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1.0- Introduction
This technical report will simulate the testing of a real-world system modelled in a computational environment. Before modelling and testing an assembly, the system being used (ANSYS) will need to be validated using a simplified test case where an analytical solution can be calculated through fundamental properties.  The results can be compared ensuring that the output solution has a reasonable % deviation. The testing will consider the effect that mesh sizing may have on the accuracy of the tests. A kinematic analysis of an assembly will be conducted to create a realistic set of loading conditions that the system is exposed to. After testing has been completed and data analysed, various improvements of the selected component will be considered to help increase the performance of part.
 
2.0- Validation
It is important that before a software is used for testing of real-world parts that it is validated to ensure you are getting accurate results, allowing for product development. To validate software, a simplified test case must be used where an analytical solution can be found based on fundamental principles. This study can then be replicated in the chosen software and results can be compared. 

2.1- Stress Analysis Validation
The first validation example completed was for a stress analysis study. For this validation a verification example is used from Dlubal. In this example a thin beam fixed on the left end (x=0) is subjected to a uniform pressure as shown in the figure below:

[image: ]
(Figure 1) (Dlubal, 2016) 
The example also has a set parameter’s as shown below: 
[image: ]
(Figure 2) (Dlubal, 2016)


2.1.1- Analytical Solution 

(Eq1) The bending moment (M) for the plate under continuous loading q=pw is defined by:
M=−q(L−x)^2/2
(Eq2) Recalling the elementary equation for the beam deflection using the Euler-Bernoulli theory:
EIy d^2uz/dx^2=M
(Eq 3) Where Iy is the quadratic moment of a cross-section with respect to the y-axis and it is given by:
Iy=wt^3/12
(Eq 4) Equation 2 is then integrated from 0 to L twice. Upon applying the boundary conditions for cantilever beam Uz(0) = Uz′(0) =0, the solution takes the following form: 
uz(x) = qx^2(6L^2−4Lx+x^2)/24EIy
(Eq5) The maximum displacement occurs at the point x=L:
uz,max = qL^4/8EIy = 3pL^4/ 2Ew^2t = 157.143mm
(Dlubal, 2016) 

2.1.2- Methodology 
Following on from the analytical solution the component then needs to be made in Solidworks to the specifications set out in the example, once the product has been made in solidworks as shown below it needs to be saved as a Parasolid (*.x_t,*.x_b) file to allow it to be imported to ANSYS Workbench. 
Once the model in solidworks is complete ANSYS workbench can be opened, and a new static structural study is created. The first step is to open the engineering data section and create material inputting the provided specifications as seen bellow: 
Modulus of Elasticity (E)= 210000.000 MPa 
Poisson's Ratio= 0.000
Once this data has been input, the Shear modulus section should update on the materials property table, ensure this is the same as the shear modulus given in the example, which shows as: 
Shear Modulus (G)= 105000.000 MPa
The geometry can then be imported into the geometry section ensuring the correct Parasolid (*.x_t,*.x_b) file is selected. 
Following this the geometry file can then be opened by double clicking the model section.  Once open ensure that the material is set to the material created previously within the geometry section.  A mesh can then be created by clicking onto the mesh section. Within this section the element sizing needs to be changed from default to half the thickness (2.5mm) and the transition option in ‘Sizing’ should be changed to slow for a more accurate mesh. 
Supports and loads then need to be added within the static structural section following figure 1. A fixed support will be added to the end face of the beam with a pressure load of 2750 pa being added uniformly across the top face of the beam. 
Finally, the output data needs to be selected in the solution section. Under the drop down ‘deformation’, selecting total deformation and the simulation can then be solved.









2.1.3- Results 
	Mesh Sizing
(mm)
	Analytical solution
	ANSYS Workbench

	
	Uz max [mm] 
	Uz max [mm] 
	% Error

	2.5 
	157.143
	157.15
	0.99

	1.5
	157.143
	157.15
	0.99

	0.5
	157.143
	157.15
	0.99


(Table 1) 
After completing the static structural study, the results can be compared to the results of the analytical solution. This showed that there was less than 1% deviation proving that the software is accurate enough and will provide reliable outputs in this study area.  Multiple mesh sizing's were explored to see how it affects the overall deviation as shown in the table above. However, all mesh sizing's tested showed the same outcome of a 157.15mm total deformation showing that the mesh sizing has not made an effect on the overall deviation proving the software to be reliable. 








2.2- Thermo- mechanical Analysis Validation
To further validate ANSYS Workbench another study is carried out to explore and validate the thermal condition tool within the software. This validation example uses a bimetallic strip that is composed of copper and invar and provides the specific properties for these materials which need to be inputted into the software.  The left end of the bimetallic strip is fixed with the right end being free, with a temperature loading of Tc as shown below in figure 4 to be 100°C. 
[image: ]
                               (Figure 3) (Dlubal, 2018)
[image: ]
                                       (Figure 4) (Dlubal, 2018)
The two materials that make up the bimetallic strip have different coefficients of thermal expansion and are frequently used within instruments to sense or control temperatures. The bimetallic strip is bending when the ambient temperature changes causing different elongations of the metals (Dlubal,2018).
2.2.1- Analytical Solution 
Invar is an alloy and has a significantly lower coefficient of thermal expansion than copper as shown in Table 2. The analytical solution is based on this approach. The formula gives the dimensionless coefficient K1 which can be used for the calculation of the equivalent stiffness. 
K1 = 4 + 6 tc/ti + 4(tc/ti)^2 + Ec/Ei (tc/ti)^3 + Eiti/Ectc
The maximum deflection of the bimetallic strip is then defined by the following formula
uz,max = (6(𝛼i−𝛼c)(ti+tc)Tc L^2/ ts^2K1) *L^2/2 = −7.049mm
(Dlubal, 2018)

2.2.2- Methodology
Firstly, the bimetallic strip needs to be produced in solidworks following the specified geometry in table 4, this strip can then be imported into an assembly file where two strips can be positioned in direct contact using suitable mates. Once produced it needs to be saved as a Parasolid (*.x_t,*.x_b) file to allow it to be imported to ANSYS Workbench.
A static structural study can then be created. The first step is to enter the engineering data tab and add two new materials, the first being copper and the second being invar. However, this time the coefficient of thermal expansion also needs to be imputed along with the modulus of elasticity and Poisson's ratio as shown in Figure 4. 
Following this the geometry can be imported ensuring the correct Parasolid (*.x_t,*.x_b) file is opened. The geometry file can then be opened and the materials for each bar of the bimetallic strip need to be assigned. The top layer needs to be set as copper and the bottom layer to be invar. Following this, the contact area between the two bodies needs to be checked, this can be done under the connections title in the design tree. Once open ensure the faces that are touching are chosen in the scope section and that the definition type is set to bonded. 
A mesh can then be created by clicking onto the mesh section. Within this section the element sizing needs to be changed from default to half the thickness (0.5mm) and the transition option in ‘Sizing’ should be changed to slow for a more accurate mesh which can then be created by clicking the generate mesh button. 
Next, a fixed support needs to be added to the left side of the beam ensuring that both faces on the end are selected. Once the fixed supports have been set a thermal condition needs to be added which can be found under the loads section. When applying this condition, the body of both bars needs to be selected and applied.  The magnitude of the temperature needs to be set to 122°C as the standard temperature for the part is 22°C and the required magnitude is 100°C. Finally, the output solution of total deformation can be added, and the solution can be solved. 

2.2.3- Results 
	Mesh sizing
(mm)
	Analytical solution
	ANSYS Workbench

	
	Uz max [mm] 
	Uz max [mm] 
	% Error

	0.1
	7.049
	7.1203
	1.01

	0.2
	7.049
	7.121
	1.01

	0.25
	7.049
	7.1213
	1.01

	0.5
	7.049
	7.123
	1.01


(Table 2)
After comparing the initial results of the study, it showed a 1.01% deviation from the analytical solution. This could be caused by the mesh sizing or down to the solver having a minor error when calculating the math, however to try and reduce this deviation, the mesh size could be adjusted to see how this affects the output.  Multiple mesh sizes were tested to explore how total deformation deviates with the change of mesh size as seen in the table above. As the mesh size was reduced the deviation reduced slightly however, they still had the same overall percentage deviation of 1.01%. As the deviation is only 1.01% the software is within tolerance to provide accurate results for further studies. 

3.0- Kinematic Simulation, Thermal Influence & Structural Analysis
This study will look how a Rigid dynamics and steady state thermal study feeds into static structural study. This study will also ensure that all boundary conditions, material properties and geometry sizing is as accurate as possible to ensure that the results provided by the software are reliable and accurate to allow for the development of the product. In this study an aluminium alloy piston made of 6061-T6 aluminium will be used as it is lighter in comparison to cast iron piston’s resulting in lower inertia forces as it accelerates and decelerates within the cylinder (Saif M, 2021). 
Aluminium 6061-T6 is one of the most widely used aluminium alloys due to its versatile performance and all-round mechanical properties. This alloy is mainly used in applications where high strength to low weight ratios are critical, for example within a motorsport application where engines are pushed to their limits while weight reduction is important (Matmatch, 2022). 
The 4 part model being used is based on the measurements from a 2.0 Ford Duratec engine as shown below:
· [image: ]Crankshaft
· Connecting Rod 
· Gudgeon Pin
· Piston 


(Figure 5) Solidworks Ford Duratec crankshaft assembly (Noble,2022 a).


3.1-Methodology
3.1.1- Engineering Data
The first step within ANSYS is to create an engineering data tab, which is found under component systems in the toolbox. This allows for a material to be created that can be used throughout the whole study. Once inputted, the engineering data section can then be opened and a new material can be created, and the properties selected. In this case the properties that need to be selected in the toolbox section are, Density, Isotropic Instantaneous Coefficient of Thermal Expansion, Isotropic Elasticity and Isotropic Thermal Conductivity.  The material properties for 6061 T6 Aluminium as shown below can then be added: 
	Poisson’s Ratio 
	0.33

	Density
	2.7 g/cc

	Thermal Conductivity 
	167 W/m-k

	Specific Heat Capacity 
	0.896 j/g-°C

	Coefficient Thermal Expansion 
	2.36E-05 1/°C


(Table 3) (MatWeb,2022) 
	Temp (°C)
	Youngs Modulus

	22
	67 Gpa

	100
	70 Gpa

	150
	68 Gpa

	200
	64 Gpa

	250
	56 Gpa

	300
	48 Gpa

	350
	41 Gpa

	400
	32 Gpa

	450
	21 Gpa

	500
	12 Gpa


(Table 4) (Noble,2022 b)


3.1.2- Rigid Dynamics
Once the material properties have been entered, a rigid dynamic study can be opened and linked to the engineering by dragging it to the Engineering data Section. The geometry previously created can then be imported in the geometry section. Once the geometry is loaded up the first step is to open geometry section in the design tree and change the material of the piston to 6061 t-6 aluminium. When uploading the geometry ANSYS will automatically create contacts which need to be deleted, once deleted it is important to turn off generate automatic connection on, refresh under the connections to ensure it doesn't create extra contact regions. 
[bookmark: _Int_pRVKvYDM]Next under the connections tab, a join connection needs to be inserted between the following parts: Crankshaft and Connecting rod, Top of connecting rod and Gudgeon pin, Gudgeon pin and piston. These connections need to be set as revolute joints to allow the parts to move. Next, a body to ground revolute joint needs to be created selecting one of the main journal bearing faces. Finally, a body to ground general join needs to be created for the skirt region of the piston changing the translation in the z axis to free. This will then simulate the piston being in a cylinder allowing it to move up and down as the crankshaft revolves.
[image: ]
(Figure 6)
A mesh can then be generated however it will not apply a mesh as there is no deformation to calculate. Under the transient section the time step can be set to 0.05 seconds and the auto time step can be turned off and set to 0.001.  The revolute joint between the crankshaft and ground can then be copied to the transient section, where the degree of freedom needs to be set to Z and the magnitude set to 4000RPM.  Finally, the joint between the Gudgeon pin and piston can be dragged down to the solution file which will create a joint probe and can then be solved. Once results have been retrieved, the maximum force needs to be selected by right clicking on it and retrieving the result.  Lastly, right click the joint probe and export motion loads and save. 



3.1.3- Steady state Thermal 
Before inputting the steady state thermal system, the static structural system needs to be inserted and linked to the rigid dynamics study. This static structural study then needs to be opened to insert the loads exported previously. 
[image: ]
(Figure 7) (Exported loads added to the piston)
At this point all bodies other than the piston can be suppressed. The piston geometry can then be opened where the stiffness behaviour can be changed from rigid to flexible, and ensure the material is set to 6061 t6. Following this a motion load can be inserted under the structural study section of the design tree ensuring the text file saved in the previous stage is imported, the static structural window can then be closed. 
A thermal study can then be inserted as a standalone system. The engineering data and geometry section of the rigid dynamics study then needs to be linked by dragging them across and the model can be opened. Once open all components other than the piston can be suppressed. The first step is to generate a mesh, the element sizing for this mesh can then be set to 4mm and a mesh can be generated. 
Then the thermal boundary conditions need to be set using convection inputs bellow: 
	
	Heat Transfer Coefficient
	Temperature (Celsius)

	Crown
	497.5
	928

	Crown Side
	447.5
	425

	Top Groove
	437.5
	190

	Middle Groove
	437.5
	190

	Oil Grove
	338.75
	163.75

	Underside
	675
	91.25

	Skirt
	462.5
	107.5


(Noble,2022 b) (Table 5)

Once these boundary conditions have been set the solution output needs to be selected. For this study the output is the temperature which can be found under thermal outputs. And the system can then be solved. 
3.1.4- Static structural
Once the steady state thermal study has been completed the solution output then needs to be linked to the setup of the static structural study and can then be opened. The first step within this study is to create a mesh for the product, the mesh needs to be set to 4mm and the transition changed to slow to allow for a more accurate mesh. To improve the mesh a sizing control will be added on the crown and the top, middle and oil groves and set this mesh to 2mm, and the mesh can then be generated. 
[image: ]
(Figure 8) (complete piston mesh)
Weak springs then need to be added to the structure of the part in the analysis settings section on the design tree to allow the geometry to have a constraint.  Finally, a pressure of 105 E+7 Pa needs to be applied to the crown of the piston. The solution outputs, Total deformation and Equivalent stress then needs to be inserted into the solution section of the design tree, and the study can then be run. 





4.0- Results
[image: ]
                      (Figure 9) (Thermal Loadings on a piston) 
Above is the output from the steady state thermal study showing the imported body temperature of the piston. When looking at the output data it shows a maximum temperature of 311.42°C on the crown and crown sides of the piston and a minimum temperature of 165.03°C at the base of the skirt and underside. The maximum temperature is shown to be on the crown of the piston as this is the area in direct contact with combustion gases, and experience the forces produced by combustion. 
[image: ]
                     (Figure 10) (Total deformation) 
The data above shows the total deformation of the piston considering the forces and thermal loading acting upon it. The data shows that there is a total deformation of 0.35117mm on the centre of the crown surrounded by a deformation of around 0.27327mm. This is caused by the temperature and pressure generated by combustion.  This deformation is also comparable to the results from another test as shown in Figure 19 & 20.
[image: ]
                     (Figure 11) (Equivalent stress) 
Finally, above are the results from the Von-Mises stress analysis. The figure shows that the stress across the crown of the piston is minimal at a value of 241.75 mpa. The most stress the piston experiences are shown to be on the piston skirts and the underside.  The stress here can also be compared to the stress shown in Figure 21. 






5.0- Conclusion
After reviewing the results provided by the testing, it showed that the piston was overall a strong product with small deformation caused by both temperature and forces being applied to the piston. The results showed that the main cause of deformation was the temperature, In FIGURE a maximum temp of 311.42°C on the crown of the piston correlating to the deformation shown in FIGURE where the deformation is shown as 0.35117mm. It is also proven to be caused by the temperature further when looking at the stress applied to the crown in figure 11, which shows a total stress of 241.75MPa. 
When looking at these results the total deformation from the cycles run is minimal but over time would add up and potentially cause the part to fatigue and eventually break. To improve the product the material being used or the way it is being produced could also be investigated. There are two ways that pistons can be produced, they can either be made in a cast or they can be forged. Cast pistons are made by taking molten aluminium and pouring it into a premade Mold to form the piston. Whereas forged pistons start off as a block of aluminium which is heated and moulded into the shape of the piston.  There are Advantages and disadvantages to both methods, cast pistons are lighter and cheaper but aren't as strong, and forged pistons are stronger but heavier (Wagner, 2022). 
To ensure the results were as accurate as possible, the mesh was refined in smaller areas of the piston, for example the piston ring and oil ring groves. The mesh in areas such as these were made smaller to allow for the calculations of stress in these areas. The mesh sizing was reduced to 2mm from 4mm in the smaller areas of the piston. However, for future experiment the mesh sizing could be refined further by adjusting the mesh size on the areas surrounding the Gudgeon pin holes and any curved areas. 
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Appendix
Static structural study 
[image: ]
Total deformation with a 0.5mm mesh.(Figure 12)
[image: ]
Total deformation with a 1.5mm mesh (Figure 13)


[image: ]
Total deformation with a 2.5mm mesh (Figure 14)


Thermal condition analysis

[image: ]
Total deformation with a 0.2mm mesh (Figure 15)
[image: ]
Total deformation with a 0.1mm mesh (figure 16) 



[image: ]
Total deformation with a 0.5mm mesh (Figure 17)
[image: ]
Total deformation with a 0.25mm mesh (Figure 18) 
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(Singh et al, 2015) (Figure 19)
[image: ]
(Mehak, 2017) (Figure 20)
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(Sonar D, Chattopadhyay M, 2015) (Figure 21)
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Material Elastic-Plastic | Modulus of 210000000 | MPa
Elasticity
Poisson's 0000
Ratio
Shear
Modulus 105000.000 | MPa
Geometry | Plate Length 1.000 [ m
Width 0050 | m
Thickness 0.005 | m
Load Plate Pressure 2750.000 | Pa





