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1. [bookmark: _Toc153688124]Introduction

The integration of Computer Aided Engineering (CAE) tools has significantly impacted the engineering discipline, serving as indispensable aids in component design and testing. This report navigates the practical implementation of CAE tools through the simulation of a real-world system in a computational environment. Our task involves modelling an assembly, performing kinematics analysis, and conducting a static structural assessment of a chosen component.

The dual objective is to assess and optimize the component's structural performance—examining loadings and fatigue life—and to refine its mass while maintaining structural integrity. Realistic thermal conditions are considered to mimic challenges encountered in actual engineering applications.

Validation testing is integral, involving a comparative analysis of CAE simulations with analytically derived solutions. Mesh sizing's impact on reliability will be determined, ensuring robust outcomes.

This case study illustrates how CAE tools seamlessly integrate into the engineering design process, revealing both their capabilities and limitations. 



[bookmark: _Toc153688125]Literature Review 

[bookmark: _Toc153688126]Importance of Validation 

A validation study in Computer Aided Engineering (CAE) involves comparing simulation results with analytically derived solutions or experimental data to assess the accuracy and reliability of the numerical model. It serves as a crucial step in ensuring that the simulation tools faithfully represent real-world phenomena. The importance of validation studies lies in their ability to instil confidence in the predictive capabilities of CAE tools, providing engineers with assurance that the simulated outcomes align with physical reality. These studies not only enhance the credibility of computational models but also contribute to the overall validity and effectiveness of the engineering design and analysis process (Kärger, L, 2016).

[bookmark: _Toc153688127]Kinematic Studies 

A kinematics study involves the analysis of the motion and behaviour of mechanical systems without considering the forces and torques that cause the motion. It focuses on understanding the spatial positions, velocities, and accelerations of various components within a mechanism or assembly. In the context of CAE simulations, kinematics studies help engineers assess the dynamic interactions between parts, predict motion trajectories, and identify potential issues such as interferences or unintended movements. This type of study is particularly valuable in designing and optimizing mechanical systems, providing insights into the performance and behaviour of moving parts without the computational complexity associated with full dynamic analyses. Kinematics studies are instrumental in achieving accurate motion predictions and ensuring the desired functionality of engineered systems (Radu Alexandru Ionut; Toganel George Radu; Trusca, Daniel Dragos, 2021).

[bookmark: _Toc153688128]Thermal Influence Studies

A thermal influence study in CAE involves the analysis of how heat is transferred within a system and its impact on the components or materials involved. This study aims to understand temperature distribution, thermal gradients, and heat flow patterns within a structure or assembly. Engineers employ thermal simulations in CAE to assess how different materials respond to varying heat loads, predict temperature variations across components, and identify potential hotspots or areas prone to thermal stress. This type of analysis is crucial for evaluating the thermal performance of devices or systems, ensuring that they operate within safe temperature limits and mitigating the risk of overheating or thermal failure. Thermal influence studies in CAE contribute to the design and optimization of products by providing insights into thermal behaviour, guiding the selection of appropriate materials, and aiding in the development of effective heat dissipation strategies (Tian, Xiao Bo; Yang, Jin Tang; Meng, Dan, 2014)



[bookmark: _Toc153688129]Structural Analysis Studies 

A structural analysis in CAE involves the examination of how a structure or component responds to various loads and environmental conditions, with a primary focus on determining its strength, stability, and integrity. Through simulations and mathematical models, engineers can predict the structural behaviour of materials and assemblies under different forces, such as static loads, dynamic forces, or thermal effects. This comprehensive study allows for the identification of potential weak points, stress concentrations, and areas susceptible to deformation or failure. Structural analyses in CAE play a crucial role in the design and optimization of mechanical systems, ensuring that they meet safety standards and performance requirements. By simulating real-world conditions, engineers can refine designs, select appropriate materials, and make informed decisions to enhance the overall structural integrity of a component or system, ultimately contributing to the development of reliable and durable products (Min ZHONG, Sui ZHENG, Ganglin WANG, Jun HUA, 2018).

[bookmark: _Toc153688130]Mesh Studies

A mesh study in CAE involves creating a discretized representation of a structure or component through meshing. Engineers analyse and optimize the mesh by adjusting element size and distribution to balance accuracy and computational efficiency. The mesh serves as the basis for simulations, influencing the precision of results in structural, thermal, or fluid dynamics analyses. The goal is to refine mesh parameters to achieve reliable and accurate simulations, aiding in the design and optimization of engineering systems (Abdulsalam, H, 2021).













[bookmark: _Toc153688131]Methodology

[bookmark: _Toc153688132]Validation 

To ensure the accuracy of future calculations, the completion of both static structural and thermal validations is imperative. Two separate cantilever validations, accounting for mesh dependency considerations, have been undertaken for static structural validation. Additionally, a bimetallic strip validation has been executed in the static structural domain, incorporating realistic thermal conditions, thereby fortifying the foundation for reliable and accurate subsequent analyses.

[bookmark: _Toc153688133]Uniform Load Cantilever Validation 

The initial validation case involves a cantilever beam subjected to a uniform load of 2750 Pa, with specified material parameters, dimensions, and an anticipated maximum deflection of 157.143 mm.

Uniform Load Calculations 
[image: A table with numbers and equations
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[bookmark: _Toc153688146]                            Figure 1 - Uniform Load Calculation
This calculation is the analytical solution for the uniform load case, calculated in Microsoft Excel, that produces the maximum deflection in theory that the CAE model should produce. This is what the CAE result will be compared against to assess its accuracy. 



Uniform Load Material Information 

[bookmark: _Toc153688147]Figure 2 - Cantilever Beam Uniform Load Material Information[image: A screenshot of a computer

Description automatically generated] 
Figure 2 shows the material information inputted into the Engineering Data module of Ansys Workbench. It is imperative that the material information is identical to the validation case, as otherwise there will be error in the calculations. 

Uniform Load Results & Mesh Study

[bookmark: _Toc153688148]Figure 3 - Uniform Load 2.5mm Mesh Result[image: A colorful pencil in the sky
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Figure 3 shows the result in Ansys with a 2.5mm mesh applied. The simulation produces a result of 157.15mm maximum deflection, which is a 0.0045% difference. This shows exceptional agreement between the analytical solution and simulated solution. 


[image: ] 
[bookmark: _Toc153688175]            Table 1 - Uniform Load Mesh Independence Results
Table 1 shows the deformation of the cantilever beam with different mesh sizes applied. It shows that the result, and therefore the accuracy of the solution does not change with the mesh size. The result likely does not change with mesh size as it is a very simple geometry with dimensions that will not cause the simulated calculation any issues. 

[bookmark: _Toc153688134]Axial Load Cantilever Validation 
[image: ]
[bookmark: _Toc153688149]        Figure 4 - Axial Load Analytical Calculations
Figure 4 shows the analytical solution for the axial case, calculated in Microsoft Excel, that will be compared to the simulated result (Karthik RM, 2016).

Axial Load Material Information

[image: A screenshot of a computer

Description automatically generated]The axial load cantilever beam validation comprises a scenario where the beam, with predefined material parameters and dimensions, is fixed at one end and subjected to a point load of 7.65 kN, anticipating a maximum deflection of 3557.478 mm.
[bookmark: _Toc153688150]Figure 5 - Axial Load Material Information
Figure 5 shows the material information inputted into Ansys for the Axial Load case, which matches the values used in the analytical solution. 
Axial Load Results & Mesh Study 

[bookmark: _Toc153688151]Figure 6 - Axial Point Load Simulated Result 5mm Mesh[image: A pixelated object with a blue background
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[image: ]Figure 6 shows the simulated result using a 5mm mesh. It produces 3560.5mm of maximum deflection, which is a 0.0821% difference to the analytical solution of 3557.478mm. This shows very good agreement, just like the uniform load study. 
[bookmark: _Toc153688176]           Table 2 - Axial Case Mesh Study
Table 2 shows the results of the mesh study for the axial cantilever beam, which unlike the uniform load beam, indicates the accuracy of the validation study changing with mesh size.

[bookmark: _Toc153688152][image: ]      Figure 7 - Mesh Size vs Accuracy 
Figure 7 shows that the bigger the mesh size in the axial load validation, the more accurate the simulation. Although the accuracy difference is negligible, this is likely an example of rounding error in the calculation the simulation is making at every element, with more calculations being conducted the more the mesh size is restricted. This gives insight into how mesh sizing should be considered in the main case for this report, as making the mesh size smaller may not always produce more accurate simulations, as well as increasing the calculation time.

[bookmark: _Toc153688135]Bimetallic Strip Validation 

The Bimetallic strip validation is a strip made of two different materials, invar and copper, with set dimensions, subjected to a thermal load of 100˚C, with an expected maximum deflection of                 -7.049mm. 








Bimetallic Strip Analytical Solution
[image: A math equations on a white background
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[bookmark: _Toc153688153] Figure 8 - Bimetallic Strip Analytical Solution  
Figure 8 shows the analytical solution for the Bimetallic strip validation, calculated in Microsoft Excel, which will be compared to the simulated results. 

Bimetallic Strip Material Information 
[image: A table with numbers and symbols
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[bookmark: _Toc153688154]                 Figure 9 - Bimetallic Strip Material Information 
Figure 9 shows the material information for the bimetallic strip that is inputted into the engineering data tab in Ansys Workbench, matching the materials from the analytical solution. 




Bimetallic Strip Simulation Results & Mesh Study

[bookmark: _Toc153688155]Figure 10 - Bimetallic Strip Simulation Result[image: A close-up of a colorful object
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Figure 10 shows the bimetallic strip simulation with a 0.5mm mesh size. It produces maximum deflection of 7.123mm, which is a 1.038888% difference compared to the analytical solution, showing good agreement. 

[bookmark: _Toc153688177]Table 3 - Bimetallic Strip Mesh Study[image: ]  
Table 3 shows the results of the mesh study for the bimetallic strip validation. The trend shows that for this case, the simulated result becomes more accurate as the mesh size decreases, however the simulation would take too long to solve with the mesh any smaller than 0.15mm, and the accuracy difference is minimal through the range of mesh sizes tested (Yi Nie, Ian Michael Cameron, Johann Sienz, 2020).


[bookmark: _Toc153688136]Kinematic Simulation, Thermal Influence & Structural Analysis

[bookmark: _Toc153688137]CAD Model & Assembly 
[image: A drawing of a piston and cranks
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[bookmark: _Toc153688156]Figure 11 - CAD Assembly
Figure 11 shows the CAD assembly being used for the CAE study. It is made up of four parts, the crankshaft, connecting rod, gudgeon pin and piston. The piston is the part of the assembly that will be used to do the thermal influence and structural analysis studies, whereas the whole assembly is needed to complete the kinematic analysis. 

[bookmark: _Toc153688138]Material Selection

The piston is the only component in the assembly being assigned a specific material, aluminium 6061 T-6. This is because this is the only component in the assembly that is being used for the thermal and structural studies, which is where the piston will be set as a flexible body as opposed to a rigid body. The other components will be assigned the standard material on Ansys Workbench which is structural steel. 



[bookmark: _Toc153688139]Ansys Workbench Process

[bookmark: _Toc153688157]Figure 12 - Ansys Workbench Structure[image: A screenshot of a computer
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[bookmark: _Toc153688140]Kinematics Study Process

Once the Engineering Data tab is complete with the materials information, the next step is to load the geometry into the Rigid Dynamics tab and complete the Kinematic study. 
All the parts in the assembly are kept as ridged bodies, as this part of the study is to assess the loads generated my inertia. Ansys automatically applies contact regions to the geometry, however these are deleted and replaced with joints. 
[image: A white background with black text
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[bookmark: _Toc153688158]              Figure 13 - Rigid Dynamics Joints
It is vital that the joints applied to the geometry are correct, as these joints define the motion of the system. If the motion of the system does not correctly represent the motion of an engine, then the peak load results will be inaccurate and may cause failures in the real-world. 
There are four revolute joints used. The first between the crank and connecting rod, the second between the connecting rod and gudgeon pin, the third between the gudgeon pin and the piston, and the fourth between the crankshaft and ground. A general joint is then used to only allow the piston to move freely in the Z direction, which is movement up and down just like it does in the cylinder of an engine. 
The step end time is set to 0.005 seconds, as this is enough time to capture three to four revolutions of the system, which is all that is needed to assess the maximum load condition. Auto time stepping is also turned off, so we can set our own time step interval and ensure good accuracy in the results. This is set to 0.0001 seconds. If this time step interval is set too high, this would compromise the accuracy of the results as the simulation is performing the calculations too infrequently. The simulation is set to run at 4000 RPM through the revolute joint between the crankshaft and ground. 
[image: A screenshot of a computer

Description automatically generated]A joint probe is now created from the revolute joint between the gudgeon pin and piston, as we need to know the force applied to the piston through the system. This will then output the total force applied to the piston at each time step interval. 
[bookmark: _Toc153688159]Figure 14 - Kinematic Study Graphical Result
[image: A screenshot of a computer
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[bookmark: _Toc153688178]     Table 4 - Kinematic Study Numerical Results
Ansys produces graphical results, showing that the time step end produced three full system cycles, and the table which enables us to find the peak load, which was at time step 150 with a total force of 2391.9N. This maximum load time step is then exported so it can be imported into the static structural module. 


[bookmark: _Toc153688141]Thermal Influence Study Process

As the only part in the geometry being assessed in the thermal influence study is the piston, all other parts in the geometry are supressed. 
A mesh must be generated for the thermal influence study. The decision on mesh size is influenced by the earlier validation studies. The mesh has been set at a maximum size of 4mm. This is because much lower, and the solve time increases too much. Also, it is important to consider the rounding error in the calculations that was represented in the axial cantilever validation case. The validation cases suggest that any accuracy gains for a lower mesh size would also be minimal (Jia, Hong 2021).
[image: A computer screen shot of a computer screen
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[bookmark: _Toc153688160]                                         Figure 15 - Thermal Study Mesh

Convection inputs are now applied across selected regions of the piston to try and best replicate the conditions in an engine. 
[image: ]
[bookmark: _Toc153688179]                           Table 5 - Convection Temperature Inputs
[image: A rainbow colored object with a hole
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[bookmark: _Toc153688161]Figure 16 - Thermal Study Results 
The thermal study shows a temperature profile that is realistic to what you’d expect to see in an engine, with the peak temperatures appearing at the crown of the piston with peak temperature at around 281.24˚C. These results are then fed into the final static structural tab (Li, Lan; Zhang Xinchang; Cui Wenyuan; Liou, Frank; Deng Wen 2020).

[bookmark: _Toc153688142]Structural Analysis Study Process

Once again, a mesh must be generated, which is kept at 4mm throughout the process. The results from the previous studies have also been imputed into the static structural so that they will influence the overall results for deformation and stress.
In static structural, the body needs to be constrained. For this solution, the weak springs setting is applied to constrain the model. This effectively applies a very weak force to every face to constrain the model, while only have very minimal affect on the results. A 105-bar pressure is also applied to the crown of the piston to simulate gas pressure. 

[image: A colorful object with a red circle
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[bookmark: _Toc153688162]Figure 17 - Topside Deformation






[bookmark: _Toc153688163]Figure 18 - Bottom side Deformation[image: A colorful object with dots
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Figures 17 and 18 show total deformation across the piston. As expected, the maximum deformation is seen on the crown of the piston The other area where high deformation is seen is in the gudgeon pin region. If fixed constraints had been applied here, this deformation would likely not occur. 
[image: A blue cup with a blue lid
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[bookmark: _Toc153688164] Figure 19 - Max Stress Region 
Figure 19 shows the maximum stress on the piston, which is the gas ring groove. This is an area of interest that can now looked to be improved in the future iterative designs. 




[bookmark: _Toc153688143]Iterative Design Process

Iteration 1

Now that the base piston design has been analysed in Ansys Workbench, the results can inform decisions on where the piston design can be improved. 
[bookmark: _Toc153688165]Figure 20 - Original Piston Dimensions[image: Blue drawing of a blue object
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Figure 20 shows the original piston dimensions. The first iterative design focuses on weight saving, so looking back at figures, 17, 18 and 19 provides areas of focus where weight can be saved. 
[bookmark: _Toc153688166]Figure 21 - Iteration 1 Piston Dimensions[image: A blue and white drawing of a blue object
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Figure 21 shows where material has been taken away and weight has been saved. The thickness of the skirt region material has been reduced from 3mm to 2mm, as the stress and deformation outputs suggests the component can handle it. The skirt has also been shortened. The supporting material to the gudgeon region has been reduced, as in the original simulation it is an area that saw little stress and deformation. The profile at the top of the piston has also changed.




[bookmark: _Toc153688167][image: A mesh of a circular object with Crust in the background

Description automatically generated]Figure 22 - Iteration 1 Temperature Profile[image: A rainbow colored object with holes

Description automatically generated] Top
[bookmark: _Toc153688168]Figure 23 - Iteration 1 Temperature Profile Bottom 

Figures 22 and 23 show the temperature profile of the new design. The profile is very similar to the original design, but with a higher peak temperature at 303.96˚C, likely due to the differing profile on the crown. 
[bookmark: _Toc153688169]Figure 24 - Iteration 1 Deformation Top[image: A multicolored stool with a blue background
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[bookmark: _Toc153688170]Figure 25 - Iteration 1 Deformation Bottom[image: A mesh of a multicolored object
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[image: A blue and green object with text

Description automatically generated]Figures 24 and 25 show the deformation of the new design. The crown of the piston has a slightly different profile, however, there are no major concerns or changes compared to the original design, and weight has been saved on the component. 
[bookmark: _Toc153688171]                 Figure 26 - Iteration 1 Stress Profile 
Figure 26 shows that the stress profile on the new design remains unchanged and is the focus of the next iterative design. 

Iteration 2

[image: A blue and black stool
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[bookmark: _Toc153688172]Figure 27 - Iteration 2 Stress Profile 
[image: A mesh of a circular object

Description automatically generated]Figure 27 shows the stress profile of the second iteration. The oil ring groove has had a 0.5mm filet applied to round off the edge to reduce the stress in this region, by replacing tension with compression in the surface layer. However, the simulation has shown an increase in stress in this area instead of a decrease. This could be for various reasons. There may be a human error in the design process or the setup process in Ansys. It may also be representative of potential limitations of the software (Paola Forte, Alessandro Paoli, 2015).
[bookmark: _Toc153688173]                 Figure 28 - Deformation Profile

[bookmark: _Toc153688174]Figure 29 - Iteration 2 Temperature Profile[image: A multicolored object with a blue background
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Figures 28 and 29 show the deformation and temperature profiles for the second iteration, which remain unchanged. 



[bookmark: _Toc153688144]Conclusion


In conclusion, this report delves into the practical implementation of Computer-Aided Engineering (CAE) tools through a comprehensive simulation of a real-world system. The study encompasses kinematics analysis, static structural assessment, and thermal influence analysis of a piston assembly. Validated through comparisons with analytical solutions, the CAE simulations demonstrate excellent agreement. The mesh study underscores the critical balance between accuracy and computational efficiency. The subsequent application of these CAE tools to the piston assembly illuminates their seamless integration into the engineering design process, highlighting both their capabilities and limitations. Furthermore, an iterative design process, informed by CAE results, showcases the potential for weight reduction without compromising structural integrity. This holistic approach to CAE, incorporating kinematics, thermal, and structural analyses, proves invaluable in enhancing product reliability and efficiency within the realm of engineering design and optimization.
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The maximum deflection of the bimetallic strip is then defined by the following formula

_ 6l —a)(t +t)T 2
Uy = oK, = 7.049 mm. (78-2)
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Mesh Size (mm)Deflection  Expected Deflection  Expected/Actual% Difference

1 7.1233 7.049 0.989569441 1.043056

0.5 7.123 7.049 0.989611119 1.038888

0.25 7.1213 7.049 0.989847359 1.015264

0.15 7.1206 7.049 0.989944668 1.005533
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Face SelectionsFilm Coefficient (W/m^2˚C) Ambient Temperature (˚C)

Crown  497.5 928.5

Crown Sides 447.5 425

Ring Grooves 437.5 190

Oil Ring Groove 338.75 163.75

Skirt Region  462.5 107.5

Underside  675 91.25


image21.PNG
D: Static Structural
Imported Body Temperature
Time: 1.5

Unit: °C

Max: 281.24

Min: 144,05
12/12/202313:45

28124
2661

25095
23581
22067
20552
19038
17524
16009
14495

0000 0025 0050(m)

I I 1
0013 0038





image22.PNG
D: Static Structural
Total Deformation

Type: Total Deformation
Unit:m

Time: 1

Max: 0,00033274

Min: 2.7343¢-6
12/12/202313:34

000033274
000020607
000025041
000022274
000018607
00001434
000011274
7.606%e-5
3900265
2734366





image23.PNG
D: Static Structural
Total Deformation

Type: Total Deformation
Unit:m

Time: 1
1312120231031

0.00033274 Max.
000020607
000025041
000022274
000018607
00001434
000011274
7.606%e-5
3900265
2.7343¢-6 Min





image24.PNG




image25.PNG




image26.PNG
35.37

32.51

6.00

gndo
T




image27.PNG
303.96 Max
28722
27048
25374
237.01
22027
20353
186,79
17005
15331 Min





image28.PNG
303.96 Max
28722
27048
25374
237.01
22027
20353
186,79
17005
15331 Min





image29.PNG
G: Static Structural
Total Deformation
Type: Total Deformation
Unit:m

Time: 1

13/12/2023 12:84

0.0003727 Max.
000033142
000022013
000024885
000020757
000016628
0000125
83718e-5
4243505
1.1519e-6 Min





image30.PNG
00003727 Max T

g

0.00029013 ] Tty Y
T o

000024885
000020757
000016628
0000125
83718e-5
4243505
1.1519e-6 Min





image31.PNG
2.352569 Max.
2091360
1830260
15690
130790
1.04670
785558
520408
2692568
2,0956e6 Min





image32.PNG
arlefelied 1AM

2816569 Max
2503760
2110
1878260
1565660
1252060
0401768
627458
3147368
2017e6





image33.PNG
Time: 1
13/12/2023 17:04

0.00036167 Max.
000032186
000028205
000024224
000020243
000016262
000012281
83004e-5
4319305
3.3832e-6 Min





image34.PNG
J Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1

131220231653

297.79 Max.
28151
26523
24896
2268
2164
20012
18385
16757
15129 Min





