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1 [bookmark: _Toc153732361][bookmark: _Hlk65806345]INTRODUCTION
The Computer Aided Engineering (CAE) tools are important software applications that assist the engineers in the analysis and design process. They encompass a broad spectrum of applications like, thermal analysis, structural analysis, dynamic analysis, fluid dynamics and combinations of all of these. Finite Element Analysis (FEA) is the mathematical approach employed by these software applications to analyse and design a product or system.  The process involves modelling of the product, dividing it into small elements, assigning relevant properties to these elements, introducing mathematical relationships that simulate the relevant processes, applying boundary conditions and loading to the model and then conducting the analysis. In simple terms this is how the Computer Aided Engineering tool’s function. 
The use of CAE tools significantly reduces development time and cost while simultaneously improving the overall product quality through the use of the appropriate materials. There are various CAE software’s, like ANSYS, Abaqus, SolidWorks simulation, Siemen NX, COMSOL Multiphysics and others that can be used in the analysis and the design process and it is import each time such a software is used, validation tests to be carried out. 
This report presents the steps followed for the design of a piston which is one of the components of an assembly. For the analysis of the piston, ANSYS was used as the CAE tool. 
The findings of this analysis and the conclusions which were derived from the procedure that was followed were discussed at the end of this report. 
2 [bookmark: _Toc153732362][bookmark: _Hlk65786788]VALIDATION STUDY
Before proceeding with the use of any CAE software it is necessary to carry out the necessary validation study. In the case of a piston assembly, which undergoes stresses due to inertia of the moving parts associated with the piston and also heat stresses due to the combustion of the air/fuel mixture in the cylinder it is required to carry out at list 2 validation studies. One that is going to cause bending and defection to an element, the other test that will introduce heat since the assemble is affected by temperature.
2.1 [bookmark: _Toc153732363]Validation Tests 1 – Elastic Bending – Continuous Load
The first validation study was carried out on a cantilever beam loaded with uniform distributed load using the loading conditions and the material properties shown in figure 1 below.
[image: ]
[bookmark: _Toc153732450][bookmark: _Hlk153654168]Figure 1 – Data for Validation Study 1 (Dulbal Software, 2016)
The model was prepared in ANSY with the above information. Three different sizes of meshes were used: 2.5mm, 5mm and 10mm. The results obtained are shown in Table 1 below and are also shown in Figures 2 and 3.
[bookmark: _Toc153732511][bookmark: _Hlk153652703]Table 1– Summary Table for Validation Study 1
	Property
	Analytical Solution
(mm)
	ANSYS Solution
(mm)

	
	
	Mesh size
2.5 mm
	Mesh Size
5 mm
	Mesh Size
10 mm

	Deflection (max)
	157.143
	157.15
	157.15
	157.15

	% Difference
	-
	0.45%
	0.45%
	0.45%



As t it can be seen from table 1, the results obtained by using the three different sizes of mesh, did not affect the results but affected the execution time of the computer.  With larger size of mesh the execution time of the computer was less.
The results obtained were 0.45% higher than the value obtained with the analytical method.
[image: ]
[bookmark: _Toc153732451]Figure 2– Deflection of cantilever beam under a UDL – Size of mesh 2.5mm
[image: ]
[bookmark: _Toc153732452]Figure 3– Deflection of cantilever beam under a UDL – Size of mesh 10mm
Element sizes if 1mm and 50mm were tried as well, but ANSYS did not give any results either due to the large number of elements which were produced (for the case of 1 mm mesh) or due to the size of the element in the case of the 50mm element. 
2.2 [bookmark: _Toc153732364]Validation Study 2 – Bimetallic Strip
The second validation study was carried out on a bimetallic cantilever beam with uniform thermal load. The properties of the materials, the geometric details of the beam used and the temperature on the beam used are shown in Figure 4.
[image: ]
[bookmark: _Toc153732453]Figure 4 – Data for Validation Study 2 (Dlubal Software, 2018)

[bookmark: _Toc124691982][bookmark: _Toc124696591][bookmark: _Hlk121049800]The model of the bimetallic beam was prepared in ANSYS, with the loading and the geometric details described in figure 4. This model was run three different times each time with different mesh sizes. The mesh sizes which were used were 1mm, 2.5mm and 5mm.The results of the maximum defection calculated with the analytical method and the ones obtained from ANSY using different mesh size are presented in table 2 and are also shown in Figures 5, 6 and 7. 
[bookmark: _Toc153732512]Table 2 – Summary Table for Validation Study 2
	Property
	Analytical Solution
(mm)
	ANSYS Solution
(mm)

	
	
	Mesh size 0.3mm
	Mesh Size 0.5mm
	Mesh Size 1mm

	Deflection (max)
	-7.049
	-7.1213
	-7.123
	-7.1233

	% Difference
	-
	1.03%
	1.049%
	1.05%



According to the findings of this study the smaller the mesh, the higher the accuracy of the results. For the 1mm mesh the maximum deflection of the bimetallic beam found to be 1.03% higher than the one obtained with the analytical method and in the case of the 0.5mm and 0.3mm meshes was found to be 1.049% and 1.05% higher than the value calculated with the analytical method respectively.
[image: ]
[bookmark: _Toc153732454]Figure 5 –Deflection of bimetallic beam-Thermal Load – Mesh Size 1mm


[image: ]
[bookmark: _Toc153732455]Figure 6 - Deflection of bimetallic beam-Thermal Load – Mesh Size 0.5mm
[image: ]
[bookmark: _Toc153732456]Figure 7 – Deflection of bimetallic beam-Thermal Load – Mesh Size 0.3mm
Form the above validation studies, it can be concluded that the by using ANSYS with the optimum mesh size and the correct boundary conditions, the results that can be very close to the expected ones. 
Studies carried out on the effected of mesh size in FEA of plate Structure (Shashikant, 2015), showed that as the mesh size increases, the error between the correct results and the results obtained from the FEA also increases. The findings of this research are shown in Figure 8.
[image: ]
[bookmark: _Toc153732457]Figure 8 – Element Size Vs Accuracy for (a) maxi.von Mises stress (b) Deformation (Shashikant, 2015)
3 [bookmark: _Toc153732365]CAD MODELING AND ASSEMBLY
The assembly that was used for the ANSYS analysis was provided and consisted of four parts. The piston, the gudgeon pin, the connecting rod and the crank shaft. The 3D drawing of each of these parts are shown the following figures.
[image: ]
[bookmark: _Toc153732458]Figure 9 – 3D Drawing of the Piston

[image: ]
[bookmark: _Toc153732459]Figure 10 – 3D Drawing of the Gudgeon Pin
[image: Graphical user interface, text
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[bookmark: _Toc153732460]Figure 11 – 3D Drawing of the Connecting Rod

[image: ]
[bookmark: _Toc153732461]Figure 12 - 3D Drawing of the crank shaft

All the moving parts were assembled together, ensuring that they are properly connected to permit movement between them. A 3D drawing of the assembly is shown in Figure 13.
[image: Graphical user interface
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[bookmark: _Toc153732462]Figure 13 – 3D Drawing of the assembly
The assembly was then saved as a “STEP” file and this file was used in ANSYS for analysis. 
4 [bookmark: _Toc153732366]PROCEDURE FOR USING ANSYS.
The procedure that was followed for the analysis and design is described below and can be divided in five parts:
a. Decision regarding the material to be used in the analysis, collection of the required properties of the material and the creation of an engineering data module in the ANSYS environment.
b. Creation of kinetic simulation of the assembly using the Rigid dynamics module in ANSYS.
c. Creation of thermal model that will simulate the propagation of heat through the piston.
d. Creation of a Static Structural module for analysing the results obtained from the kinetic simulation module, the Steady State thermal module, considering the material properties entered in the Engineering data module and the other external forces there were entered in the static Structural module.
e. During the final part of this procedure the simulation model prepared in ANSYS was run. The results that were obtained were studied and the weak spots were identified.
This process in iterative process but this report was only focused in the identification of areas of weakness of the part that was designed and what it needs to be done in order the weak spots of the part to be improved. 
4.1 [bookmark: _Toc153732367]Material properties
The material that was used in this analysis was aluminium alloy 6061- T6. This is the material that is widely used for the manufacture of pistons because is cheap related with other materials and it fit for this use (AAA Air Support, 2022). The properties on of aluminium 6061-T6 are listed below and were entered in the Engineering Data module of ANSYS. For the other parts of the assembly the structural steel which is the default material in ANSYS was used.
[bookmark: _Toc153732513]Table 3 – 6061-T6 Aluminum Material Properties
	Temperature (oC)
	Young’s Modulus (GPa)

	22
	67

	100
	70

	150
	68

	200
	64

	250
	56

	300
	48

	350
	41

	400
	32

	450
	21

	500
	12

	Ultimate Tensile Strength
	310 MPa

	Poison’s Ratio
	0.33

	Coefficient of Thermal Expansion 22 oC
	2.36E-05 1/oC

	Thermal Conductivity
	167 W/m-K

	Specific Heat Capacity
	0.896 J/g-oC

	Density 
	2700 kg/m3

	Melting point
	580 - 650 oC

	Fatigue endurance limit
	95 MPa


[bookmark: _Hlk153556973]
4.2 [bookmark: _Toc153732368]Kinetic simulation
After entering the properties of the required materials in Engineering Module in ANSYS, the kinetic simulation of the assembly was prepared by importing in the workbench of ANSYS the Rigid Dynamics module. This module was connected with the Engineering Data module and the STEP file of the assembly was imported in the Rigid Dynamics module. The properties of the materials were assigned to each part of the assembly and the all the part of the assembly were set to ridge. This module takes into account the forces generated due to the rotation of the moving parts. Once the material properties were given to the various parts, the boundary conditions were entered. The existing contact joints between the various bodies were deleted and the automatic generation of joints was sent to NO. This was done in order to avoid the creation of joint automatically and allow the user to set the appropriate joints.  Revolute joints were introduced at the point of connection of the crank shaft with the connecting rod, at the point of connection of the connecting rod with the gudgeon pin and at the point of connection of the gudgeon pin with the piston. The revolute joints allow the rotation around the rotating axis and they restrict the movement in the other two axis. 
Two revolute joints connected to ground were introduced along the crank shaft rotating axis, one on either side of the connecting rod to avoid creation of large moments on a single connected to ground revolute joint. A general joint was created along the external surface of the piston allowing the movement of the piston only in the direction the piston moves. Using the configure tool of ANSYS the kinetics of the assembly were check. 
In the transient section of the analysis the “step End Time” was set to 0.05secs the “auto Timing stepping” to OFF and the “time step” to 0.0004secs. This was done in order to have good presentation of the results. One of the fixed to ground revolute joints that was set in the connections, was dragged to the connection’s transient analysis section in order to be able to apply rotational speed to the model. The rotational speed was set to 6500rpms because usually this is the maximum RPMs of the car petrol engines.
The revolute joint that was previously set for the piston and the gudgeon pin, was dragged to the solutions section, in order the forces which are generated from the rotation of the moving parts of the engine on the piston, to be calculated. This concluded the modelling of the kinetic simulation and the model was run.
The minimum and the maximum forces obtained after the run of this kinetic simulation, at the joint between the gudgeon pin and the piston, are shown in Figure 14 & 15 below. These forces were retrieved and were exported to a file for later use.
Figure 14 shows the position the piston when the force on the piston from the gudgeon pin has its maximum value and figure 15 shows position of the piston when this force has its minimum value (i.e. the maximum negative value)
[image: ]
[bookmark: _Toc153732463]Figure 14 – Results of the Rigid Dynamic Study – Maximum Positive Force

[image: ]
[bookmark: _Toc153732464][bookmark: _Hlk153692079]Figure 15 – Results of the Rigid Dynamic Study – Maximum Negative Force
After the completion of the kinetics simulation a static structural module was inserted in the workbench and the model created in the rigid dynamic module was linked with the static structural module. With this action, automatically links were also created between the Engineering Data and the geometry. Opening the static structural module and going to the geometry the all the geometry parts were suppressed except the piston. The materials properties of the piston where check, if the right material was selected and the stiffness behavior of the piston was changed to flexible. The loads which were stored in a file exported from the Rigid Dynamics module were imported in the Static Structural Module using the “motion loads” command from the pull-down menu after a right click over static structural module.
4.3 [bookmark: _Toc153732369]Thermal Study
Going back to the workbench, a Steady State Thermal module was imported and the engineering data and the geometry were linked with the respective ones of the Steady State thermal module. Opening the Steady State thermal module, the piston properties were checked and the stiffness was changed to flexible. By right clicking on the piston geometry the other bodies were supressed. This was done because the design is focuses on piston only. Then a 4mm mesh for the piston was generated as shown in Figure 16. For the top part of the piston the mesh was changed to 2mm for better accuracy. 
[image: ]
[bookmark: _Toc153732465]Figure 16 – Mesh Generation on the Piston
Using the convention command the average thermal loads for the various areas of the piston were entered. (see Table 4)
[bookmark: _Toc153732514]Table 4 – Thermal Study Boundary Conditions
	Item
	Heat Transfer Coefficient
W/(M2K)
	Temperature
(oC)

	Crown
	497.5
	928.5

	Crown Side
	447.5
	425

	Top Groove
	437.5
	190

	Middle Groove
	437.5
	190

	Oil Groove
	338.75
	163.75

	Underside
	675.5
	91.25

	Skirt
	462.5
	107.5



In the solution section of this module the temperature was requested to be the outcome of the analysis. Running this simulation using the Steady State Thermal module of ANSYS the results shown in Figure 17 were obtained.
[image: ]
[bookmark: _Toc153732466]Figure 17 – Distribution of temperatures on the piston
As it be seen from the above figure the maximum temperature is at the top of the piston and the minimum temperature is at the bottom of the holes that are housing the gudgeon pin. These temperatures are reasonable and are lower than the melting point of the aluminum alloy 6061-T6 which is between 580 to 650 oC.
4.4 [bookmark: _Toc153732370]Static Structural analysis
Going back to the ANSYS work bench the solution obtained from the Steady State Thermal module was linked with the setup of the Static Structural module. This way the Static Structural module has all the information obtained from the other modules. 
Form the setup of the static structural module the geometric property of the piston was checked to be flexible. Regarding the mesh, the same mesh size as the one for the Steady State Thermal Module was used. A pressure load of 10537060 Pa was assigned on the top of the piston and also in the analysis settings the weak springs were set to “ON” with this means that external surfaces of the piston will be surrounded of spring with close to zero stiffness which this will provide the simulation model with the required constrains in order the analysis to be performed. The setup of this module was completed by introducing in the solution section the stress, the displacement and safety factor which were the parameters of interest of this analysis.
Figure 18 below shows the deflections at the various locations on the piston. Positive values mean that the displacement is downwards and negative values mean that the displacement is upwards. The maximum displacement upwards occurs of the center of the crown of the piston and its value is 0.00034129 mm. This is reasonable because the pressure from the prison pushes downwards but because the connecting rod restricts this movement there is an upward movement of the center of the crown of the piston in relation to the sides. 
[image: ]
[bookmark: _Toc153732467]Figure 18 – Deformations at the top and side of the piston
As it can be seen from the figure 19 the maximum downward displacement occurs at the bottom part of the gudgeon pin housing and its value is 0.00026275mm. This value is reasonable because is the weakest point on a piston and it undergoes cycling loading. 
[image: ]
[bookmark: _Toc153732468][bookmark: _Hlk153691491]Figure 19 – Deformations at the bottom of the piston
The figure 20 below shows the distribution of stresses at the top and side piston surfaces. The lowest stresses are at the top of the piston and the highest stresses around the edges of the oil ring. This observation does not look reasonable and can be attributed to the boundary condition related with weak springs.

[image: ]
[bookmark: _Toc153732469]Figure 20 – Distribution of stresses at the top and side of the piston
[image: ]
[bookmark: _Toc153732470][bookmark: _Hlk153691268]Figure 21 – Distribution of stresses at the bottom of the piston
As it can be seen from figure 21 the stresses at the bottom of the piston are below the yield ultimate tensile strength of aluminum 6061-T6, which is 310 MPa. 
Figures 22 and 23 shows the Fatigue safety factor on the piston surfaces. Most of the areas are above 1 but there are areas that are below 1. 
[image: ]
[bookmark: _Toc153732471]Figure 22 - Safety Factor Distribution at the top and side of the piston
[image: ]
[bookmark: _Toc153732472]Figure 23 – Safety Factor Distribution at the bottom of the piston
The area with the safety factor below 1 is the area on the crown of the piston. The surfaces at the bottom of the crown on the piston and around the housings of the gudgeon pins the areas have a factor of safety 1. These areas are the areas that need attention to prevent failures. Before proceeding to any design changes, it’s recommended the ANSYS model to be improved and then based on the analysis on the improved simulation model then to proceed with the required design changes.
5 [bookmark: _Toc153732371][bookmark: _Hlk124634989]CONCLUSIONS – RECOMMENDATIONS
CAE tools save time and money in engineering analysis and design. Prior to use, assessment of the CAE tool suitability, accuracy, and limitations is necessary. Validation studies reveal element size impacts on accuracy and analysis time (Shashikant, 2015). Optimal element size balances accuracy and runtime, crucial for large models.
In the case of the piston used in this simulation, although the distribution of the stresses and deformations appear reasonable, unexpectedly high stresses were observed around the oil ring groove. This behavior in the simulation model can be attributed to the introduction of the weak springs. Various boundary conditions were experimented with, each yielding different stress distributions on the piston. Given the circumstance, the utilization of weak springs was likely the most appropriate approach to the simulation model the piston.
This exercise of altering boundary conditions in a CAE model underscores the critical importance of applying accurate boundary conditions to the correct positions in the model and understanding their impact on the results.
The model, although designed to encompass both the minimum and the maximum forces from the kinetic study, currently only considered the maximum pressure on the piston and not the minimum. This oversight has implications for the calculation of the fatigue safety factors as both minimum and maximum stresses are crucial in calculating these factors.
An alternative piston modeling was contemplated, but time constraints prevented its implementation. This approach involved creating a rigid joint for the entire surface of the piston’s top, incorporating the gudgeon pin in to the model, and establishing fixed or revolute joint, if possible, between the gudgeon pin and the piston. Instead of applying pressure directly to the piston, a force equal to the force generated by the cylinder pressure to the piston, (Cylinder pressure * area of the piston) would be applied to the gudgeon pin in the opposite direction. This method from one hand will create excessive stresses to the gudgeon pin but from the other hand will provide realistic stress distribution in all the piston surfaces.
The accuracy of the model is contingent upon several factors, including the chosen modeling approach, the definition of the boundary conditions, the user’s proficiency with the CEA software, assumptions made during the modelling process, accurate representation of material properties, and the mathematical models employed by the software to simulate real-world conditions. These elements collectively influence the precision of the results.
In conclusion, while CAE tools are valuable for simulating real-world problems, their effectiveness is limited in complex physical scenarios where not all the factors can be considered. Therefore, it remains imperative to subject the final product design to real-world testing, utilizing the obtained results to further refine and enhance the simulation model.
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