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1. [bookmark: _Toc53041646][bookmark: _Toc53041688][bookmark: _Toc153737191]Introduction 
Computer-Aided Engineering (CAE) tools play a crucial role in the design and testing of engineering projects. CAE, or Computer-Aided Engineering, involves using computer software and simulations to analyse and optimize the design and performance of engineering systems, reducing the need for physical prototypes. This report evaluates the CAE process, examines its limitations, and explores practical implementation. The simulation of a real-world scenario includes tasks such as modelling an assembly, performing kinematics analysis, conducting a thermal study, and assessing static structural aspects. The ambition is to optimize the design for enhanced structural performance.
A validation study will be undertaken using simplified test cases for which an analytical solution can be derived from fundamental principles. The studies will be conducted in ANSYS, with the analytical method serving as a reference for both, aiming to attain comparable results for comparison. Additionally, the simulation's accuracy will be investigated by using varying mesh sizes to evaluate the influence of mesh sizing on the output information.
A kinematics analysis of the engine assembly created will be conducted in ANSYS to create a realistic set of loading conditions that the system may be exposed to. These results are fed into a Static Structural study. Ensuring that realistic boundary conditions are used in the study, along with realistic material properties and thermal loadings for the engine components. 
The outcomes will be analysed to enhance the piston's performance within the assembly, guided by the findings from the Finite Element Analysis (FEA) studies. 






2. [bookmark: _Toc153737192]Validation Studies
Ensuring the accuracy of Computer-Aided Engineering (CAE) and Finite Element Analysis (FEA) models through validation is crucial. This process ensures that the simulation outcomes accurately reflect real-world behaviour. Engineers rely on accurate simulations to compare results with actual values or mathematical models. Validated CAE and FEA models facilitate iterative design, allowing engineers to quickly and accurately evaluate the effects of design alterations on component performance.
Validation plays a pivotal role in minimizing the risk associated with relying on potentially inaccurate simulation outcomes, preventing costly errors in the final product. To make well-informed engineering decisions, understanding the limitations of simulation models is necessary. In specific industries, regulatory bodies may mandate validation of simulation models to ensure compliance with safety and performance standards.
To summarise, the validation of CAE and FEA is necessary for confidence in simulation results, allowing for informed design choices, and further testing to continuously improve the component material properties as explained by (Leventhal, 2003).
[bookmark: _Toc153737193]2.1 Validation of a Bimetallic Strip under Thermal Loading

A bimetallic strip model is created using SolidWorks, the strip is composed of invar and copper. One end of the strip is fixed, and the other end is free. The model is loaded with an evenly distributed temperature across its face, and its deformation is to be investigated due to this loading. This validation is informed by verification example – 0078 from (Dlubal Software 2018). 
Firstly, an analytical solution is investigated using the material properties of the bimetallic strip this is seen below: 
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Figure 2.1.1 Bimetallic Strip Model from Example
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Description automatically generated]Figure 2.1.2 Bimetallic Strip Model Properties 
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Description automatically generated with medium confidence]Figure 2.1.4 Bimetallic Strip Formula to Find Total Deformation

Figure 2.1.3/4 shows the analytical calculation for the total deformation of the bimetallic strip, this will be the target value of the simulation model. From the verification example – 0078 by (Dlubal Software 2018).







The simulation is run with varying mesh sizing to evaluate its effect on the outcomes of the simulation. The results are seen below: 
[image: ]Graph 2.1.1 Bimetallic Strip Total Deformation Versus Mesh Element Size


The graph above depicts the total deformation of the bimetallic strip under evenly distributed thermal loading in Ansys. The simulation indicates a maximum deformation of 5.556 mm, in contrast to the analytical calculation of 7.049 mm. This suggests an underprediction in the simulated results, consistent across various mesh element sizes. Further support for this discrepancy is found in the verification example (Dlubal Software 2018), where the simulation yielded a total deformation of 7.47 mm.
Potential reasons for this underprediction include variations in software algorithms for mesh generation, resulting in conflicting results. The numerical methods and algorithms used by simulation software to solve the system's governing equations may differ, leading to varied accuracy in predicted deformations. Additionally, differences in solver settings, such as time step iteration counts and tolerance levels, could contribute to differences in simulated results (Lee, Heo, & Lee, 2024). Furthermore, Floating-point errors can occur due to the limited precision of representing real numbers in a computer. FEA involves complex mathematical calculations, and the software uses floating-point numbers to represent real values.
These errors arise because not all real numbers can be precisely represented in the finite binary system used by computers. As a result, rounding errors and approximations can occur during calculations, leading to discrepancies between the mathematical model and the numerical representation as explained by (Izquierdo and Polhill, 2006).
It can also be seen from the graph above that the results are trending towards mesh independence as the mesh element size is affecting the deformation value less and less, as the element size decreases. Until the final two results are seen to be the same indicating mesh independence. Mesh independence is an important aspect of simulation, serving multiple key purposes. Firstly, it ensures the accuracy of simulation results by confirming that the solution converges consistently as the mesh is refined. This convergence verification is crucial for validating the stability of the simulation. Mesh independence studies also aid in selecting an optimal mesh size that strikes a balance between computational efficiency and result accuracy, avoiding unnecessary computational costs. By identifying when additional mesh refinement provides diminishing returns in terms of accuracy. Furthermore, mesh independence is essential for model validation, particularly when comparing simulation results against experimental or analytical data as in this case as stated by (Wibowo and Rohmat, 2019). Graph 2.1.2 Bimetallic Strip Mean Deformation Versus Mesh Element Size

[image: ]
The above graph shows the mean deformation across the whole bimetallic strip, the mean deformation follows the same trendline of the maximum deformation and shows how similar the results of the finer mesh sizes are as they tend towards independence. 
The further figures show the deformation of the bimetallic strip within the simulation: 
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Description automatically generated]Figure 2.1.5 Bimetallic Strip Total Deformation Within ANSYS

[image: ]Figure 2.1.6 Bimetallic Strip Total Deformation Within ANSYS









[bookmark: _Toc153737194]2.2 Validation of a Cantilever Beam under Uniform Pressure Loading

To enhance validation, an additional study was conducted on a cantilever beam subjected to uniform pressure. This additional analysis aligns with the upcoming examination of an engine assembly, which operates under thermal loading and functions within a high-pressure environment within a cylinder. Therefore, a validation study involving pressure analysis was deemed appropriate to ensure accurate results. 
A Cantilever Beam is modelled in SolidWorks using the dimensions and material properties given in the verification example 0016 from (Dlubal Software 2018), the beam is composed of an elastic-plastic. One end of the strip is fixed, and the other end is free. The model is loaded with an evenly distributed pressure across its face, and its deformation is to be investigated due to this loading. 
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Description automatically generated]Firstly, an analytical solution is investigated using the material properties of the beam this is seen below: Figure 2.2.1 Cantilever Beam Model Example

[image: A table with text and numbers

Description automatically generated]Figure 2.2.2 Cantilever Beam Model Properties 
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Figure 2.2.3 shows the analytical calculation for the total deformation of the cantilever beam, this will be the target value of the simulation model. From the verification example – 0016 from (Dlubal Software 2018).
The simulation is run with varying mesh sizing again to evaluate its effect on the outcomes of the simulation. The results are seen below: Graph 2.2.1 Cantilever Beam Total Deformation Versus Mesh Element Size

[image: ]
The graph above illustrates the total deformation of the cantilever beam under evenly distributed pressure in Ansys. The simulation shows a maximum deformation of 163.8 mm, slightly exceeding the analytical calculation of 157.143 mm. This could be due to the previously mentioned reasons. Despite this slight overprediction, the results are notably closer to the analytical calculation compared to the previous validation example. This indicates that the simulation software can accurately predict deformation due to pressure loading. Furthermore, the results demonstrate progress toward mesh independence, with a more refined mesh size yielding deformation values that draw a closer correlation to each other. 

[image: ]Graph 2.2.2 Cantilever Beam Mean Deformation Versus Mesh Element Size

The graph above illustrates that the average deformation across the beam aligns with the trendline of the maximum deformation graph. Furthermore, it demonstrates a progression towards mesh independence, with the final two results exhibiting close similarity.
[image: ]The further figures show the deformation of the cantilever beam within the Ansys simulation: Figure 2.2.4 Cantelever Beam Total Deformation Within ANSYS


[image: ]Figure 2.2.5 Cantelever Beam Total Deformation Within ANSYS


3. [bookmark: _Toc153737195]Kinematic Simulation, Thermal Influence & Structural Analysis
An assembly of engine components is used to perform the simulation, this assembly consists of a piston, gudgeon pin, conrod, and crankshaft. Subsequently, the assembly is imported into the Ansys program for simulation. All components are assigned the material properties of 6061 T6 aluminium alloy from (Granta edupack 2022 R2). This material was chosen for its frequent use in engine components. The material is favoured for its combination of lightweight characteristics, high strength, and ease of machinability (ThyssenKrupp. (2018)). The model can be seen below: Figure 3.1 Engine Assembly Within ANSYS
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[bookmark: _Toc153737196]3.1 Kinematic Simulation 
Firstly, a kinematic study was performed to evaluate the forces acting upon the piston and gudgeon pin during a rotational velocity of 6000rpm to simulate normal operating conditions. The peak force is then selected within Ansys and exported to import into a later study to create a realistic set of loading conditions. 
Relevant connections were created between the components to replicate their movement within the model, mirroring their behaviour as if they were part of an actual engine. This approach ensures that the force acting on the gudgeon pin accurately reflects real-world values. This can be seen below in figure 3.1.1. 

Figure 3.1.1 Engine Assembly Rotation with Crank (ANSYS)


The output of the simulation from the maximum force acting upon the gudgeon pin at 6000 rpm engine load was 2192.6 N. 
[bookmark: _Toc153737197]3.2 Thermal Simulation 
Secondly, a thermal study was performed to evaluate the thermal forces acting upon the piston, this included the crown, rings, skirt, and underside. Each part of the piston experiences different temperature loading under normal operation conditions this is done within the simulation using the piston thermal study (appendix 1) as the reference. This can be seen below: Figure 3.2.1 Piston Thermal Study (ANSYS)
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[image: A rainbow colored object with a hole

Description automatically generated]Figure 3.2.3 Piston Thermal Study (ANSYS)

The figure above illustrates the temperature distribution of the piston under typical operating conditions with a mesh size of 4mm. Notably, the upper surface, or crown area, is projected to encounter the highest temperature, aligning with the thermal study indicating the crown operates in the hottest region. Towards the lower skirt and underside, the temperature decreases. This is in line with expectations, given that the operating temperatures for these sections are much lower, approximately 820°C and 840°C, respectively, compared to the crown's operating temperature of 928.5°C. The observation is further shown in the following figure, focusing on the underside of the piston:Figure 3.2.4 Piston Thermal Study Underside (ANSYS)

 A
B
C

Points A and B, indicated on the above figure, represent the lowest temperature regions of the piston, aligning with the earlier analysis and expectations. Point C highlights a higher temperature at the base of the piston. This temperature difference is likely attributed to heat convection through the upper surfaces, resulting in elevated temperatures on the underside of the base. However, this temperature decreases further down the piston (Baker, 1932), as illustrated in Figure 3.2.3. 
[bookmark: _Toc153737198]3.3 Structural Analysis Simulation 
Finally, all systems were linked together as seen in figure 3.3.1 this allows for the structural analysis segment to draw across the geometry, kinematic loading, and thermal load from the previous segments to create a realistic set of loading conditions for the simulation. 
[image: A screenshot of a computer

Description automatically generated]Figure 3.3.1 Fully Linked System (ANSYS)
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Description automatically generated]To increase the accuracy of the results an evenly distributed pressure was implemented upon the crown surface, this pressure was 10.5 Mpa from the piston thermal study (appendix 1). This can be seen below. Figure 3.3.2 Pressure Upon the Crown (ANSYS)


Furthermore, the upper surface of the piston was modelled with an increased mesh density (2mm element size) as it experiences the most loading overall, and this should lead to more accurate results as explained by (Liu and Glass, 2013).

[image: A diagram of a structure

Description automatically generated]Figure 3.3.3 Forces acting Upon the Piston (ANSYS)

The figure above illustrates the total forces acting upon the piston during the simulation. Ansys combines information from the previous two systems. This includes the additional pressure load and, the exported temperature load.
[bookmark: _Toc153737199]3.3.1 Piston Deformation 

[image: A rainbow colored object with text

Description automatically generated]Figure 3.3.1.1 Piston Deformation Structural Analysis (ANSYS)

Figure 3.3.3.1 shows the total deformation from the forces acting upon the piston. Its clear to see that the centre of the crown and its elevated portions are simulated to have the highest deformation as evidenced by the red colour. This is expected as the surface of the piston crown undergoes the most loading as previously mentioned and explained by (Sonar and Chattopadhyay, 2015). 
[image: A multicolored wireframe of a wheel

Description automatically generated]Figure 3.3.1.2 Piston Deformation Structural Analysis (ANSYS)

Figure 3.3.1.2/3 once again presents the total deformation resulting from the forces applied to the piston. Highlighting the underside of the piston, the figure reveals that the gudgeon area experiences larger deformation compared to the rest of the piston. This deformation is attributed to the transfer of forces into the gudgeon through the piston. These forces, then contribute to the rotation of the crankshaft. It is to note that from the validation study it was found that the total deformation of a component was being underpredicted therefore it is to be assumed that this is the case with the piston also. 
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Description automatically generated]Figure 3.3.1.3 Piston Underside Deformation Structural Analysis (ANSYS)


[bookmark: _Toc153737200]3.3.2 Piston Equivalent Stress

[image: A blue and green object with text

Description automatically generated]Figure 3.3.2.1 Piston Equivalent Stress Analysis (ANSYS)

Figure 3.3.2.1 shows the equivalent stress of the piston due to its load within the engine. Its visible from the figure that the highest stress the piston experiences is around the last piston ring and skirt area. This is contrasting to the deformation results as the areas of most deformation are now experiencing the least amount of stress.
[image: A blue and black object with text

Description automatically generated]Figure 3.3.2.2 Piston Equivalent Stress Analysis (ANSYS)


Figure 3.3.2.2/3 once again presents the equivalent stress resulting from the forces applied to the piston. Highlighting the underside of the piston, the figure reveals that the underside area of the piston experiences larger stress compared to the rest of the piston. 
[image: A blue and green circular object with text

Description automatically generated]Figure 3.3.2.3 Piston Underside Equivalent Stress Analysis (ANSYS)

The primary reason for increased stress on the underside is the force generated during the combustion process. When fuel and air combust in the combustion chamber, high-pressure gases are produced. This pressure exerts force on the piston crown, but much of the force is transmitted through the connecting rod to the crankshaft. The underside of the piston, therefore, endures the most of this force. (Sonar and Chattopadhyay, 2015)
[bookmark: _Toc153737201]3.4 Further Analysis and Improvements
 
To enhance piston performance, several design considerations could be explored. These might involve redesigning the skirt and crown to ensure a more even distribution of stress. This could include adjusting thickness and reinforcing high-stress areas to improve overall strength as mentioned by (Sanders and Schramm, 1948). Additionally, exploring alternative aluminium alloys with higher strength and temperature resistance, such as 2618-T6, could be beneficial (Lumm and North American Aviation Inc Columbus OH, 1966). Furthermore, the use of forged pistons is a good option, as their manufacturing process creates enhanced material properties compared to cast pistons, enabling them to withstand higher loads informed by (Pomeroy, 1922).
4. [bookmark: _Toc53041650][bookmark: _Toc53041692][bookmark: _Toc153737202]Conclusions 
In conclusion, the evidence gathered from simulation results highlights the significant importance of computer-aided engineering (CAE) for engineers. CAE not only produces comparable results to analytical methods but also enables engineers to quickly perform and adapt designs, facilitating the advancement through design processes. Rapid iteration within the simulation software enhances component performance and reduces costs associated with prototyping multiple iterations of components.
While CAE serves as a powerful tool for engineers, it is important to acknowledge its imperfections. As aforementioned, the simulation results provided by CAE may not always perfectly align with real-world outcomes or analytical methods, and therefore validation is essential when performing a CAE study. 
In addition, another aspect of CAE's imperfection lies in the constraints imposed by computational resources. As simulations become more intricate and detailed, the demand for computational power increases this can lead to underdefined meshing and underprediction of results. 
Despite these challenges, CAE remains an invaluable asset for engineers, providing cost-effective and efficient means for analysis and design so long as the imperfections are considered when processing results.
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