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[bookmark: _Toc216619182]1. Introduction
The aim of this report is to analyse, validate assess components using the Ansys software package, the use of this software, allows engineers to identify structural weaknesses, validate and optimise components prior to physical prototyping. CAE techniques such as FEA (Finite Element Analysis), Kinematic simulation and thermal studies allow a reduced development time, improving cost and product reliability. This report will focus on the application of these processes and CAE tools in modern engineering design, covering modelling, analysis and optimisation of a realistic mechanical assembly. The assembly used is the rotating components taken from and internal combustion engine, representing a real-world engineering system subjecting these to operational loads and realistic thermal conditions. The kinematic study is used to determine realistic loading conditions which are then applied to the static structural analysis alongside the thermal study conducted of the piston to determine the deformation and Von-Mise’s stress characteristics. From this initial modelling conducted, a second material was applied to the component used in the study to compare the results gathered from the system to optimise the performance of the component and inform design changes to meet design targets. 
To validate the tools used in the CAE study, a simplified test case was chosen where an analytical solution can be easily derived from the fundamental principles. Once this test case was concluded, a comparison between the analytical and the software was then made, validating the results and validity of Ansys and CAE tools for modern engineering. Varying mesh conditions and boundary conditions were used to assess their influence on the output of the simulation. The use of these studies is to assess the usefulness and the limitations of the CAE tool used to compile this report showing what assumptions and simplifications and limitations are often made and how these influence simulation accuracy and how these must be considered in the engineering design process.  
The primary aims of this report are to:
· Create a realistic multi-component assembly using ANSYS
· Perform kinematic and static structural analyses under representative operating conditions
· Validate CAE results using analytical methods and a simplified test study
· Critically evaluate the limitations of CAE tools in engineering applications







[bookmark: _Toc216619183]2 Literature Review
[bookmark: _Toc216619184]2.1 Finite Element Analysis in Engineering
Finite Element Analysis (FEA) is a numerical method widely used for solving complex structural problems that cannot be solved using basic theories, using this method involves discretising a domain into finite elements (Known as Mesh) connected at nodes. While FEA enables detailed stress and deformation characteristics, its accuracy is highly dependent on element formation, mesh quality/density and the material model assumptions. FEA creates this mesh to divide a complex problem into smaller simpler problems and uses mathematics to bind together all the answers to simple issues and give an approximate solution to the complex issue. (Donald, 2013)
[bookmark: _Toc216619185]2.2 Stress, Strain and Fatigue Failure
Structural components subjected to cyclic loading are assessed suing stress-life (S-N) fatigue, where a number of cycles to failure is related to stress amplitude. Before a material is used, numerous tests must be conducted to determine its characteristics, such as fatigue resistance. Once these characteristics have been determined, they can them be implemented into a numerical simulation method to further determine the fatigue characteristics. These simulation results then need to be validated against experimental methods before operational use. (Aprianur Fajri, 2021)  
Studies show that various factors can contribute to fatigue failure, including creep, loading rates and frequencies and points of stress concentration. Residual stress implies an influence on the fatigue behaviour by raising the likelihood of crack initiation and propagation of already existing cracks. Compressive stress and can be beneficial to this in contrast to residual stress as it opposes the crack and fatigue growth mechanisms (Atef Hamada, 2025) 
[bookmark: _Toc216619186]2.3 Influence of Mesh Quality and Boundy Conditions
Studies highlight the importance and influence of mesh quality, as certain sections of a model will require a finer mesh and also the graduation of mesh sizes, such as placing larger mesh size next to a smaller one will cause an artificial stress concentration as the FEA will try to calculate the displacement between the larger and smaller mesh elements (Donald, 2013) While coarse meshes may underestimate peak stresses and gains. The definition of boundary conditions has been identified as a major source of unreliability in CAE simulations, as overly rigid constrains may introduce stress concentrations that are non-physical. (Lee, 2025)









[bookmark: _Toc216619187]2.4 Validation and Limitations of CAE Tools
Although CAE tools offer powerful predictive capabilities, simplified analytical models provide an effective means of verifying numerical results and identifying modelling errors. However, it is widely acknowledged that CAE results should be interpreted as approximations rather than exact solutions (Roache, 1998), particularly when material non-linearity, thermal effects, or complex loading conditions are involved.
· This section reviews relevant literature relating to the use of CAE in structural analysis and mechanical design. Key topics include the fundamentals of finite element analysis, stress and strain theory, fatigue failure and the importance of appropriate boundary conditions and mesh quality.
· Previous studies have demonstrated that while CAE tools provide powerful predictive capabilities, their accuracy is highly dependent on modelling assumptions, material data, and user expertise. Research into fatigue modelling highlights the sensitivity of predicted life to stress concentrations and loading assumptions.
· The reviewed literature provides a theoretical foundation for the methodologies applied in this report and highlights common limitations that must be considered when interpreting CAE results.

[bookmark: _Toc216619188]3 Methodology
[bookmark: _Toc216619189]3.1 CAD Modelling and Assembly
The rotating components on an engineer was imported into Ansys to reflect a realistic mechanical system. This assembly included, A Crankshaft, Connecting Rod, Gudgeon Pin and Piston, these were used to visualise the entire system to generate total data and kinematic loads on the entire system, this allows the static structural study to have realistic data to generate the forced between the piston and Gudgeon pin. Realistic Material properties were inserted into the engineering data for two different types of Aluminium for comparison of the results, these included 6061 T6 Aluminium and 2618A Aluminium. The data imported included the Young’s modulus for different temperatures and the Poisson’s Ratio, the Coefficient of thermal expansion, density and Thermal conductivity. 
[image: A graph of a temperature

AI-generated content may be incorrect.]Figure 1 shows the Young's modulus values per temperature for the 2618 grade aluminium.











[bookmark: _Toc216619190]3.2 Kinematic Analysis
A kinematic simulation was performed to replicate the operational motion of the assembly. Joints, constraints, and rotational velocity of the crank was used represent realistic operating conditions.
The kinematic analysis was used to extract reaction forces and moments between the piston and Gudgeon pin, these generated loads were then exported as a TXT file and these loads were subsequently applied to the static structural analysis of the selected component, ensuring that the structural study was based on representative loading conditions rather than simplified assumptions.
This kinematic analysis was run at a velocity of 4000rpm and generated valuable data for both grades of aluminium that can be implemented towards the static structural study. 
[image: A computer screen shot of a machine

AI-generated content may be incorrect.]On the figure above, the graph in the bottom right corner shows the forces acted on between the two components stating the different forces on each axis. Figure 2 shows the data generated with the assembly in the kinematics analysis.


[bookmark: _Toc216619191]3.3 Material Properties and Thermal Considerations
Material properties were assigned based on relevant engineering data. Where applicable, temperature-dependent material properties were considered to account for degradation due to thermal loading. The temperature dependent Young’s modulus was applied to both Aluminium types including the thermal conductivity and the Coefficient of thermal expansion. These properties were inserted into their relevant portions in the engineering data section in Ansys, this allowed to fully linked system to adhere to the chosen material throughout the study. 
[image: A multicolored object with lines and dots

AI-generated content may be incorrect.][image: A close-up of a document

AI-generated content may be incorrect.]Thermal conditions representative of the component’s operating environment were applied, and their influence on structural performance was evaluated. Assumptions made regarding thermal loading and material behaviour are discussed later in the report.Figure 3 shows the thermal considerations given to the 6061 T6 grade Aluminium.

Figure 4 shows the thermal loading using the 6061 T6 Aluminium grade.
[image: A multicolored object with a circle

AI-generated content may be incorrect.]Figure 5 shows the thermal loading applied to the 2318 Aluminium grade.

[bookmark: _Toc216619192]4 Static Structural Analysis
[bookmark: _Toc216619193]4.1 Boundary Conditions and Loading
The piston was selected as the main component during the static structural assessment, isolating the remaining components from the study and analysed under the static loading conditions derived from the kinematic study. Weak springs were applied to the piston to ensure the component is supported without adding constraints that would affect the results of the study. Another boundary condition added was the use of pressure on the crown of the piston to allow a realistic loading condition of the combustion process, this pressure was chosen at 1.05e-7pa as a realistic pressure from combustion. Care was taken to ensure to applied loads and supports were physically realistic, using the piston as a flexible model to allow the deformation while keeping the CAE results accurate.  

[bookmark: _Toc216619194]4.2 Mesh Strategy
A finite element mesh was generated using appropriate element types for the geometry. Mesh refinement was applied in regions of high stress concentration; the finer mesh strategy was applied to the piston crown to allow a more accurate representation of the conditions applied. The mesh size used on the main piston areas was 4mm while the piston crown was reduced to 2mm in size, a graduation of the mesh sizes included a 3mm mesh used on the top of the sides to minimise areas of false stress concentrations.  
An initial mesh assessment was concluded using an initial mesh size of 4mm across the whole piston before changing to a gradually increased size for areas of less importance to determine the influence of the mesh size for the given component, this initial overall mesh size of 4mm gave accurate results but the adjusted mesh size with the reduced element size for the piston crown and sides allowed for a more accurate representation of the loads applied and the deformation experienced.

[bookmark: _Toc216619195]4.3 Results
The results of the initial static structural analysis are presented in terms of stress distribution and deformation. Areas of high stress concentration were identified, and the likelihood of failure under operating conditions was assessed.
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Figure 6 shows the total deformation experienced by the 6061 T6 Piston
[image: A blue object with holes
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Figure 7 shows the total deformation experienced by the 2318 Aluminium piston.
[image: A blue and green object with a black background
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Figure 8 shows the Von-Mises stress experienced by the 6061 T6 Aluminium.

[image: A blue and black object with holes
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Figure 9 shows the Von-Mises stress experienced by the 2318 Aluminium.
As can be seen from the figures above, while the original 6061 T6 Aluminium experiences higher deformation under the loads applied, it experiences less overall stress whereas the 2318 Aluminium experiences less deformation, but a higher stress concentrations on the piston crown, it can also be noted that the stress experienced in both pistons is virtually swapped with the original having a higher stress on the piston skirt, while the second material experienced higher stress on the crown and stress concentrations on the oil ring and the interior of the piston ring sleeves. 
[image: ]




Figure 10 shows the deformation results experienced by the 2318 Aluminium.

Figure 10 shows a graph of the piston deformation experienced by the 6061 Aluminium

[image: ]Figure 11 shows the stress experienced by the 6016 Piston.

[image: ]Figure 12 shows the Deformation experienced by the 2318 Piston.








Figure 13 shows the stress experienced by the 2318 Piston.


All the results in the figures above will be used in the design improvement section below, using the stress and deformation values to make informed design changes and optimise the design for continued use. 
[bookmark: _Toc216619196]5. Iterative Design Improvement and Optimisation
Based on the initial analysis results, design modifications were implemented to improve the structural performance of the selected component. As seen in the figures in the section above, overall, the 2318 Piston experienced the least deformation and stress overall, as this piston material is commonly used in high performance race engines, this result is not surprising, with the increased loads due to their designated use this material will allow the engine to withstand higher loads and temperatures. A titanium piston was used in this study but due to the limitations of the CAE software, the results were not in line with the aluminium ones created from the software. 


[image: A close up of a football
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Figure 14 shows the deformation created from the static structural study on the Titanium piston.
As can be seen from the figure above, the deformation experienced by the piston is not in line with what could be expected from the study, with a maximum deformation of 114.37m this is completely unrealistic and shows the limitations of using this software without the full or correct material characteristics. Each design iteration was re-analysed, and the results were compared with the original design. Improvements in maximum stress and total deformation were quantified and discussed. Using this iterative approach demonstrates the use of CAE tools as part of an informed engineering design process rather than a single-pass analysis. 
















[bookmark: _Toc216619197]6. Validation and Verification
[bookmark: _Toc216619198]6.1 Analytical Validation
[image: A long thin line on a black background

AI-generated content may be incorrect.]The simplified test study was undertaken on a Bi-Metallic strip using copper and Invar, this was done using the details from the verification examples on Dlubal, this allowed the study to have mathematical result to compare the CAE 4results to proving the validity of the software results. Recreating the strip using SolidWorks as per the validation example, the engineering data was then implemented into Ansys. Boundary conditions such as thermal loading were then applied, due to Ansys having an ambient temperature of 22°C, the magnitude of the thermal condition was increased to 122°C to allow the full increase of 100° in line with the example. For this study a mesh size of 0.25mm was used again in line with the example given. Due to the different Coefficients of thermal expansion, the metals will expand at different rates causing a bending within the metallic strip. Figure 15 shows the Ansys view of the Bimetalic strip.



[bookmark: _Toc216619199]6.2 Comparison with CAE Results
(≈150–200 words)
The analytical results were compared with the corresponding CAE outputs, as can be seen below:
[image: A table with numbers and symbols
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Figure 16 shows the results calculated in the validation example.
 

[image: A blue and green pen

AI-generated content may be incorrect.]The deformation calculated in the validation example was calculated at -7.049mm, while the value generated through Ansys was calculated at -7.1213mm, this leaves a percentage difference 0.99%, due to nature of the CAE tool, this would be an acceptable difference and is close enough to validate the simulation study and confirm the validity of using this software as a CAE tool. Figure 17 shows the Bimetalic strip deformation generated in Ansys


[bookmark: _Toc216619200]6.3 Mesh Independence Study
[image: ]A mesh independence study was conducted by progressively refining the mesh and observing changes in key result parameters. A mesh size was identified beyond which further refinement produced negligible changes. Table 1 shows the different mesh sizes.


As can be seen in the table above, the difference between mesh sizes and mesh types for this specific study produce a negligible change in the percentage difference, as previously stated this difference is below 1% difference in the total deformation for the Bimetalic strip. The only major difference between mesh types chosen and mesh sizes were the time taken to complete each mesh through Ansys, with the smaller mesh sizes taken considerably longer to calculate. 


[bookmark: _Toc216619201]7. Discussion: Use and Limitations of CAE Tools
CAE tools such as ANSYS provide powerful capabilities for analysing complex engineering systems that would be difficult or impractical to evaluate analytically. In this study, CAE was successfully used to model a realistic engine piston subjected to kinematic, thermal and structural loading, allowing stress and deformation trends to be visualised and compared across different materials. The use of kinematic-derived loads rather than simplified assumptions significantly improved the realism of the static structural analysis and demonstrated a key advantage of CAE in integrating multiple physics domains.
One of the main strengths observed was the ability to rapidly compare materials under identical loading and boundary conditions. The comparison between 6061-T6 Aluminium and 2618 Aluminium clearly demonstrated how material stiffness and thermal behaviour influence stress distribution and deformation. This allowed informed design decisions to be made without the need for physical prototyping, highlighting the value of CAE in early-stage design optimisation. Additionally, the validation study using a bi-metallic strip showed strong agreement between analytical calculations and numerical results, with less than 1% error, reinforcing confidence in the reliability of the software when appropriate modelling practices are applied.
However, the study also highlighted several limitations inherent to CAE tools. One major limitation is the sensitivity of results to boundary conditions and modelling assumptions. For example, the application of weak springs to stabilise the piston was necessary for numerical convergence, but such assumptions may not perfectly represent real-world constraints. Over-constraining or under-constraining components can lead to non-physical stress concentrations or unrealistic deformation patterns, emphasising the need for engineering judgement when defining supports and loads.
Mesh dependency was another key limitation observed. While mesh refinement improved result accuracy, it also significantly increased computational time. Although a mesh independence study confirmed convergence, this trade-off highlights that CAE solutions are approximate rather than exact results. Poor mesh transitions or insufficient refinement can lead to artificial stress concentrations, particularly in high-gradient regions such as the piston crown and ring grooves.
Material property uncertainty also affected the reliability of results, as demonstrated by the titanium piston analysis. Incomplete or inaccurate material data led to unrealistic deformation values, showing that CAE tools are only as accurate as the input data provided. This reinforces the importance of validated material databases and highlights a limitation when analysing advanced or less commonly characterised materials.
Overall, this study demonstrates that while CAE tools are valuable for modern engineering design, their results must be critically evaluated, validated where possible, and interpreted with an understanding of their limitations





[bookmark: _Toc216619202]8. Conclusions and Recommendations
This report has demonstrated the effective application of CAE tools to analyse and optimise a realistic mechanical assembly using ANSYS. A complete workflow was developed, incorporating CAD modelling, kinematic analysis, static structural analysis, thermal considerations, and validation through analytical comparison. The use of kinematic loading ensured that the structural analysis was representative of real operating conditions, improving the credibility of the results.
The comparative study between 6061-T6 aluminium and 2618 aluminium showed that material selection has a significant influence on piston performance. While 6061-T6 exhibited greater deformation, it experienced lower overall stress levels, whereas 2618 aluminium showed reduced deformation but higher localised stresses, particularly at the piston crown. These findings align with real-world engineering practice, where 2618 aluminium is favoured in high-performance engines due to its strength and thermal resilience. The validation study using a bi-metallic strip further confirmed the reliability of the CAE approach, with numerical results closely matching analytical predictions.
Despite these successes, the study also identified important limitations, including sensitivity to boundary conditions, mesh dependency, and reliance on accurate material data. The unrealistic results obtained for the titanium piston emphasised the risks of using incomplete material properties and reinforced the importance of validation and engineering judgement.
For future work, several recommendations are proposed. A transient thermal-structural analysis could be conducted to better represent real engine operating cycles. Fatigue analysis should be incorporated to assess component life under cyclic loading. Further geometric optimisation could be explored to reduce stress concentrations, particularly around the piston crown and ring grooves. Finally, experimental validation using physical testing would provide additional confidence in the CAE predictions and strengthen the overall design process.
In conclusion, CAE tools are highly effective when used as part of an informed, validated engineering workflow rather than as standalone predictors of performance.
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[image: A rainbow colored object with a black background
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Figure 18 shows the thermal results from the 6061 T6 Aluminium during the static structural study.

[image: A blue and black object
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Figure 19 shows the Von-Mises stress experienced by the Titanium piston.
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