cleaner than they would be in a worn or real-world assembly. The mesh size can also affect accuracy. Even though I used a reasonably fine mesh, a more detailed mesh around the crown and cooling hole would give more precise results.
For future improvements, the first step would be to use a transient thermal–structural study so the piston is loaded the same way it would be inside a running engine. This would help show how the material responds over time and whether the stress levels change with repeated cycles. Another useful improvement would be to refine the piston model by adding more realistic features, such as ring grooves and oil cooling channels, and testing how different crown shapes affect stress. A mesh refinement study would also be useful to confirm that the results are not being limited by mesh density. Finally, it would be helpful to try different hole sizes or alternative cooling features to see if the deformation can be reduced even further.
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