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Description automatically generated]Computer Aided Engineering or CAE tools have become some of the most useful tools available to modern day engineers, no matter what discipline. These pieces of software can aid in the design and testing process of new mechanical components through simulating loading, fatigue and temperature testing and even simulate fluid dynamics for purposes such as aerodynamics, also known as Computational Fluid Dynamics (CFD). This report will focus on studying a one-cylinder engine assembly consisting of a piston, connecting rod, gudgeon pin, and crankshaft as seen in figure 1. The objective is to test a real-world system modelled in a computational environment by conducting a static structural test, a kinematic study and a thermal study under realistic operating conditions. Once the model is tested, the connecting rod will be studied further in depth with the objective of assessing the connecting rods structural performance through assessing the components mass, material and thermal properties and making improvements. This report will also focus on critically analysing the use of CAE tools, discussing both benefits and limitations of such methods. [bookmark: _Toc122296272]Figure 1 - Image of the Piston Assembly Model
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[bookmark: _Toc122296247]SOLIDWORKS 2022
SOLIDWORKS 2022 is a user friendly and industry leading CAD and CEA software, primarily used for 3D modelling of components and assemblies whilst also containing a fully embedded SOLIDWORKS simulation package that can obtain detailed solutions for stress, thermal, frequency, flow, transient, buckling, pressure vessels, and optimization analyses, among others (Packt, n.d.). SOLIDWORKS typically helps engineers reduce costs by providing a virtual testing platform in place of physical tests, shortens the timeframe between concept to product, accelerates the analysis of design iterations, helps engineers analyse complex parts and assemblies with support for both linear and non-linear material properties and also can conduct simulations on assemblies with support for contacts and interaction involving machine elements (Packt, n.d.). So, SOLIDWORKS Simulation is a powerful tool, but it is not without limitation. The SOLIDWORKS element library is limited, therefore care must be taken when dealing with certain problems as a suitable element for the analysis may not exist in the SOLIDWORKS Simulation library (Packt, n.d.).
[bookmark: _Toc122296248]ANSYS Workbench 19.2
ANSYS Workbench is a tool that has compiled all types of CAE solvers. The ANSYS Workbench has capabilities across thermal study, structural study, electronic engineering, fluid flow modelling and interaction, advanced materials modelling and each solver can be coupled with another, for example, an engineer would like to see how thermal load affects their electronic system, the electronics study can be coupled with the thermal study to see this effect. Key features of Workbench include, CAD interoperability meaning that Workbench is CAD neutral and supports all imported geometry from major CAD systems, it is also available to import data that has not been solved in ANSYS which are then efficiently mapped to ensure minimal error. ANSYS Workbench also contains an extensive library of materials and material properties with the ability for users to create or import their own materials with specific properties. The main feature of Workbench is the product integration, where a wide range of ANSYS products are available to use all in one process (ANSYS, 2022). 
[bookmark: _Toc122296249]Limitations of CAE Simulation
It is well known that there are limitations to simulating engineering problems which can be detrimental to the user. The main limitation of simulation is that a simulation is simply not the real thing, there are variables that may not be considered or variables that the solver being used simply cannot model and simulate. Simulations do not produce optimum results compared to practical testing; it is a given that the model deals with uncertainties, but the results of simulation are only reliable approximations that are subject to statistical error in the mathematical model created. Simulation is also less precise than real life testing, as the quantification of all variables in a system is simply not possible in many situations. Lastly, developing a simulation model can be long and complicated, requiring a large amount of training for the user, often it can take months or years to simulate a problem to the correct degree. (Simplinotes, n.d.)
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Description automatically generated]To validate the use of ANSYS workbench 19.2 in a thermal study, a thermal influence case regarding a bimetallic strip was retrieved from (Dlubal Software, 2018). Firstly, the bimetallic strip was modelled in SOLIDWORKS 2022 as two identical cuboid shapes of dimensions 100mm x 5mm x 1mm, mated together as seen in figure 2. For the purposes of this study, the top body of the strip is made from copper and the bottom body of the strip is made from invar, a nickel-iron alloy consisting of 64% iron and 36% nickel, which is known to expand very little when heated (Encyclopaedia Britannica, 2016). Once the bimetallic strip was modelled, a static structural study can be completed in ANSYS 19.2, the material data for copper and invar was entered in the engineering data tab as seen in figure 3 and figure 4.Figure 4 - Image of Engineering Data for Copper
Figure 3 - Image of Engineering Data Entered for Invar
Figure 2 - Image of Bimetallic Strip Modelled in SOLIDWORKS 2022
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Description automatically generated]Once the data has been entered, the top body can be assigned the copper properties and the bottom body assigned the invar properties. For the purposes of this study, one end of the strip is fixed with the other end free. This strip was tested at a starting ambient temperature of 22°C with a thermal condition added to the whole geometry of 122°C. The strip was tested with four different mesh sizes, achieving a margin of error of <1% for each test. Unfortunately, this test does not have a point of mesh independence, although this validation study gives consistent results for a thermal study compared to (Dlubal Software, 2018) as seen in table 1.Figure 5 - Image of Bimetallic Strip Solved for total deflection (mesh size 1mm)

Table 1 - Table Showing Results for Bimetallic Strip Test
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Description automatically generated]To validate the use of ANSYS workbench 19.2 in a loading study, a loading validation case regarding a cantilever beam with a uniform load applied was retrieved from (Dlubal Software, 2016). Firstly, a simple beam of dimensions 1000mm x 50mm x 5mm was modelled in SOLIDWORKS 2022 as seen in figure 6. For the purpose of this study, the beam is made of an elastic plastic material with the properties entered in the engineering data tab as seen in figure 7. Figure 7 - Image Showing Engineering Data for Elastic Plastic Material
Figure 6 - Cantilever Beam Modelled in SOLIDWORKS 2022
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Description automatically generated]Once this beam was modelled a static structural study can be completed. For the purposes of this study, one end of the beam is fixed and the other is left free, a uniform pressure of 2750Pa is applied to the top face of the beam. The beam was tested at an environmental temperature of 22°C. the beam was tested with four different mesh sizes and achieves the same results for each different mesh size as seen in table 2, this means that the test has a point of mesh independence as the mesh size does not impact the results gained from the test. This study validates the loading aspect of ANSYS 19.2 as the results gained are within 1% error of (Dlubal Software, 2016).Figure 8 - Cantilever Beam with Uniform Loading Solved (Mesh Size 10mm)

Table 2 - Table Showing Results for Cantilever Beam Validation Study
[image: ]
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The piston assembly used for this report consists of 4 components listed in section 1 and each component must be assigned a realistic material to ensure realism across the simulation. Therefore, the piston will be made of a low carbon steel known as SAE-G2500 as it is a popular material for forging automotive pistons and has good fluidity at high temperatures (University of Washington, 2003). Connecting rods are often made of a different material such as a steel alloy, for this report the connecting rod will be made of SEA-4340 steel alloy. SEA-4340 is a low alloy steel containing nominally 0.4% carbon, 0.8% chromium, 0.25% molybdenum and 1.8% nickel with the rest being iron (HowCo, 2019). SAE-4340 is a high compressive strength grade of steel that, when tempered and hardened can achieve a compressive strength of 1034.21Mpa (HowCo, 2019), alongside its strength properties SEA-4340 has good fatigue properties, good ductility and impact resistance (EPI, 2020). The crankshaft for this test will also made of SAE-4340. The gudgeon pin will also be made of SAE-4340 steel alloy. The engineering data for each of the materials are listed in figure 9 and figure 10.
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Figure 9 - Image Showing Engineering Data for SAE-G2500 Retrieved from (MakeItFrom.com, 2020)
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Figure 10 - Image Showing Engineering Data for SEA-4340 Retrieved from (AZO Materials, 2012)
[bookmark: _Toc122296255]ANSYS Workbench 
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Figure 11 - Image Showing the ANSYS 19.2 Workbench Layout
[bookmark: _Toc122296256]Rigid Dynamics Study
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Description automatically generated]The first study to be completed on the piston assembly is a rigid dynamics study. For the first study there are a few precursory measures that must be taken to ensure the study can be run in a realistic manner. Firstly, as the study relies on material properties, the parts of the assembly can be assigned the materials specified in section 5.1. Next, the contacts between the parts of the assembly must be specified properly as the assembly must be able to move in a realistic way. Therefore, body to body revolute joints are added between the crankshaft and the connecting rod, the connecting rod and the gudgeon pin, and the piston and the gudgeon pin. A body to ground joint load is placed on the rotating surface of the crankshaft and given a rotational value of 3500RPM, and a body to ground joint is created on the piston with free movement in the Z direction, therefore only allowing the piston to move up and down as it does in reality. To measure the total force on the piston, a joint probe is attached to the piston to study the total force applied to it over time. The motion loads can then be exported to be used in the next studies.Figure 12 - Image Showing the Rigid Dynamics Study Solved

[bookmark: _Toc122296257]Steady State Thermal Study
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Description automatically generated with medium confidence]Once the rigid dynamics study is complete a steady state thermal study can be conducted to calculate the thermal profile of the piston. Firstly, the piston is the only part of the geometry that is being solved therefore all other bodies in the geometry are suppressed, the piston must then be changed from a rigid body to a flexible body ensuring that the material selection is correctly set to SAE-G2500. Once this is complete, the piston must be meshed, for this test, the piston will be solved using five different sized meshes to look for a point of mesh independence. Now, convection loadings can be applied as seen in figure 14, this study can now be solved. Figure 13 - Image Showing the Steady State Thermal Study Solved
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Figure 14 - Image Showing Convection Loads Applied to Geometry
[bookmark: _Toc122296258]Static Structural Study
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Description automatically generated]Once the previous studies in the rigid dynamics and steady state thermal studies are completed, a final static structural study can be completed. For the static structural study, a large amount of information from the previous studies is shared to this study therefore minimal preparation must be done. Firstly, the piston must have a mesh applied, for this study five different mesh sizes have been studied to look for a point of mesh independence. Once this is completed, the solution info0rmation needed can be applied, for this study total deformation and equivalent stress are monitored, the results of main concern is the maximum deflection of the piston. To allow the model to solve it must be constrained in its space in some way, this means that weak springs must be applied in the analysis settings. To create realistic loadings, as the piston would be under in an engine, a pressure load is applied to the piston crown of 105bar as this is where the bulk of the gas pressure would be applied in an engine. Figure 15 - Image Showing a Static Structural Study Solved
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Figure 16 - Graph Showing Results for Max Deflection of SAE-G2500 Piston
Table 3 - Table of Results for Static Structural Study on SAE-G2500 Piston
[image: ]
[bookmark: _Toc122296261]Steady State Thermal Study
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Figure 17 - Graph Showing Max Temperature Results for SAE-G2500 Piston
Table 4 - Table Showing Steady State Thermal Results for SAE-G2500 Piston
[image: ]
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[bookmark: _Toc122296263]Static Structural Study
Firstly, a point of mesh independence could not be reached as it was beyond the computers capabilities to solve the study with a mesh of <1.25mm, although it can be seen that as the mesh size is reduced, the maximum deflection results become increasingly similar. The overall max deflection of 0.69mm for the piston is quite large, studies such as (Zhongjian Pan, 2019) see a deflection of 0.044mm with a maximum stress of 208MPa. This means that the material is likely not hard enough and has too high an elasticity for this application although the equivalent stress seen is significantly larger for the piston at 26,054MPa as the test was done for the worst-case scenario.
[bookmark: _Toc122296264]Steady State Thermal Study
Again, a point of complete mesh independence could not be reached but as seen in table 4, the minimum temperature results are within 0.1°C for all mesh sizes and the maximum temperature results all sit within 0.5°C of each other, therefore proven that this test is less mesh dependant than the static structural study. The main concern for this test was the maximum temperature of the piston, it is seen that the maximum temperature of 407.72°C on the piston crown is high for an automotive piston, it is discussed in (Jääskeläinen, 2017) that typical automotive pistons for petrol engines reach a maximum temperature on the crown of 310°C-350°C. This high temperature means that the piston material must have a thermal conductivity that is too low to dissipate the heat from the material quickly enough, therefore the low carbon steel SAE-G2500 is not as suitable for forging automotive pistons as first thought. 


[bookmark: _Toc122296265]Secondary Investigation
[bookmark: _Toc122296266]Initial Information
As it was found that the low carbon steel SAE-G2500 is not the ideal candidate for forging automotive pistons due to an inability to dissipate enough heat and deforming an undesirable amount, another material in 4032 aluminium will be tested using the same boundary conditions and identical meshing conditions to the SAE-G2500 piston. 4032 aluminium is chosen as it is a material used in automotive racing pistons as it is a good material to use in both low and high temperature applications as it has a reduced thermal expansion rate and extremely high tensile strength whilst being lightweight so as to reduce rotational inertia in an engine, allowing the engine to rev more freely and feel more responsive to the driver. The engineering data for 4032 aluminium can be referred to in figure 18.
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Figure 18 - Image Showing Engineering Data for Aluminium 4032 Retrieved from (MakeItFrom.com, 2020)
[bookmark: _Toc122296267]Results (Al-4032)
[image: Graphical user interface, application

Description automatically generated]
Figure 19 - Image Showing Results for Steady State Thermal Study on Al-4032 Piston
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Figure 20 - Image Showing Static Structural Study Results for Al-4032 Piston
[bookmark: _Toc122296268]Analysis (Al-4032)
Firstly, the results are instantly more favourable compared to the piston made of SEA-G2500, the maximum temperature for the Al-4032 piston sits low within the range of 310-350°C stated by (Jääskeläinen, 2017) showing that Al-4032 performs much better under high temperature conditions due to its high thermal conductivity, allowing the material to dissipate heat at a faster rate. The total deformation results retrieved from the static structural study are also favourable in the direction of Al-4032, the deformation for Al-4032 is still high compared to the 0.044mm stated by (Zhongjian Pan, 2019) at ~0.28mm total deflection, mostly seen on the piston crown where a high pressure is applied. Although this deformation is still high for the application of a piston, it is more acceptable than SEA-G2500, as this had a total deformation of 0.69mm. 



[bookmark: _Toc122296269]Conclusion
In conclusion, the ANSYS 19.2 workbench, when given accurate boundary conditions, has been ultimately proven as an accurate tool for engineers aiming to simulate the forces and loads acting on a material and assembly in a fraction of the time that physical testing can be completed. The validation studies on the bimetallic strip and cantilever beam with uniformed loading that the ANSYS 19.2 workbench tool can accurately solve both thermal loading studies and physical loading studies to within a 1% margin of error. 
 	It has been proven that mesh independence is not always possible for complicated geometries, but mesh independence is not always a requirement and, as a point near mesh independence is reached, the results do not stray from an acceptable margin of error. 
Secondly, this test has proven that Al-4032 is a more acceptable material for a piston than SEA-G2500. With its lower deflection under both thermal and physical load and ability to dissipate more effectively, Al-4032 is the obvious choice to forge pistons from for automotive applications as it would require a smaller gap between the piston and cylinder wall to function correctly. 
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Static Structural Study

Once the previous studie in the rigid dynamics and steady stae thermal studies are completed, a
final static structural study can be complted. For the starc structual study.  large amount of
information from the previous sudies is shared 10 this study therefore minimal preparation must be
done. Firsly, the piston must have a mesh applied.for this study five different mesh sizes have bes
studied to look for apoint of mesh independence. Once thi is completed. the solution information
‘nceded can be applied, for this study total deformation and equivalent strss are monitored. To allow
the model to solve it must be constrained in s space in some way, this means that weal springs must
e applied in the analysis settings. To create realistc loadings as the piston would be under in an
engine, a pressure load is applied o the piston crown of 105bar a ths is where the bl of the gas

pressure would be applied in an engine.
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