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1. Introduction
CAE processes are very vital in the current engineering practice especially in the automotive sector. These tools enable the engineers to analyse and assess designs without having to construct actual prototypes, this is cost effective and time efficient. The focus of this paper is to apply CAE tools to evaluate and enhance the performance of structural components within a vehicle and the performance on how certain components react to each other
The primary goal of this project is to analyse how certain parts perform under specific working conditions. The analysis will involve two main processes: kinematic simulations and structural analysis. The to make the results as realistic as possible, factors such as thermal and dynamic behaviour will be carefully considered.
To ensure the accuracy of the simulations, the outcomes will be compared with simplified test cases that have known solutions. This comparison helps highlight both the advantages and limitations of the CAE tools used in the study. By doing so, the project demonstrates how CAE can contribute to improving designs and solving engineering challenges.
This report seeks to present relevant and practical information on the design and evaluation of engine components, emphasizing the critical role of CAE in modern engineering.










	



2. Modelling and Assembly 
[image: ]2.1- Assembly Process[bookmark: _Toc185095150]Figure 1: Image shows assembly of model











The image illustrates the final assembly of a crankshaft, connecting rod (conrod), gudgeon pin, and piston, created using ANSYS software. This assembly represents a critical subsystem of an internal combustion engine, where the crankshaft converts the reciprocating motion of the piston into rotational motion while being subjected to bending and torsional loads. The conrod connects the piston to the crankshaft and transfers forces generated during combustion, while the gudgeon pin facilitates relative motion between the piston and the conrod. Accurate modelling of these components is crucial for the kinematic and structural analyses required in this project, as outlined in the assignment brief. Realistic geometry and proper assembly ensure that simulation results reflect operational conditions, allowing for the analysis of dynamic interactions under various loads. Additionally, boundary conditions such as rotational constraints on the crankshaft and applied forces on the piston are critical for replicating real-world conditions during simulations. This assembly forms the basis for conducting kinematic simulations and a detailed static structural assessment of one component, such as the conrod, to evaluate stress distribution, fatigue life, and opportunities for mass optimization. The importance of precise modelling in CAE simulations is highlighted in studies such as Ramachandra et al. (2006), which emphasize the role of accurate geometry in predicting component durability under operating conditions, and Villalva and Ferracini Junior (2010), which discuss the correlation between CAE simulations and experimental fatigue tests. These considerations ensure that the assembly aligns with the requirements of the assignment and sets the foundation for reliable and actionable insights.
2.2- Software Tools Used
The assembly was generated using ANSYS, an advanced computational tool used in the field of engineering design and analysis. Another important feature of ANSYS is the Joint Feature through which one can manage the constraints and the interactions of the members of an assembly. This feature allows the user to specify which types of movement are allowed for the parts, for example, allow rotation and translation but restrict the other movements. For instance, in this assembly, joints were applied to make sure that the piston was moving linearly in the cylinder and the connecting rod was rotating with the crank shaft. This makes sure that the dynamic behaviour of the components is as close as possible to their real-life counterparts. 
Furthermore, ANSYS offers options for assigning contact conditions, including bonded or frictional contacts to describe the behaviour of contacting surfaces. These tools help in ensuring that all the parts in the assembly are well constrained and respond as expected in kinematic and static analysis. 
 The use of advanced CAD import features ha`s also helped in importing geometries into ANSYS which in turn has made the transition from modelling to simulation easier. This capability is very vital in projects such as this one since the accuracy of the assembly geometry has a direct effect on the results of the kinematic and structural analyses (Ramachandra  et al, 2006). Using these tools, the software offers a solid environment to model, analyse and improve complicated structures to the utmost degree of accuracy. 





[image: A computer screen shot of a computer program
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 The kinematic analysis of the rotating assembly, consisting of the crankshaft, connecting rod, gudgeon pin, and piston, was conducted using ANSYS Rigid Dynamics. This analysis aimed to simulate the motion of components under realistic operating conditions. The image of the rotating assembly illustrates the setup where joint features were applied to define the motion constraints. For example, the piston was constrained to move linearly within the cylinder, while the connecting rod followed the rotational motion of the crankshaft. These constraints ensured that the dynamic behaviour of the components accurately replicated real-world operations, as emphasized in the assignment brief.
This simulation provided crucial insights into the interaction between components, such as the forces transmitted through the connecting rod and the effect of crankshaft rotation on piston movement. Accurate kinematic analysis is essential for generating realistic loading conditions, which are subsequently used in static structural analysis to assess stresses and optimize the components. Ramachandra et al. (2006) highlights the importance of accurate motion simulation in predicting the durability of power components under operational loads. Additionally, Villalva and Ferracini Junior (2010) emphasize the need for realistic joint definitions to ensure that simulation results correlate closely with experimental data.
By leveraging the capabilities of ANSYS Rigid Dynamics, the kinematic analysis effectively established a foundation for subsequent structural assessments and component optimization, aligning with the requirements of the project.
 
 
[image: ]3.2- Static Structural Study of a Selected Component







[bookmark: _Toc185095152]Figure 3: Image shows the engineering data tree

The static structural study focused on analysing the stress distribution, deformation, and structural integrity of the components under realistic operational loads. The analysis utilized the outputs from the kinematic study, such as forces and moments, as input conditions for structural evaluation. The process began with the setup of material properties in the Engineering Data section of ANSYS, as shown in the first image, where materials like Aluminium 6061-T6 and Structural Steel were assigned to different components. Accurate material data, including density, elasticity, and thermal expansion, is essential for achieving reliable simulation results, as highlighted in Ramachandra et al. (2006).
[image: ][bookmark: _Toc185095153]Figure 4: Image shows material selection









The second image demonstrates the detailed material property setup, ensuring that the components behave realistically under applied loads. Properties such as yield strength and ultimate strength were crucial for determining the safety factors and identifying areas of potential failure. These inputs directly impacted the accuracy of the stress and strain calculations in the structural analysis.

[image: ][bookmark: _Toc185095154]Figure 5:Image shows engineering data being transferred to the next section










The third image illustrates the workflow linking the Rigid Dynamics system to the Static Structural system. This workflow ensured that realistic boundary conditions and forces, derived from the kinematic analysis, were accurately transferred to the structural analysis. This approach aligns with the assignment brief's emphasis on using realistic boundary and loading conditions to evaluate the structural performance of components.
This static structural study provided insights into stress concentration areas, which guided iterative design improvements and mass optimization. Villalva and Ferracini Junior (2010) emphasize the importance of correlating simulation results with physical testing to validate the reliability of CAE predictions. These findings laid the groundwork for improving component durability and fatigue life, meeting the requirements of the project.











3.3- Incorporation of Thermal Considerations
[image: ][bookmark: _Toc185095155]Figure 6: Image shows topside of thermal model of a piston









[image: ][bookmark: _Toc185095156]Figure 7:Image shows bottom side of thermal model of a piston









Thermal analysis is critical to understanding the performance of components like pistons in high-temperature environments. The image of the steady-state thermal analysis illustrates a temperature range of 146.06°C to 284.39°C, with maximum temperatures observed at the crown, where heat exposure is greatest. These results highlight the significance of thermal gradients on material behaviour, including stress development and fatigue life. Ramachandra et al. (2006) emphasizes the importance of thermal simulation in predicting durability, while Villalva and Ferracini Junior (2010) stress incorporating thermal effects into structural analysis to improve reliability. This simulation informs critical design improvements, ensuring thermal stresses are minimized.



4. Optimization and Improvement
[image: ]4.1- Iterative Design Improvement[bookmark: _Toc185095157]Figure 8: Image shows meshing process










Iterative design improvement is a key aspect of computational engineering analysis, where the focus lies on refining the performance of a specific component through systematic adjustments. As shown in the image the meshed piston model highlights the initial stage in the optimization process. The finite element mesh applied to the piston ensures that the model is ready for analysis, where element sizing and distribution play a critical role in the accuracy and reliability of the results.
In the context of this project, iterative improvements involved evaluating the structural response of the piston under varying load and thermal conditions. Using ANSYS Workbench, refinements were made to mesh density and boundary condition definitions, as indicated by the well-distributed mesh seen in the image. A finer mesh was utilized in high-stress regions, such as the piston crown, where material degradation due to heat is most likely. This approach aligns with the assignment brief, which mandates the optimization of component mass and performance while considering both structural loadings and fatigue life.
Through successive iterations, mesh independence was achieved, ensuring that further refinements no longer significantly influenced the results. This step validated the convergence of the model, reducing computational cost while maintaining precision. The iterative process also allowed for adjustments to material properties, boundary conditions, and load cases, resulting in a more robust design capable of withstanding operational stresses. This approach supports the use of CAE tools in the engineering design process, as described in Ramachandra et al. (2006), by enhancing performance through detailed simulations.

Furthermore, the assignment brief emphasizes improving the structural integrity and fatigue life of the selected component. To this end, iterative analysis was vital in identifying potential failure points and implementing design changes to address these areas. The meshed model served as the foundation for this optimization, demonstrating how CAE tools integrate multiple analyses into a cohesive process for improving engineering designs.
By employing iterative design techniques, the piston was optimized for its intended operational environment, ensuring compliance with performance and safety requirements while minimizing material use. The process illustrates the critical role of CAE in advancing design efficiency and reliability in modern engineering.

[image: ]4.2- Enhancing Structural Performance and Fatigue Life[bookmark: _Toc185095158]Figure 9: Image Shows programme tree
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Enhancing the structural performance and fatigue life of the selected piston component involved a systematic approach to identify and address areas of high stress and potential failure. The static structural analysis was used to evaluate the stresses under realistic loading conditions derived from the kinematic analysis. This setup helped pinpoint regions of the piston subject to peak stress values and areas prone to fatigue damage over time. Focus was placed on the fillet regions and areas where abrupt geometry changes occurred, as these are common sites for stress concentration (Ramachandra et al., 2006).
Meshing played a crucial role in this analysis. A fine element size was applied to regions of interest, ensuring accurate stress and strain predictions. This meshing refinement allowed for a detailed understanding of how the material properties and geometry interacted under cyclic loading conditions. Fatigue life estimates were generated using computational fatigue tools, incorporating material data and boundary conditions from the earlier setup to simulate real-life operating environments.
Key improvements included rounding sharp edges to reduce stress concentrations and optimizing the piston skirt geometry to distribute load more evenly. Additionally, materials with higher fatigue resistance and lower density were explored to enhance performance while maintaining or reducing the component’s mass. This iterative process not only improved the component's structural integrity but also extended its service life, ensuring the design could withstand prolonged operational conditions without failure (ANSYS, 2023).
By integrating static structural and fatigue analyses, this process demonstrated how computational tools can refine and enhance a design, reducing the need for physical prototypes and minimizing production costs. These improvements highlight the importance of leveraging CAE tools for optimizing critical components in engineering systems.










5. Validation
5.1- Analytical Test Case Selection and Setup

[image: ]
[bookmark: _Toc185095160]Figure 11: Image shows process tree
The analytical method uses basic engineering equations to check the accuracy of the simulation results. The process starts by identifying material properties like density, thermal expansion, and yield strength. These properties come from reliable data and are used to set up a realistic test case. This makes it possible to compare the simulation results with known values from calculations. Setting the right boundary conditions, loading, and failure limits ensures the comparison is accurate. Any differences found between the two methods can be fixed to improve the simulation setup and make it more reliable (Ramachandra et al., 2006).

5.2- Analytical vs. Software Comparison
The comparison of results obtained analytically and using software is an important step in validating computational analysis, including stress, deflection, and thermal variations. Analytical solutions rely on engineering equations based on real-world conditions, while software simulations consider factors like non-linearity and dynamic coupling, which are difficult to capture with analytical methods. Differences between these approaches help identify where software algorithms may need improvement or where approximations in the analytical model result in discrepancies. This process ensures that CAE tools can both match theoretical calculations and provide a deeper understanding of how various parameters interact in real-world scenarios. Such validation makes simulation results more reliable and gives engineers an effective way to enhance designs through iterative processes (Ramachandra et al., 2006).

5.3- Mesh Independence Study
The mesh independence study is a critical step in ensuring the accuracy and reliability of simulation results. This process involves refining the mesh size and checking whether the simulation outputs, such as stress and deformation, stabilize with further mesh refinements. By systematically decreasing the element size, convergence can be evaluated, and the optimal mesh is identified—one that balances computational efficiency and precision. This step ensures that the simulation results are not influenced by overly coarse or unnecessarily fine meshes.

In this project, finer meshes were applied to areas with high stress gradients, such as sharp edges and regions near the piston crown, where accuracy is most critical. The results showed that beyond a specific mesh size, further refinement had negligible impact on the outcomes, indicating that the solution had reached independence. This process validates the simulation by demonstrating that results are consistent and reliable, regardless of mesh adjustments, aligning with established best practices for finite element analysis (Ramachandra et al., 2006).

5.4- Influence of Boundary Conditions
Boundary conditions play a significant role in determining the accuracy and reliability of simulation results. They define how a component interacts with its surroundings, including constraints, forces, and thermal loads. In this project, realistic boundary conditions were applied to replicate the actual working environment of the piston assembly. For example, fixed supports were applied at contact points, while forces from combustion pressure were transferred through the connecting rod.

The study showed that slight variations in boundary condition setups, such as the position or magnitude of applied loads, could significantly impact the stress distribution and deformation results. This highlights the importance of accurately defining constraints and inputs to ensure simulations closely mirror real-world conditions. Properly applied boundary conditions also prevent unrealistic behaviour, ensuring the outputs are meaningful and useful for design optimization. By refining these conditions, the study validated the simulation results and strengthened confidence in the computational model (Villalva and Ferracini Junior, 2010).




6. Discussion
6.1- Role of CAE Tools in the Engineering Design Process
CAE tools are very important in the current engineering practice since they allow for proper simulations of actual conditions. It enables the engineers to determine the stresses, deformations and fatigue life of the structure without having to develop costly prototypes thus cutting on the time and the cost of the design. Through the incorporation of kinematic thermal and structural analysis the above tools provide an integrated approach to the assessment of component performance. This systematic method ensures that the design decisions made are more informed and hence enhance the reliability and efficiency of the engineering processes (Ramachandra et al., 2006).

6.2- Strengths and Limitations of CAE Simulations
There are several strengths of CAE simulations which include high accuracy, low costs of testing and the ability to capture complex interactions. However, the accuracy of the simulations is a function of the quality of the data used in the simulations such as material properties and boundary conditions. Some assumptions made in the models such as the non-accounting of certain nonlinear behaviour can however cause variations between the simulations and the actual performance. It also has the drawback of being computationally expensive and time consuming especially when detailed analyses are involved. However, CAE is still an effective method for the optimization of engineering designs (Villalva and Ferracini Junior, 2010).

6.3- Implications for Real-World Applications
The information obtained from CAE simulations is useful for industries such as automotive and aerospace. Through such tools, it is possible to predict the performance of a system as well as the potential failure areas before the final product is produced and this aids in improving the product safety, durability and efficiency. For instance, through the optimization of components like lighter and stronger pistons, the weight of the engine is reduced thus increasing the fuel from efficiency. theoretical These assessment advantages to are real-life evidence implementation of which the is role the of backbone CAE of tools engineering in (ANSYS, the transition 2023).
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