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[bookmark: _Toc216536315]1.Introduction
Computer Aided Engineering (CAE) tools play a central role in modern engineering design by allowing components and systems to be modelled, analysed, and optimised before physical testing takes place. This report applies a structured CAE process to the analysis of a multi-component mechanical assembly using ANSYS. A kinematic study is first carried out to generate realistic loading conditions, which are then used to perform a static structural assessment on a selected component. The component is subsequently refined through an iterative design process to improve structural performance, reduce mass where possible, and enhance fatigue life. Finally, a simplified validation case is used to compare analytical solutions with numerical results, allowing the accuracy and limitations of the CAE approach to be critically evaluated.
[bookmark: _Toc216536316]Literature Review
A lot of research highlights how important mesh quality and mesh convergence are for reliable FEA results. Chen et al. (2019) explain that element shape issues like skewness or poor orthogonality can stiffen a model and create noticeable numerical errors, even if the mesh size looks reasonable. Li et al. (2000) also point out that convergence should always be checked thoroughly because coarse meshes often miss key deformation behaviour, especially in bending problems. These points support the mesh-refinement and skewness checks used in this project.
Mixed-dimensional modelling is also well covered in the literature. McCune (2017) shows that connecting plates and solid elements can reduce model size, but only if the interface is set up properly so it doesn’t add artificial stiffness. Wang (2015) also develops a coupling method that keeps displacement compatibility across different element types, which is relevant to the mixed plate–solid strip used in this assignment and justifies validating it separately.
In terms of verification, Lampeas et al. (2014) demonstrate that comparing FE results with analytical or alternative software is one of the most reliable ways to confirm that the boundary conditions and material models have been set up correctly. This aligns with the approach in this study, where ANSYS results were compared with analytical and RFEM values, showing close agreement.
Finally, piston studies consistently show that thermal loading dominates deformation. Liu et al. (2018) and Zhao (2020) both explain that pistons experience much higher stresses and deformation when thermal and mechanical loads are coupled, and that temperature tends to control the overall behaviour. This matches what was seen in this project, where the thermal field had a far greater influence than the RPM-based mechanical loads, and the static structural step was unable to show any dynamic differences.


[bookmark: _Toc216536317]2.Validation Study
A validation study is carried out to ensure that the results from the CAE software are reliable and reflect real physical behaviour. This is important because it shows that the materials, boundary conditions, mesh, and solver settings are all set up correctly before being used on more complex real components. In this work, three validation studies were taken from the Dlubal verification examples. The bimetallic strip was used as a thermal validation case to show that the software can correctly model thermal expansion and temperature effects. The elastic bending study was used as a non-linear validation case to check that the model can handle large deflections and non-linear behaviour. The mixed dimensional coupling study was used as a linear validation case to show that different element types can work together correctly in a single model. Together, these validation studies help build confidence that the CAE process is working correctly across thermal, non-linear, and linear analysis conditions.

[bookmark: _Toc216536318]2.1Thermal – Bimetallic Strip
[bookmark: _Toc216536319]
2.1.1 Methodology
The setup for this model follows the standard ANSYS workflow, starting with the ‘Engineering Data’ where the material properties for the bimetallic strip are defined. These materials are then linked directly into a Static Structural (Thermal) analysis system, which allows both thermal and structural behaviour to be solved together. The geometry is imported and checked, the model is set up with the appropriate thermal loads and constraints, and the mesh is generated before running the solution. Once solved, the results section provides both the thermal expansion and the resulting structural deformation. This setup ensures that the thermal and structural parts of the analysis are fully connected and solved in the correct order.
[image: A screenshot of a computer

AI-generated content may be incorrect.]Figure 1 - Bimetallic Strip Ansys Workbench







[bookmark: _Toc216536320]2.1.2 Coarse Mesh 
A 50 mm mesh is too large to produce results and does not solve, as the mesh is far too coarse to properly capture the geometry and how the loads travel through the part. The elements become badly shaped and can’t represent the changes in stress and deformation correctly, which causes the solver to struggle and not converge. Due to this, the model simply cannot solve as the mesh does not have enough detail to represent the physics of the problem.
[image: A computer screen shot of a wooden plank

AI-generated content may be incorrect.]Figure 2 - Bimetallic Strip Coarse Mesh






















[bookmark: _Toc216536321]2.1.3 Optimised Mesh Quality results
 The mesh study clearly shows that the coarse mesh at 4 mm is nowhere near accurate enough, as it under-predicts the total deformation quite noticeably. This happens because the elements are too large to properly follow the curvature of the strip, meaning the model ends up behaving stiffer than it should. As the mesh is refined, the deformation increases and starts to level off around 1 mm, which is the point where the results stop changing in any meaningful way. This is essentially the convergence point, and it confirms that anything finer than 1 mm would just increase solve time without giving a noticeably better result.
This behaviour is expected because coarse elements tend to distort more during bending, and that introduces numerical stiffness, which is why the deformation comes out lower. Once the elements reach a sensible size and the mesh quality improves, the solver can capture the bending shape properly, and the results settle into a stable trend.
[image: A graph with a line and a blue line
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The next part of the study compared linear and quadratic elements. Linear elements only calculate displacement at the corner nodes, so they basically join everything with straight edges. This makes them fast to solve but not very good at bending problems, as they naturally come out too stiff unless the mesh is extremely fine. Quadratic elements include mid-side nodes, so they can curve between points, which is why they get much smoother and more realistic deformation shapes.
You can see this clearly in the graph Figure 5 the linear element results only start to approach the correct value once the mesh becomes extremely fine, while the quadratic results barely change with refinement because they already follow the bending behaviour properly. This shows that quadratic elements are simply more efficient for this type of analysis, you get accurate results without needing a ridiculously small element size.
Overall, the study shows that a 1 mm quadratic mesh gives the best balance between accuracy, computational time and mesh quality. Anything coarser will miss important deformation behaviour, and anything much finer doesn’t improve the accuracy enough to justify the extra solve time.
[image: A graph with a line and a blue line

AI-generated content may be incorrect.]Figure 5 - Total Deformation Mesh Study















Figure 6 - Total Deformation Matrix
Figure 7 – Dlubal Validation Study Bimetallic Strip







Figure 8 - Bimetallic Strip Hand Calculations

[bookmark: _Toc216536322]2.2 Elastic Plastic (Linear)
 The elastic–plastic bending study follows a very similar pattern to the first validation case, but because this model includes plastic behaviour, it becomes even more sensitive to mesh quality. The coarse meshes at the larger element sizes clearly over-stiffen the model, which is why the deformation starts off slightly lower. This happens because the elements can’t properly capture the curvature or the plastic hinge forming near the fixed end, so the solver essentially treats the part as if it is slightly stronger than it really is.
As the mesh gets finer, the results gradually drop into a much smoother trend and eventually settle at around 2 mm. This point is where the deformation stops meaningfully changing, which shows that the mesh has reached convergence. Any mesh finer than this doesn’t improve the accuracy enough to justify the extra computational time, especially since plasticity calculations are already more demanding on the solver.
The close match between the converged ANSYS result and the reference analytical value also shows that the material model, loads and boundary conditions were applied correctly. The tiny differences between them are completely normal and come from each solver handling plastic strain and integration slightly differently. Overall, the study confirms that a 2 mm quadratic mesh is the most efficient option here, giving accurate plastic behaviour without unnecessary refinement. 




Figure 9 - Total Deformation Elastic-Plastic









Figure 10 - Total Deformation Matrix Elastic Plastic
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Figure 11 - Dlubal - Elastic Plastic Validation Study
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Figure 12 - Elastic Plastic Hand Calculations



[bookmark: _Toc216536323]2.3 Mixed Dimensional Coupling - Linear 
The mixed-dimensional coupling study shows the same general trend as the previous validation cases. The coarse meshes start off slightly stiffer, and the deformation gradually drops into a smoother pattern as the mesh is refined. By the time the mesh reaches around 1 mm, the results barely change, which is a clear sign that the model has reached convergence. This means any improvements from refining the mesh beyond this point are too small to justify the extra solve time.
As this model includes both plate and solid elements working together, it is naturally slightly more sensitive to mesh density. If the mesh is too coarse, the coupling between the two element types isn’t represented cleanly, which can make the deformation look slightly off. Once the mesh becomes fine enough, the interface behaves properly, and the deformation settles into a stable result.
A 0.8 mm mesh was also tested, and although it technically worked, it took noticeably longer to generate and solve yet still produced the same values as the 1 mm mesh. This confirms that the 1 mm mesh is the most sensible point for accuracy and efficiency. Any further refinement increases computation time without adding value.
The close match to the analytical results shows that the coupling method used in ANSYS is behaving correctly. The very small differences between ANSYS and RFEM come from the fact that each program uses slightly different constraint methods to link plate and solid elements, but at these magnitudes the variations are completely expected and well within acceptable engineering limits.
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Figure 13 - Total Deformation Mixed Dimensional Coupling
[image: A black rectangular object with a blue background
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Figure 15 - Dlubal Validation Study Results
Figure 16 - Mixed Dimensional Deformation Hand Calculations



[bookmark: _Toc216536324]2.4 Validation Results 
The differences between the validation results and this study are very small, which is normal when comparing two independent FEA solvers. Each program uses slightly different element formulations, numerical routines and default settings, so even with identical loads and boundary conditions, the outputs will never match exactly. Minor variations in meshing, stress interpolation and constraint handling also contribute.
The 3 differences here 0.05, 0.1 and 0.01 are extremely small and well within the range expected for properly set-up validation cases. When expressed as percentage errors 1.14%, 0.25% and 0.31% they show that both models agree very closely. These small, consistent variations indicate the setup is correct larger or inconsistent errors would normally suggest issues with materials, boundary conditions or mesh refinement.

[bookmark: _Toc216536325]3. Piston deformation using a multi-physics coupled analysis

[bookmark: _Toc216536326]3.1 Methodology
The piston simulation was carried out using a multi-physics workflow in ANSYS Workbench so that the dynamic, thermal, and structural behaviour could all be linked together properly. The first step was to define the piston material in Engineering Data, including both its mechanical and thermal properties. These were then shared across every linked analysis system to keep everything consistent throughout the workflow.
A rigid dynamics analysis was used first to represent how the piston moves inside the cylinder. The piston geometry was brought into this system, and the appropriate joints, constraints and boundary conditions were applied to match its real motion. Once this was set up, the motion loads were applied, and the analysis was solved to obtain the reaction forces acting on the piston. These peak forces, shown by the orange line, were then passed into the following analysis stages.
Figure 17 - Ansys Motion Loads




The next stage was a steady-state thermal analysis. This was used to calculate the temperature distribution across the piston by applying heat input from combustion and allowing heat to dissipate through the piston surfaces. Although a 100°C thermal load was intended, the actual temperature applied was 122°C because ANSYS adds the initial ambient temperature on top. Once solved, this produced a full temperature field across the piston, which was then automatically fed into the structural analysis.
[image: A computer screen with multiple lines

AI-generated content may be incorrect.]The final step was a static structural analysis. Here, the mechanical loads transferred from the rigid dynamics stage and the temperature results from the thermal analysis were applied together. Supports were added at the piston pin and any required contact regions, and the model was solved to obtain the resulting deformation and stress distribution. Using this linked, multi-physics approach allowed the piston to be assessed under more realistic operating conditions, rather than relying on a single-physics approximation.Figure 18 - Fully Linked System with Life Cycle and Safety Factor
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Figure 19 - Piston Assembly

[bookmark: _Toc216536327]3.2 Boundary condition Validation 
A boundary condition check confirmed that the loads and constraints were being transferred correctly through each stage of the multi-physics workflow. The rigid dynamics step produced different load profiles for 4000 RPM and 7500 RPM, and these were passed into the static structural model without any issues. However, the total deformation remains almost identical because the final stage uses a static solver that only applies the peak value from the load history, removing all RPM-dependent dynamic effects such as inertia forces, acceleration changes and cyclic loading.
Thermal expansion also dominates the overall deformation: with a 122 °C temperature field applied, the thermal strain overwhelms the mechanical strain, so changes in RPM have very little influence on the final results. This means that even though two different load profiles were imported, the static solver produces almost the same deformation for both speeds. Overall, this shows that a static structural analysis cannot capture RPM-driven piston behaviour, and a transient structural approach would be required to see the true dynamic differences. 
4000RPM
 Figure 20 - 4000RPM Total Deformation






7500RPMFigure 21 - 7500RPM Total Deformation



Skewness and orthogonal quality were checked across the piston to identify where the mesh was distorting. The curved and detailed regions mainly the pin bosses, ring grooves and crown bowl naturally forced the tetrahedral elements to stretch and skew, while the flatter areas meshed cleanly. Even with a fine mesh, these features created pockets of lower-quality elements that can cause stiffness errors and under-predicted stresses.
The mesh-quality plots made it clear that these high-curvature areas would need smaller elements or a more structured, face-by-face meshing approach, while the simpler surfaces could remain coarser. This method is also supported in piston-mesh studies such as Z.R (2021), controlling skewness and orthogonality improved accuracy. In this model, the mesh is suitable for global deformation, but detailed stress or fatigue work would require extra refinement to avoid missing local peaks.
[image: A circular object with a blue background
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[bookmark: _Toc216536328]3.3 Topology
Level set–based topology optimisation is often preferred because it keeps the material boundary smooth as it evolves, which means the final shapes look cleaner and much closer to something that could be manufactured. Density-based methods, like the ones built into ANSYS, tend to leave fuzzy or unclear edges where the software can’t fully decide if material should be solid or removed. This makes the results harder to interpret and usually means you must manually tidy the geometry afterwards. ANSYS also has several limitations: its topology tools only work with linear static cases, they can’t handle contact, thermal–mechanical loads or dynamic behaviour, and the final shape often depends heavily on the mesh. Therefore, because of this, topology optimisation in ANSYS is generally useful for early concept ideas rather than producing a final design. 
Figure 23 - Piston Topology from Ansys



















[bookmark: _Toc216536329]3.4 Piston Redesign in CAD

[image: A blue and black triangle pattern

AI-generated content may be incorrect.]Figure 25 - Low Quality mesh causing Mesh inaccuracies
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Figure 26 - Redesigned Piston Total Deformation









The aim of the optimisation stage was to reduce piston mass while maintaining similar deformation levels to the baseline model. Reducing mass lowers inertial loading each cycle, which can support fatigue life without compromising stiffness. A small iterative CAD change was made by removing material under the skirt to reduce weight, and this updated geometry was then taken back through the linked FEA system to assess how it behaved. Overall, with the changes made a 3% weight reduction leading to a 3x10-5 gain in total deformation which is a good gain.  A small iterative CAD change was made by removing material under the skirt to reduce weight, and this updated geometry was then taken back through the linked FEA system to assess how it behaved. The deformation plots show that the overall displacement pattern remains very similar to the original design, with the highest deformation still occurring around the crown and ring slots and the lower skirt remaining comparatively stiff. However, the images also highlight several clear limitations in the FEA. The zoomed view reveals distorted and uneven elements around the skirt cut-out, which smooth out the deformation locally and reduce the accuracy of the results in that region. Although this is a down to the user, a further study would need to be conducted to ensure the best results are produced.  The top-down deformation plot reinforces this, showing the mesh struggling to follow the sharp curvature introduced by the cut-out. These issues indicate that while the CAD edit can be evaluated qualitatively, the mesh quality around the modified geometry limits how confidently the deformation can be interpreted, and a more refined local mesh or a different element approach would be needed for a reliable assessment.

[bookmark: _Toc216536330]3.5 Fatigue and safety factor 
[image: A red object with a blue background
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Even though the fatigue setup uses a maximum and minimum load, the results still aren’t very reliable because the model only provides two static load states rather than a full cyclic stress history. The piston sees a constantly changing load through the engine cycle, and without that variation the solver can’t calculate a realistic stress range, so the fatigue life and safety factor plots end up showing unrealistic hotspots. A lot of this is also driven by the mesh: areas around the pin bosses and skirt have distorted elements, and fatigue calculations react heavily to these local spikes, which exaggerates the predicted damage. Overall, the fatigue tool is being pushed outside what it’s designed for here, so the outputs shouldn’t be treated as real fatigue predictions, just an indication of where the mesh and static loading create artificial stress concentrations.


[bookmark: _Toc216536331]Limitations
Although the fine mesh used on the piston would normally give very accurate results, it also comes with some obvious drawbacks. The extremely high element count pushes the solver right to its limits, using a lot of memory and dramatically increasing solve time. On standard computing hardware, the model becomes almost impractical to run because it takes so long to generate the mesh, assemble the matrices and reach convergence. This means that even though a highly refined mesh looks ideal from an accuracy point of view, it isn’t always realistic for day-to-day analysis unless the problem is critical or you have access to much stronger hardware. In most cases, a more balanced mesh is needed one that captures the important geometry without making the model too heavy for the solver to handle efficiently.
Overall, this highlights a key limitation in FEA pushing the mesh too far can make the solution more accurate, but at the cost of solver performance and practicality. Finding the right compromise between mesh quality and computational demand is essential for producing reliable results without unnecessary processing time.
[image: Close-up of a black object

AI-generated content may be incorrect.]Figure 28 - Redesigned Piston Fine Mesh














[bookmark: _Toc216536332]Further work
Further work on this model would mainly focus on improving mesh quality in the areas where distorted elements still appear. This includes reviewing aspect ratio and Jacobian plots to pinpoint where stiffness errors or under-predicted stresses originate, then applying targeted refinement such as face sizing or structured meshing around the pin bosses, crown bowl and internal corners rather than refining the whole model.
Inflation layers on key internal and external surfaces would also help capture stress gradients more accurately without greatly increasing the element count.
Another step would be switching to a transient structural analysis so the full dynamic behaviour from the rigid-body stage is applied properly, revealing how deformation changes throughout the crank cycle and giving a more realistic basis for fatigue assessment.
Finally, comparing the FEA results with experimental data or published engine studies would help confirm how well the model reflects real thermal and mechanical behaviour and guide any further refinements.
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50mm Mesh
Element quality
[image: A computer screen shot of a wooden plank
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Figure 29 – 50 mm Mesh Element Quality Bimetallic Strip
Figure 29 – Mesh Element Quality Bimetallic Strip

Aspect Ratio
[image: A screen shot of a computer

AI-generated content may be incorrect.]Figure 30 – 50 mm Mesh Aspect Ratio Bimetallic Strip



Jacobian Ratio
[image: A screenshot of a computer
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Figure 31 – 50mm Mesh Jacobian ratio Bimetallic Strip

0.1mm mesh results
[image: A long black and green object
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Figure 32 – 0.1mm Mesh Bimetallic Strip

Element Quality
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Figure 33 – 0.1mm Mesh Element Quality Bimetallic Strip






Aspect Ratio
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Figure 34 – 0.1mm Mesh Aspect Ratio Bimetallic Strip

Jacobian Ratio
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Figure 35 – 0.1mm Mesh Jacobian Ratio Bimetallic Strip
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