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[bookmark: _Toc216624148]1. Introduction
Computer Aided Engineering (CAE) has become a fundamental part of modern engineering design, which has allowed engineers to analyse, validate and optimise components. It involves the use of computer software to simulate a product before manufacturing, by using techniques from Computer Aided Design (CAD) and Finite Element Analysis (FEA) to solve a deformation study on the component (Institute, n.d.). CAE has introduced many benefits to engineers; however, there are limitations to majority of studies. 
This report will investigate the complete CAE workflow by modelling a multi-component assembly, generating a realist kinematic simulation by using loading conditions, and conducting a static structural assessment of a critical component in the assembly. The project will reflect real events of engineering practice, where geometry accuracy, material behaviour and the operating conditions are used to validate the performance of an assembly. A static thermal study will further strengthen the evaluation of the study. 
The key outcome of this report is to highlight the practical limitations of CAE by showing how it is sensitive to the geometry characteristics, mesh sizing and material properties. 
The overall aim of the report is to demonstrate a critical, researched understanding of CAE processes while highlighting the uncertainty and complexity involved in engineering systems. 


























[bookmark: _Toc216624149]2. Aims and Objectives
The purpose of this report is to analyse, simulate and validate a component within an assembly using CAE tools, while evaluating the practical limitations of kinematic, structural and thermal studies within the ANSYS software. 
This will be done by creating a CAD assembly suitable for kinematic and structural simulation such as an engine. A kinematic study will be simulated to generate realist load and boundary conditions, and then this will allow a static structural analysis which will include the mechanical loading, thermal effects and material deformation. In order to analyse the validity of the simulations produced from ANSYS a simple case study will be conducted, and an analytical calculation will be used to compare both findings. Finally, an analysis on the capabilities and limitations of the CAE software using the data from the ANSYS studies. 


































[bookmark: _Toc216624150]3. Methodology 
To carry out the analysis needed a moving assembly is needed to conduct the analysis on the kinematics where there is a need to define all contact interactions between the assembly and joint behaviours. The force result here are exported and used as the boundary conditions in the static structural analysis. 
The static structural simulation will be assessed through the use of using a dependant temperature where relevant around the component. A mesh refinement will be used to understand the results better and create a higher level of accuracy when producing the results. 
A validation study will be carried out in order to compare the analytical solution on ANSYS and the numerical accuracy. A simple test will be used to validate.



































[bookmark: _Toc216624151]4. Model and Assembly
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[bookmark: _Toc216620377]Figure 1- Simulation Assembly
Figure 1 shows the multi-component assembly that is used to carry out the ANSYS structural study and kinematic analysis as it provides realistic mechanical context. 
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[bookmark: _Toc216620378]Figure 2- Piston Model.
Above shows the piston from the assembly that a thermal study analysis and a static structural study to analyse the deformation as it is exposed to large amounts of mechanical and thermal loads.







[bookmark: _Toc216624152]5. Simulation of Assembly Kinematics and Component 
Material Properties of Aluminium 6061 T6 
	Properties 
	Values

	Elastic Modulus 
	68.9 Gpa

	Poisson’s Ratio
	0.33

	Shear Modulus
	26 Gpa

	Density
	2700 kg/m2

	Tensile Strength 
	310 Mpa

	Yield Strength
	276 Mpa

	Thermal Conductivity
	167 W/m-K


(matweb, n.d.)
[bookmark: _Toc216620409]Table 1- Material Properties of Aluminium 6061 T6.
[bookmark: _Toc216624153]5.1 Kinematic Simulation of the Assembly
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[bookmark: _Toc216620379]Figure 3- Kinematic Force.
Above shows the kinematic solution to the assembly. At the highest peak in the graph the calculated data was exported to use in the structural data. 
[bookmark: _Toc216624154]5.2 Thermal Study of the Component
The thermal study of the piston will simulate where there is the most amount of heat is on the piston. 

[bookmark: _Toc216624155]5.2.1 Temperature Values 
	
	Heat Transfer Coefficient
	Temperature (C)

	
	Average

	Crown
	497.5
	928.5

	Crown Side
	447.5
	425

	Top Groove
	437.5
	190

	Middle Grove
	437.5
	190

	Oil Grove
	338.75
	163.75

	Underside
	675
	91.25

	Skirt
	462.5
	107.5


Table 2- Thermal Considerations.







	Young’s Modulus Value

	Temperature (C)
	Unit (Gpa)

	22
	67

	100
	70

	150
	68

	200
	64

	250
	56

	300
	48

	350
	41

	400
	32

	450
	21

	500
	12


Table 3- Young's Modulus at Temperature.
[bookmark: _Toc216624156]5.2.2 Mesh Sizing 
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[bookmark: _Toc216620380]Figure 4- Thermal Mesh Size.
Figure 4 shows a 0.4m mesh sizing that was used on for the thermal analysis. 













[bookmark: _Toc216624157]5.2.3 Temperature Results
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[bookmark: _Toc216620381]Figure 5- Thermal Analysis of Piston Side Profile.
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[bookmark: _Toc216620382]Figure 6- Thermal Analysis of Piston Bottom Profile.
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[bookmark: _Toc216620383]Figure 7- Thermal Analysis of Piston Top Profile.
Figures 5,6 and 7 show the temperature distribution across the piston from the side, bottom and top. The results show that the highest temperature is at the piston crown, where it is directly exposed to the combustion spark. Lower temperatures occur around the piston skirt and the underside, reflecting heat dissipation through convection. These results align with the expected thermal behaviour of a piston. 
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[bookmark: _Toc216620384]Figure 8- Temperature Result at 0.4mm Mesh.

[image: A computer screen shot of a computer program

AI-generated content may be incorrect.]











[bookmark: _Toc216620385]Figure 9- Temperature Result at 0.6mm Mesh.
Figures 8 and 9 compare the thermal results that were obtained using the 0.4m and 0.6m mesh size. At 0.4m mesh size the maximum temperature was 302.99C and 302.97C at 0.6m mesh size. The differences between them indicate that the thermal solution is highly sensitive to mesh dependant sizes. However, the percentage of error is low, this can still result in a failure within the piston. 








[bookmark: _Toc216624158]5.3 Static Structural Study of Component
[bookmark: _Toc216624159]5.3.1 Mesh Sizing 
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[bookmark: _Toc216620386]Figure 10- Static Structure Mesh Size.
The figure above shows the mesh used for the static structural analysis. 0.4m mesh size id applied around the piston skirt, underside and groves and a finer mesh of 0.2m is applied to the crown. This application of mesh is applied as there is a higher amount of stress around those areas, this should result in a better accuracy of predictions.


















[bookmark: _Toc216624160]5.3.2 Total Deformation Results 
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[bookmark: _Toc216620387]Figure 11- Total Deformation of Piston Side Profile.
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[bookmark: _Toc216620388]Figure 12- Deformation of Piston Bottom Profile.
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[bookmark: _Toc216620389]Figure 13- Deformation of Piston Top Profile.

Figures 11, 12 and 13 all show the results from the total deformation solution under mechanical and thermal loading. Looking at the figures, it shows that the maximum deformation occurs around the piston crown where there is a high amount of pressure. The lower deformation occurs near the constrained regions, implying the influence of boundary conditions. 
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[bookmark: _Toc216620390]Figure 14- Total Deformation Result at  0.4mm and 0.2mm Mesh.
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[bookmark: _Toc216620391]Figure 15- Total Deformation Result at 0.6mm Mesh.
Above shows the comparison between the different mesh sizes. Figure 13 shows that the finer mesh has produced higher deformation values which resulted in a higher accuracy. The courser mesh has produced a difference of 0.00855m. The difference has shown the importance of correct mesh sizes that is applied to a component.  







[bookmark: _Toc216624161]5.3.3 Equivalent Stress (Von-Mises)
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[bookmark: _Toc216620392]Figure 16- Equivalent Stress of Piston Side Profile.
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[bookmark: _Toc216620393]Figure 17- Equivalent Stress of Piston Bottom Profile.
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[bookmark: _Toc216620394]Figure 18- Equivalent Stress of Piston Top Profile.
Figures 16, 17 and 18 all show the von Mises stress distribution on the piston. The concentrated stress follows the same pattern as the temperature and deformation where the main stresses occur at the piston crown and groves. These areas are areas of concern as the fatigue life and material suitability need to be analysed. 
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[bookmark: _Toc216620395]Figure 19- Equivalent Stress at 0.4m and 0.2m Mesh.
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[bookmark: _Toc216620396]Figure 20- Equivalent Stress at 0.6m Mesh.
Figures 19 and 20 show the results comparison between the different mesh sizing for the von mises stress. The maximum stress in figure 18 is 361.61Mpa and the stress result in figure 19 is 361.5Mpa, the difference of 0.11Mpa would have been the result of different boundary conditions applied and mesh sizing. The difference between the minimum stress is too large to go unnoticed when analysing the component and must be taken into consideration when evaluating the reliability of it. 








[bookmark: _Toc216624162]6. Validation Study of Aluminium 6061 T6
In order to assess that legitimacy of the aluminium 6061 T6 piston simulation that was shown, the results are compared to a FEA investigation titled ‘Static and Thermal Analysis of Piston using FEM Analysis (Mereuta, 2018). This study used the same simulation as this report and will apply a suitable benchmark for qualitative validation.
In the published document it shows that a uniform pressure of 6.05Mpa was applied to the piston crown which resulted in a maximum von-mises stress of 75.7 Mpa compared to 1.05Mpa of pressure applied to the piston in the study which resulted in an equivalent stress of 361.6Mpa. The total deformation simulation produced a result of 0.1243mm of the piston, the result calculated here was 0.38232m showing that there is a big difference between the two studies. The thermal analysis was applied with a simplified boundary conditions which resulted to a maximum temperature of 299.85C, which is relatively close to the 302.99C produced. 

































[bookmark: _Toc216624163]7. Validation Analysis 
Validation is an essential step in any FEA study as components need to be reliable. By calculation the output of the FEA software it ensures that the numerical results produced by ANSYS are reliable and repeatable. Two basic test cases with a known analytical solution were chosen and assessed using both manual calculations and a comparable finite element model in order to determine the correctness and limits of the solver. By carrying out this method it makes it possible to compare theoretical predictions with numerical results directly, giving insight into how modelling simplifications, mesh and boundary condition assumptions affect the solutions accuracy. 
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[bookmark: _Toc216620397]Figure 21- Cantilever Beam Structure.
The first form of validation was a simple cantilever beam made from structural steel, which had a uniform load of 2750pa along the top and has a fixed support on the end. 

	Material 
	Elastic-Plastic 
	Modulus of Elasticity
	
	210000
	Mpa

	
	
	Posson’s Ratio
	
	0.00
	

	
	
	Shear Modulus 
	G
	105000
	Mpa

	Geometry 
	Plate
	Length
	L
	1.00
	m

	
	
	Width
	w
	0.05
	m

	
	
	Thickness
	t
	0.005
	m

	Load 
	Plate 
	Pressure
	p
	2750
	Pa


(Software, 2016).
Table 4- Cantilever Beam Validation Values.
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[bookmark: _Toc216620398]Figure 22- Cantilever Beam at 2.5mm Mesh.
Figure 1 shows the simulation results that ANSYS has produced for the cantilever beam. The mesh design used on this study was generated to be 2.5mm which is a finer mesh size which allows for finer details around the cantilever beam. 
At these conditions the software calculated the total deformation at 157.15mm. 

[bookmark: _Toc216624165]7.1.2 Cantilever Beam Equations
Using the validation example from (Software, 2016) of a cantilever beam mathematic calculations are used to ensure the validity of the output ANSYS has provided. 



Where;




Where;




Where;





The calculations and the analytical solution produced in ANSYS do not show a repeatable answer between them, however the percentage error being 0.0045% 
Which is extremely low and suggesting that there shouldn’t be any reliability issues with the component. 
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[bookmark: _Toc216620399]Figure 23- Cantilever Beam at 1mm Mesh.
Figure 2 shows the same cantilever beam, now with the mesh generated at 1mm. the total deformation on this analysis is 163.96mm. the solution values between the two mesh dimensions are considerably different, as now the percentage error between the validation calculation is 4.34%. the result is considerably different between the validation example and the simulation result in figure 1 as there is a 6.817mm deformation difference from changing the mesh size to 1mm. 

























[bookmark: _Toc216624166]7.2 Bimetallic Strip
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[bookmark: _Toc216620400]Figure 24- Bimetallic Strip Structure.
Creating a bimetallic strip structure in ANSYS will allow the validation of the thermal studies. A bimetallic strip is a simple structure where two thin strips of material are layered on top of each other, with one side fixed supported and the other end free to allow movement from the temperature changes (Axsom, 2023). The bimetallic strip in figure 3 uses invar on the bottom strip and copper on the top strip, with a thermal load of 100C

	Material 
	Invar
	Modulus of Elasticity 
	 i
	137000
	Mpa

	
	
	Poisson’s Ratio 
	 i
	0.280
	

	
	
	Coefficient of Thermal Expansion 
	 i
	1.200x10-6
	C-1

	
	Copper 
	Modulus of Elasticity 
	 c
	130000
	Mpa

	
	
	Poisson’s Ratio 
	 c
	0.354
	

	
	
	Coefficient of Thermal Expansion 
	 c
	2.000x10-5
	C-1

	Geometry 
	Cross-section Width 
	w
	5mm
	mm

	
	Layer Thickness
	t i = t c = t
	1mm
	mm

	
	Length 
	L
	100
	mm

	Load 
	Thermal Loading 
	T c
	100
	C


(Software, 2016).
Table 5- Bimetallic Strip Validation Values.
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[bookmark: _Toc216620401]Figure 25- Total Deformation of Bimetallic Beam.
Above shows the ANSYS solution of the calculated total deformation for the bimetallic strip. When validating the result considerations such as the environmental temperature must be taken into account as the total deformation is calculated to be 5.556mm. However, this study has only used a thermal loading of 78C as the room temperature used for all component testing is 22C and that is used for the beginning of the simulation. 
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[bookmark: _Toc216620402]Figure 26- Thermal Loading of Bimetallic Beam.
The figure above is the simulation with the thermal loading input of 122C to ensure that 100C of thermal loading is now being applied to the strip. Looking at the total deformation now it is 7.1231mm which is a better reading from figure 4. 









[bookmark: _Toc216624167]7.2.1 Bimetallic Equations
The equations to validate this study is from (Software, 2016).


Where. 
 (equal thickness)











Where.




The calculations from the validation case study shows that there should be a total deformation of 7.04897mm. The percentage error here is calculated being 1.05%, which isn’t very large but can have an impact on the strip’s reliability. 
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[bookmark: _Toc216620403]Figure 27- Bimetallic Beam with 1mm Mesh Size.
The simulation above shows the same bimetallic simulation now with a coarser mesh of 1mm. Here the total deformation has been calculated to 7.1233mm which is different to figure 4. The percentage of error her is 1.06% which isn’t that different from the mesh size in figure 4. 
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[bookmark: _Toc216620404]Figure 28- Bimetallic Beam with 0.2mm Mesh Size.

Another study was conducted to evaluate the validation process more, which had a mesh size of 0.2mm and produced a 7.121mm of total deflection along the strip. The percentage error here was 1.02%. All the bimetallic strip studies in ANSYS have all produced consistent results that show the average percentage error to be 1%. 










[bookmark: _Toc216624168]7.3 Validation Summary 
The two validation studies carried out has allowed the demonstration of a systematic approach to assessing the reliability, accuracy and practical limitations of the static structure and static thermal tools throughout the analysis. The selection of the loaded cantilever beam and the thermal loaded bimetallic strip outlined the direct comparison with the numerical results from ANSYS. 
For the cantilever beam, the solution produced from the 2.5mm mesh was almost identical to the analytical prediction, with an error of 0.0045%, while the 1mm mesh simulation resulted in a noticeable larger deviation of 4.34%, emphasising the sensitivity of FEA to mesh refinement and element quality. Furthermore, the bimetallic strip study showed that the results from all the mesh sizes were highly consistent with errors only ranging from 1.02% to 1.06%. 
Collectively, the validation results have emphasised how important the solver performance is in ANSYS, as even small changes in the study can have a major influence on the accuracy of the results. 
Overall, the process of validation has confirmed that the modelling approach and the solver settings that are used in the study can be considered as accurate as it can produced the right results, however the careful consideration of the mesh quality and boundary condition has to be applied. 




























[bookmark: _Toc216624169]8. Topology Analysis
[image: A computer screen shot of a blue and green rectangle

AI-generated content may be incorrect.]Topology optimisation is a method used to distribute the amount of material present more effectively over the component. It does this by taking into consideration of the boundary conditions and the applied load. The optimisation study uses FEA to create a mesh of the component which it also analyses the total deformation; this allows the software to look at the amount of loading the different sections are handling. One ANSYS has analysed the component the ineffective sections within the component will be removed from the study. 

[bookmark: _Toc216620405]Figure 29- Von-Mises Stress of Bracket.
[image: A computer screen shot of a computer

AI-generated content may be incorrect.]Above shows the Von-mises that has been calculated for the bracket. The bracket is constructed from structural steel with a cylindrical loading of 1000N in the y direction. The equivalent stress value calculated is 110.13Mpa. This result was calculated using a mesh size of 0.8mm. 

[bookmark: _Toc216620406]Figure 30- Topology Result of Bracket.
Figure 30 shows the topology simulation result of the bracket in figure …. . the remaining material was at 35% for this study. The inefficient material has been removed from the centre of the bracket and the right side where there was little amount of load. 
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[bookmark: _Toc216620408]Figure 32- Topology Results at a 0.4m Mesh Size.
Above shows the same bracket boundaries, however with a mesh size of 0.4mm which has resulted in the von-mises stress to be 111.54Mpa.
Between figure 30 and figure 32 there is a large difference due to the change in mesh size. The solution has calculated a less amount of material loss in the centre of the bracket. To further the topology analysis a static structural study of the topology result can be created to further the testing of the bracket to ensure the bracket is reliable before manufacturing. 

By conducting a topology analysis on the simple bracket part, it is an essential step to provide benefits to the manufacturer as, it creates a cost and weight effective solutions, as it is important in a competitive market. Also, while there would be significant cost reduction as less material is used the result from the topology can improve the performance of the part vastly. As there is an increase in sustainable alternatives to manufacturing, creating a topology study is worthy as less material is being used therefore there will be less material waste. 
However, there are negatives to this computational solution as, it can result in production limitations as it can be difficult to manufacture the component. It can also be argued that the topology part will result in a higher cost for the material used to create the component such as the 3D printers. The disadvantages of topology within a software include that the topology solution is highly sensitive to mesh sizing as that can be seen in figures 31 and 29 (Velling, 2020).













































[bookmark: _Toc216624170]9. Limitations
The validation and case study have generated good data where identifications of limitations can be looked at. All results and comparisons have highlighted that there is a correlation between data irregularities and mesh generation, where a reduction in element size from 2.5mm to 1mm showed a substantial increase in deformation error. This suggests that a finer mesh is essential in order to achieve high accuracy in the result. The highest mesh sensitivity model was the topology simulation which changed the deformation and topology result by a high margin. The FEA model captures three-dimensional stress states, which inevitably leads to small deviations. Further limitations arise from the boundary conditions used in the study, as the pressure and thermal inputs may not fully represent real operating conditions. The model geometry can also lead to high amount of changed within the analytical result, as a refinement of the model can produced more optimised results. Overall, CAE tools are m effective when used to support decision making of manufacturing a component.
































[bookmark: _Toc216624171]10. Conclusion
In order to assess, verify, and enhance a component's structural performance within a multi-component assembly, this paper has shown how computer-aided engineering techniques may be applied critically and methodically. Kinematic simulation, thermal and static structural analysis, iterative design evaluation, and solver validation using analytical case studies were all integrated to satisfy the initial goal of evaluating CAE capabilities and limits. A more representative assessment of the deformation and stress behaviour under combined mechanical and thermal loading was made possible by the kinematic simulation's realistic loading circumstances for the chosen component. Discussions on mesh sensitivity, material behaviour, and boundary condition effect were immediately informed by the structural results, which revealed areas of increased stress and deformation.
Validation experiment with a bimetallic strip, and a cantilever beam revealed important sources of error, while also establishing how important hand calculation are to the study. The bimetallic strip verified the resilience in the thermal, mechanical solver, and the suitable modelling assumptions, while the cavalier beam shows how mesh refinement can have a substantial impact on numerical accuracy. These results highlighted the significance of analytical comparison and mesh independence testing in the interpretation of FEA. The topology results further demonstrated how CAE tools can facilitate structural efficiency and mass optimisation.
Overall, CAE tools such as ANSYS are strong and useful with procedures and suitable assumptions. When applied in this way, CAE offers valuable insights into structural behaviour and design optimisation. However, data can result very different to the boundary conditions, the results shown suggest very little error margin between them. 
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