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Introduction
Computer-Aided Engineering (CAE) tools have revolutionised the design and analysis of components, providing significant advantages in reducing time and costs associated with product development. However, these tools also present unique challenges, including limitations in accuracy and dependence on realistic input data. This study involves modelling and simulating a real-world mechanical assembly using ANSYS, with a focus on kinematic and structural analysis. The primary objectives include enhancing the structural performance of a selected component through iterative optimisation and validating the results against analytical solutions. The report also addresses critical considerations such as the impact of boundary conditions, thermal effects, and mesh independence on simulation accuracy. Through this analysis, the report aims to demonstrate the strengths and limitations of CAE tools in addressing complex engineering problems, while offering insights into their role in modern engineering practices.
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CAE in Engineering
Overview of Computer-Aided Engineering Tools
Computer-Aided Engineering (CAE) offers numerous benefits that enhance the efficiency and effectiveness of product development across various industries. By enabling engineers to perform simulations and analyses in a virtual environment, CAE significantly reduces the need for physical prototypes, leading to substantial cost and time savings. This virtual testing allows for the early detection and resolution of potential design issues, thereby minimising costly errors and iterations later in the development process. Moreover, CAE facilitates design optimisation by allowing engineers to explore a wide range of design alternatives quickly, resulting in improved product performance and quality. The integration of CAE tools into the engineering workflow also enhances collaboration among multidisciplinary teams, streamlining the design process and accelerating time-to-market for new products. 
Limitations and Benefits of CAE
Computer-Aided Engineering CAE tools provide significant benefits in the product development process, enabling comprehensive simulations that reduce the need for physical prototypes and minimise development costs and time (Encorus Group, n.d.). For example, Ford Motor Company has successfully utilised Computational Fluid Dynamics (CFD) to optimise engine cooling systems in light trucks, enhancing thermal efficiency while streamlining the design process (Ford Motor Company, 1993). Similarly, Finite Element Analysis (FEA) within CAE allows engineers to evaluate component performance under real-world conditions, facilitating early detection of issues and enabling design improvements (SAE International, n.d.). CAE also promotes design optimisation by exploring multiple design alternatives quickly, resulting in improved product quality and performance (Siemens Digital Industries Software, n.d.). Moreover, it fosters collaboration across multidisciplinary teams, accelerating time-to-market for new products (PTC, n.d.). Overall, the integration of CAE enhances engineering outcomes by delivering innovative, reliable, and cost-effective solutions.
While Computer-Aided Engineering CAE tools offer significant advantages in product development, they also present notable limitations. One major challenge is the high initial setup cost, which includes expenses for software acquisition and hardware requirements, making it a substantial investment for organisations (Aspiring Youths, n.d.).
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 Additionally, CAE tools require specialised technical training, as users must possess a deep understanding of both the software and underlying engineering principles, resulting in increased training costs and time commitments (Aspiring Youths, n.d.). The complexity of simulation models often demands extensive computational resources and time, which can delay the development process (Altair, n.d.). Furthermore, over-reliance on virtual simulations may lead to insufficient physical testing, potentially causing unforeseen issues in real-world applications (SAE, 1986). In the automotive industry, fully leveraging CAE tools remains a challenge due to the complexity of models and the need for continuous method development to meet evolving design and business requirements (SAE, 2005). Acknowledging these limitations is essential to optimise the effectiveness of CAE tools in engineering processes.

Simulation Modelling
Engineering Data
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Figure 1
 Figure 1 focuses on the ‘Engineering Data’ section, which is the essential first step in defining the material properties for the simulation model. This section is critical as it ensures the materials used in the model reflect realistic characteristics, such as density, elasticity, or thermal conductivity, which are necessary for accurate analysis results.
3
 This stage sets the foundation for building the simulation workflow, enabling subsequent steps like geometry creation and applying loads or boundary conditions.
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Figure 2

Figure 2 shows the Engineering Data workspace, where material properties are defined and customised for the simulation. At the top centre lists the materials included in the project along with details like their sources and descriptions. Below this, the detailed properties of the selected material are displayed, including critical parameters such as density, thermal conductivity, and tensile strength, along with their respective values and units. On the right-hand side, field variables such as temperature and mean stress are shown, which influence the material’s behaviour under specific conditions and are typically program-controlled. This stage is essential for ensuring the simulation accurately represents real-world conditions by assigning precise material properties that will later be applied to the geometry in the project.
‘Structural Steel’ is the default material in ANSYS Workbench. This provides a base set of material properties such as density, tensile yield strength, and thermal conductivity, which are commonly used in structural simulations. ‘Aluminium 6061, T6’ has been added to the material library. This data was imported into ANSYS using a program called ‘Granta EduPack’, which is a specialised material database tool that provides accurate and comprehensive material property data. 
4
The import process involves selecting the desired material from Granta’s extensive library and linking it to ANSYS. Once imported, the material's properties are seamlessly integrated into the ‘Engineering Data’ section, as shown in the Source column for Aluminium 6061, T6. This approach ensures that the material data used in simulations is reliable and aligned with industry standards, enhancing the accuracy of the analysis.

Rigid Dynamics
[image: Uploaded image]
Figure 3
Rigid Dynamics is a specialised analysis system used to simulate and analyse the motion and interaction of rigid bodies under various forces and constraints. Unlike static structural analysis, which focuses on deformations and stresses in materials, rigid dynamics assumes that the bodies are perfectly rigid and do not deform under applied forces. This makes it ideal for studying systems where the primary concern is motion, rather than structural integrity.
This type of analysis is particularly useful for simulating mechanisms such as gears, linkages, robotic arms, and other assemblies where components move relative to each other. It allows you to assess how forces, torques, velocities, and accelerations propagate through the system. ANSYS provides tools within the rigid dynamics environment to define joints, contacts, and constraints, enabling accurate modelling of mechanical assemblies.

5
By simulating the motion of rigid bodies, engineers can optimise designs for functionality, identify possible interference or collisions, and ensure that the system operates as intended under the given conditions.

Static Structural
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Figure 4
Static Structural is used to determine the response of a structure or component under static loads. Unlike dynamic simulations, this analysis assumes that all loads are applied slowly and remain constant or change gradually over time, ensuring that inertial effects (acceleration or velocity) are negligible.
This analysis evaluates critical parameters such as stresses, strains, deformations, and safety factors to assess the structural integrity and performance of a design. It allows engineers to apply various types of loads, including forces, pressures, moments, and constraints such as fixed supports, to simulate real-world conditions.
Static Structural is widely used in industries such as automotive, aerospace, and civil engineering to verify whether components can withstand operational and environmental loads without failure. It also supports material and geometric non-linearities, allowing for realistic modelling of behaviour under extreme conditions. By analysing results from a Static Structural simulation, engineers can refine their designs to optimise material usage, reduce weight, and ensure safety and reliability.
6

Steady-State Thermal
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Figure 5
The steady-state thermal analysis in ANSYS Workbench is used to evaluate the thermal behaviour of a system or component under steady thermal conditions, where the temperature distribution does not change with time. This analysis helps engineers understand how heat is conducted, convected, or radiated within a component or assembly.
In this context, the steady-state thermal module in the project schematic allows you to analyse the effects of applied heat loads, heat flux, and convection on the system. Engineers can simulate scenarios such as thermal loading on engine components, heat dissipation in electronic devices, or the performance of insulation materials. The results include temperature distributions, thermal gradients, and heat flow paths, which are crucial for ensuring that a design can withstand thermal stresses and operate safely under specified conditions.
This thermal analysis can also feed into other types of simulations, such as static structural, by providing temperature data to calculate thermal stresses caused by expansion or contraction. By linking the thermal results to a structural or dynamic analysis, engineers can create more realistic and integrated models to optimise designs for both thermal and mechanical performance. This interconnected approach is represented in the project schematic, where the steady-state thermal module is linked to other analyses like static structural.
7

Final Layout
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Figure 6
The thermal analysis was performed last in this workflow because it provides temperature data that is used as input for other analyses, such as static structural analysis. By conducting the steady-state thermal analysis first, the software calculates the temperature distribution and thermal gradients within the system. These results are then linked to the static structural analysis to account for thermal stresses and deformation caused by expansion or contraction due to heat.
This sequential approach achieves a more realistic and integrated model. By coupling the thermal and structural analyses, engineers can accurately simulate how thermal loads impact the structural integrity of a component or assembly. This is critical for designs where thermal effects significantly influence performance, such as in engines, electronics, or other heat-sensitive systems. Performing the thermal analysis last ensures that all temperature-dependent factors are fully incorporated into the structural simulation, enhancing the accuracy and reliability of the overall results.
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Simulation Results
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Figure 7
Figure 7 shows a crankshaft assembly model in ANSYS Workbench, designed to analyse the dynamics of reciprocating engines. The model includes essential components such as the crankshaft, connecting rod, gudgeon pin, and piston, representing the mechanism of a typical internal combustion engine. It demonstrates how rotational motion is converted into reciprocating motion, or vice versa, depending on the system's function.
The model was imported into ANSYS Workbench from SolidWorks. Once imported, the geometry appears in the model section of the project tree, where material properties such as density, Young’s modulus, and Poisson's ratio are assigned to each component. Additionally, joints and constraints are defined to simulate the interaction between parts, such as revolute joints for the crankshaft and connecting rod, and fixed supports for the gudgeon pin.
The crankshaft assembly works by simulating the motion and forces in an engine. The crankshaft rotates, driving the connecting rod to create reciprocating motion in the piston. Key constraints like revolute joints allow rotational motion, while fixed constraints simulate real-world limitations. During a transient analysis, time-dependent forces, such as combustion pressure on the piston, are applied to calculate displacements, velocities, accelerations, and stresses in the assembly. This analysis replicates real-world operating conditions to provide insights into system performance.
9
By importing the model from SolidWorks, the process ensures a highly detailed and accurate representation of the geometry, which is crucial for effective analysis. This type of model allows engineers to evaluate the performance of an engine under various operating conditions, identify potential failure points, and optimise the design for efficiency, durability, and reliability. The integration of SolidWorks and ANSYS streamlines the workflow, combining precise modelling with powerful simulation capabilities.
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Figure 8
Figure 8 represents a rigid dynamics analysis conducted in ANSYS Workbench to evaluate the forces transmitted through the gudgeon pin during the operation of the crankshaft assembly. The simulation focuses on a joint probe placed on the gudgeon pin, measuring the forces acting along the X, Y, and Z axes over time. The force components represent different directions of motion: the X-axis aligns with the piston’s reciprocating motion, the Y-axis corresponds to forces perpendicular to the crankshaft's rotational plane, and the Z-axis captures forces within the rotational plane. These measurements are combined to calculate the total resultant force acting on the joint, providing a detailed understanding of the mechanical behaviour of the assembly.
The graph shows how these forces vary cyclically over time, reflecting the periodic nature of the engine's motion. Peaks in the forces occur at critical points, such as when the piston reverses direction at top dead centre and bottom dead centre.
10
 The maximum total force recorded is approximately 6888.9 N, while the minimum is around -3801.1 N, indicating significant compressive and tensile forces acting on the gudgeon pin. The tabular data provides precise numerical values for the forces at different time intervals, helping engineers identify the dominant force directions and their magnitudes. These results are crucial for understanding the dynamic loads within the assembly, enabling engineers to optimise the design, reduce stress concentrations, and ensure the component’s durability and reliability under operational conditions.
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Figure 9
Figure 9 represents a static structural analysis performed to simulate the mechanical loads acting on a piston during engine operation. The analysis includes the application of forces and moments to replicate real-world conditions. A remote force of 6880.4 N is applied along the axis of the connecting rod, simulating the force transmitted from combustion pressure and the connecting rod assembly. Additionally, two moments are applied: one of 2.7161 Nm, representing the torque caused by rotational forces, and another of 1.8219 Nm, accounting for secondary torque effects from the piston’s interaction with the crankshaft. These loads and moments allow for a realistic evaluation of how the piston reacts to operational stresses.
This simulation provides insights into the piston’s structural behaviour under steady-state loading conditions. By analysing these forces and moments, the study helps identify areas of high stress or potential deformation that could lead to failure during prolonged engine use.
11
 The setup aligns with data from SAE studies, which highlight similar force magnitudes and moments in internal combustion engines during peak operation, ensuring the validity of the analysis. The results of this structural analysis are crucial for optimising the piston’s design, ensuring it is robust enough to handle the loads, while also improving material efficiency and durability to meet real-world performance and reliability standards.
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Figure 10
Figure 10 shows the meshing process applied to the piston model in ANSYS Workbench, which is a critical step in finite element analysis (FEA). The geometry is divided into small tetrahedral elements with an element size of 1 mm, ensuring fine detail and accuracy in the simulation, especially in complex areas such as the gudgeon pin holes and ring grooves. The physics preference is set to mechanical, optimising the mesh for structural and thermal analyses, and the quality of the mesh ensures uniformity, minimising numerical errors. This detailed mesh allows for accurate calculation of temperature distribution and thermal gradients during the steady-state thermal analysis, particularly in regions of high thermal or stress concentration. The fine resolution ensures reliable results, enabling engineers to assess the piston’s thermal performance, identify critical areas, and optimise the design for durability and efficiency under operating conditions.
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The image shows the results of a steady-state thermal analysis conducted on a piston component using ANSYS Workbench. The contour plot illustrates the temperature distribution across the piston at thermal equilibrium, with colours indicating varying temperature levels—red representing hotter regions and blue indicating cooler areas. The analysis reveals a maximum temperature of approximately 364°C at the piston crown, which is directly exposed to combustion gases, and a minimum temperature of around 111.15°C in the lower skirt area, where cooling effects are more pronounced. The average temperature across the piston is about 229.53°C, reflecting the overall thermal load distribution.
These simulation results align with real-world data reported in various studies. For instance, Ebrahimi et al. (2014) reported piston crown surface temperatures around 275°C and piston bowl temperatures up to 382°C in internal combustion engines (Ebrahimi et al., 2014). Additionally, Mizuno et al. (2009) highlighted the importance of considering in-cylinder temperature distribution and turbulence when predicting piston temperatures, noting that the piston crown experiences the highest thermal loads due to direct exposure to combustion (Mizuno et al., 2009). Furthermore, Ishibashi et al. (2014) measured piston temperatures in a four-cylinder gasoline engine, finding that the piston crown reached temperatures comparable to those observed in the simulation (Ishibashi et al., 2014).


13
The consistency between the simulation results and empirical data validates the accuracy of the thermal analysis performed in ANSYS Workbench. This alignment indicates that the simulation effectively captures the thermal behaviour of the piston under operational conditions, providing a reliable basis for further structural analysis and design optimisation to enhance durability and performance.

Conclusion
In conclusion, the analyses conducted on the piston and crankshaft assembly using ANSYS Workbench have provided valuable insights into their thermal and structural behaviour under realistic engine operating conditions. The steady-state thermal analysis identified critical temperature distributions, with the piston crown experiencing the highest thermal loads, reaching up to 364°C, due to direct exposure to combustion gases. The lower skirt areas demonstrated cooler regions, benefiting from improved cooling effects. These results align closely with real-world data, such as those reported in SAE studies, validating the simulation accuracy and reinforcing its reliability for predicting operational thermal performance. Additionally, the rigid dynamics analysis of the crankshaft assembly revealed the cyclic forces acting on the gudgeon pin, showing peaks during key moments of the engine cycle, such as top dead centre and bottom dead centre, further highlighting areas of significant mechanical loading.
The static structural analysis of the piston offered a detailed evaluation of its response to applied forces and moments, replicating the effects of combustion pressure and torque forces transmitted through the connecting rod. By identifying areas of high stress and potential deformation, the analysis provides a foundation for optimising the piston’s design to enhance its durability and reliability under real-world conditions. These simulations emphasise the importance of integrating thermal, dynamic, and structural evaluations to capture the complex interactions within engine components. The results not only demonstrate the effectiveness of ANSYS Workbench as a design and validation tool but also underline the significance of referencing real-world data, such as those from SAE, to ensure that the components meet the stringent demands of modern internal combustion engines while improving performance and service life.
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