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[bookmark: _Toc122296511]Abstract

This report analyses the structural loadings & fatigue a piston in a four-stroke engine endures using computer aided engineering (CAE) software’s. The specification of the components in this study are those from a 1.6l Ford Sigma. Components are produced & assembled in SolidWorks then analysed in Ansys Workbench 19.2. The results gained from this study predict the maximum & minimum temperature, deformation & stress during the time of the pistons cycle where it experiences the highest force upon it. Using the results obtained from Ansys a study to optimize the piston is carried out.
1. [bookmark: _Toc122296512]Introduction

Computer aided engineering & the tools included in these types of software’s have become increasingly useful as well as dominant over the years. Which is why the focus of this report will be to simulate the testing of real-world systems modelled in a computational environment. Within the report various components will be modelled & assembled then tested under realistic operating conditions in an aim to study the components structural loadings and fatigues, improving them where possible using the tools available in the CAE software. 

The software’s that will be used in this report are SolidWorks & Ansys Workbench 19.2. The components will be designed and built within SolidWorks then imported into Ansys Workbench 19.2 for testing elements. 

The studies which will be conducted in this report are on the structural loadings and fatigue life of a piston during an engines cycle. The assembly being replicated in this report is that of a 1.6 Sigma, an engine introduced by ford in 1995 used in production of selected vehicles until 2004 (FordAuthority, 2006).

2. [bookmark: _Toc122296513]Literature Review
2.1. [bookmark: _Toc122296514]Computer Aided Engineering (CAE)

Conventional development of products usually employs a design, build & test philosophy. In the past this philosophy came with consequences such as long lead times and more costly products due to the time and money spent on the design and testing of the physical prototypes being developed (Chang, 2016). However, computer aided engineering has changed this scenario resulting in large popularity throughout industry as a whole. It allows for designers and engineers to develop products while testing performance & reliability without having to make a physical version. This is the reason why computer aided design/engineering is seen to hold the potential to shorten overall product development times, improve the quality of the final product due to the ability to constantly test and change the product within software’s without costing anything other than the time invested & finally, reduce the overall cost of the whole process (Chang, 2016).

2.2. [bookmark: _Toc122296515]Finite Element Analysis (FEA)

3. [bookmark: _Toc122296516]Validation

In order to validate a set of data, it should be cross referenced with another set, the difference if any between the two sets is a representation of how accurate the data is. In order to validate the data from Ansys Workbench 19.2 it will be compared to a set of data completed analytically. All input data will be the same in both methods of calculation and the results displayed in a table for comparison.
3.1. [bookmark: _Toc122296517]Cantilever Beam (Structural Loading) 
To begin the validation of the cantilever beam the data shown in table 1was obtained so that the data in both methods can stay consistent and therefore fair. The source where the case data came also provided an analytical example of the case study for reference and the results are also shown below in table 2, the Uz max (max deformation) result is what will be compared from both methods.
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Table 2. Cantilever beam nalytical results (Dlubal, 2016)

Table 1. Case study data for cantilever beam with uniform loading (Dlubal, 2016) 




With data and a analytical result obtained work on the simulational side can now begin, starting by constructing the cantilever beam in SolidWorks using the data from table 1. 
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Figure 1. Cantilever beam in SolidWorks




Once the cantilever beam is constructed it can be exported into Ansys Workbench 19.2 and tested, in this case with a static structure solver. Begiining with inputting the data for the material properties which are listed in table 1 which can then be applied within Ansys to the beam. Next in the process is creating the same scenario, in this case one end of the beam is fixed and a load of 2750Pa is applied across the beam evenly. Finally the mesh for the beam is generated, 5 mesh element sizes were selected as they can affect the result, the case was then solved again for each one. In this case the element size gave different results between 20mm & 10mm, then the same from 10mm to 1mm. this point where a reduction in mesh element size no longer affects the result is called ‘mesh independence’ and is represented in Figure 2. Independence within a mesh element size reaches a point where the data can not be refined through a mesh any longer, at this point result is as accurate as possible (Phys, 2019). Figure 3 shows the result for total defformation in Ansys & table 3 shows a comparrison of the results via the two methods of calculation.
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Figure 2, Graph showing mesh independence (Excel, 2022)
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Figure 3. Cantilever beam total deformation result in Ansys Workbench 19.2
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Table 3. Results comparison table for cantilever beam



As shown by the percentage difference in table 3, the difference between the analytical & simulated results is less than 1%. The mesh element sizes I selected are also displayed, however the change had no effect on the result in this case. Overall, from the comparison of results it can be seen that the data Ansys supplies for a structural load study is accurate & valid. 

3.2. [bookmark: _Toc122296518]Bimetallic Strip (Thermal Loading)
The Bimetallic strip case was used to test the validity of thermal results in Ansys Workbench 19.2. Much like the first validation a case study with an analytical result was used to compare results. Both the case study and analytical results are shown below in Tables 4 & 5. 
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[bookmark: _Toc122296519]Table 5. Bimetallic strip analytical results (Dlubal, 2016)


Table 4. Case study data for Bimetallic strip (Dlubal, 2016)




A bimetallic strip is made up of two types of metal bonded together, to create this in SolidWorks two identical strips were made and then assembled as shown in figure 4.
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Figure 4. Bimetallic strip assembly in SolidWorks



Once imported into Ansys Workbench 19.2 the study could be carried out, even though this validation is thermal a static structure solver was still used as it allows for a thermal load to be applied within it. Copper & Invar along with their modulus of elasticity and poison’s ratio were created and applied to the corresponding strips. The scenario was created with one end of the strip fixed & a thermal increase in 100◦C applied & like the first validation 5 mesh element sizes were selected and  a simulation carried out for each. 
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Figure 5. Bimetallic strip total deformation result in Ansys Workbench 19.2
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Table 6. Results comparison table for bimetallic strip



Reviewing the results from Ansys it is clear that they have not fluctuated much from the analytical result of 7.049mm once again proving Ansys to be valid, in this case with a thermal based study. This time the change in mesh element sizes did have an effect but it was very minuscule, 0.003mm between the largest and smallest element size.
4. [bookmark: _Toc122296520]Cad Modelling & Assembly 
To begin the study components must be produced & assembled within SolidWorks. As previously mentioned, the 1.6 Ford Sigma assembly will consist of a crankshaft, connecting rod, gudgeon pin & piston. These components are displayed in their SolidWorks form below.
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Figure 5, Ford Sigma components (SolidWorks, 2022)
4.1. [bookmark: _Toc122296521]Assembly 
The figure below shows all previously listed components together as an assembly.
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Figure 6, Assembly of Ford Sigma components (SolidWorks, 2022)
5. [bookmark: _Toc122296522]Kinematic Simulation, Thermal Influence & Structural Analysis
5.1. [bookmark: _Toc122296523]Ansys systems

Now that the components have been constructed & assembled, the assembly is imported into test the piston within Ansys to develop a product that meets the aims. Using several linked systems as shown in figure 7 This is achieved. Each system plays a crucial role in providing the data needed for this report and are broken down into more detail below: 
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Figure 7, Ansys systems (Ansys, 2022)
5.2. [bookmark: _Toc122296524]Engineering Data
To begin this process of research and development a baseline must be set, for this project the baseline is in the form 6061-T6 aluminium being applied to the piston. To do that within Ansys requires material properties including density, coefficient of thermal expansion, isotropic elasticity & more. With the properties sourced the material is created within Ansys using the engineering data tab shown in Figure 8. 
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Figure 8, Engineering data tab (Ansys Workbench 19.2, 2022)

5.3. [bookmark: _Toc122296525]Rigid Dynamics
With 6061-T6 now a material the assembly previously made in SolidWorks can be imported into a rigid dynamics system. This system allows for boundary conditions and connections between components to be applied. The joints & boundary conditions within this system are listed below:
•Crankshaft to connecting rod (revolute)
•Connecting rod to gudgeon pin (revolute)
•Gudgeon pin to piston (revolute)
•Crankshaft to ground (revolute)
•Piston to ground (free in Z translation)
With boundary conditions and connections between components defined a transient study can be used to apply a rotational velocity to the assembly, in this study it is set at 4000RPM.  Finally, a joint probe is introduced using a connection created earlier between the gudgeon pin and the piston to measure the total force acting on it. These results are exported to be re-introduced into the study as a later date. In this case the maximum force across the time period is selected as the deformation and stress analysis of the piston will be conducted in a static structure solver meaning only 1 position can be selected & due to the parameters being analysed in this report the maximum force is the most suitable.
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Figure 9, Rigid solution (Ansys, 2022)
5.4. [bookmark: _Toc122296526]Static Thermal

 This system allows for a thermal study to be developed on the piston; this is important as it allows for a more realistic data due to the fact temperature has an affect on material property degradation. To begin the study all bodies in the system other than the piston are suppressed, this does not erase them but rather tells Ansys it does not need to analyse any component other than the piston itself. Convection inputs are then applied to the various sections of the piston which allows for a thermal profile to be built around the conditions each section experiences. This data can then be used in the structural study as a thermal load on the piston.
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Figure 10, Static thermal solution (Ansys, 2022)
5.5. [bookmark: _Toc122296527]Static Structural 
This study starts by importing the motion loads that where previously exported from the rigid study into this system, following this the thermal solution is also linked. With all loads present within the system a mesh element size of 1mm is generated and the system is calculated. The results from this study give the total deformation and equivalent stress of the piston at the point in its cycle where it experiences its highest total force.
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Figure 11, Total deformation (Ansys, 2022)
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Figure 12, Total Stress (Ansys, 2022)
5.6. [bookmark: _Toc122296528]Optimizing the piston

With a baseline set attempts to improve piston performance are made. Via research two other materials commonly used in piston production have been selected to see if they have an affect on the results. The two materials selected are 2618-T61 aluminium commonly used in the aftermarket forged piston market as well as 4032-A, another commonly used aluminium in the vehicular industry for piston production. 
6. [bookmark: _Toc122296529]Results
6.1. [bookmark: _Toc122296530]6061-T6
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6.2. [bookmark: _Toc122296531]2618-T61 Aluminium
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6.3. [bookmark: _Toc122296532]4032-A

[image: Graphical user interface, application, Word

Description automatically generated]

[image: Graphical user interface, application, Word

Description automatically generated]

6.4. [bookmark: _Toc122296533]Material Analysis

All results displayed above were obtained at mesh independence meaning they are as accurate as possible, the selected element sizes included 5mm ,4mm ,3mm ,2mm & 1mm with independence being achieved at 2mm.

Figures below display the baseline 6061-T6 aluminium as well as the two introduced in an attempt to improve the pistons ability in resisting the forces and temperature loads experienced at the maximum value within the cycle compared with one another in terms of temperature, stress & deformation.
6.4.1. [bookmark: _Toc122296534]Minimum & Maximum Temperatures

[image: ]
[bookmark: _Hlk122285355]Figure 13, Bar chart showing temperatures experienced by the piston using selected materials (Excel, 2022) 

Observing the results displayed within figure13 it all appears to be very close between the 3 materials, this is due to the fact they are all aluminium alloys and share very similar properties. However, studying the numbers 2618-T61 has both the highest & yet also the lowest temperatures experienced when solved in a static thermal system. This is due to the thermal conductivity of the material which is 146 W/m-K (Azom, 2022). Comparing this to the lowest maximum temperature experienced by 6061-T6 which has a thermal conductivity value of 167W/m-K (Azom, 2022), it is obvious that the higher the value of the materials thermal conductivity reflects in its minimum & maximum temperatures. This is since a higher thermal conductivity value means the material absorbs heat more easily than a material with a lower value yet dissipates it more efficiently. The science behind this fact is that a material with a higher thermal conductivity value has more free electrons, within a metal these electrons can move through the solid material hence a more effective transfer of heat (Makinson, 2008). On the contrary, a lower value does the opposite due to the material having fewer free electrons meaning it takes a longer period for heat to be absorbed as well as dissipated. 



6.4.2. [bookmark: _Toc122296535]Minimum & Maximum Stresses 

[image: ]
Figure 14, Bar chart showing stress’ experienced by the piston using selected materials (Excel, 2022)
Figure 14 displays minimum & maximum stresses experienced by the pistons using the 3 selected materials. In the case of this study the focus will be on the maximum values when it comes to the matter of stress as the aim is to reduce the loads experienced by the piston. The lowest maximum stress experiences throughout the 3 materials are that of the 2618-T61 aluminium. This shows that 2618-T61 is the material with the highest strength properties which results in a higher resistance to the forces acting upon it.  

6.4.3. [bookmark: _Toc122296536]Minimum & Maximum Deformation

[image: ]
Figure 15 Bar chart showing deformation experienced by the piston using selected materials (Excel, 2022)

Figure 15 shows the minimum & maximum deformation of the 3 materials applied to the piston within this study. In this case we are focusing on the maximum values much like the analysis of figure15, this is due to the fact the material that deforms the least deals with the forces applied upon it the best. Studying figure14 it would seem that the material experiencing the least stress would deform the most, however this is not the case & 4032 has the lowest deformation by 0.05053mm when comped to the next closest result belonging to 2618-T61. This shows that even though it experiences the highest stress it absorbs it with great efficiency resulting in a lower deformity. It is also important to note however that this could be an anomaly within a solver input providing a false result, if so the error would lie in the young’s modulus section of the engineering data for the material. For this reason, the inputs were checked and rely consistent with the source in which all material data came from (AZO Materials). In the case it is not an anomaly it would prove that 4032 is in fact a stronger material than 2618-T61. 
7. [bookmark: _Toc122296537]Topology Study
[bookmark: _Hlk122295249]Taking this study further a topology study can be conducted, this system in Ansys provides the ability to optimize structural design whilst minimizing waste (Jankoviks, 2018). In this specific study it enables for selection of material that can not be interfered with such as faces under high forces or areas with connections where another component is supported. In terms of the piston areas that could be edited are as below:
•Crown
•Crown side
•Grooves
•Gudgeon pin to piston link
Areas that are suitable for modification:
•Underside areas that aren’t crucial in support of the piston
•Piston skirt (main areas for improvement in thickness of wall)
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Images above show the systems linked exporting material properties from the engineering data system to the topology study & the topology study with the piston. However, as much as results from this study would be extremely informative as well as allowing for more iterations of improvement to be made, the study would not solve. The reason for this was an under definition of the piston itself, however the piston is a very accurate replica of the Ford Sigma 1.6l piston. This may be a error in the solver or a limitation within Ansys. 

The study isn’t a total loss however as the research into this type of improvement allows for assumptions to be made. Below is a study conducted on a cantilever beam with a load of 3000N applied upon it.
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[bookmark: _Hlk122294878]Figure 16 Topology study of a canilever beam after 5 iterations (Jankoviks, 2018)
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Figure 17 Topology study of a cantilever beam after 40 iterations (Jankoviks, 2018)

As can be acknowledged from the figures 16&17 the un-necessary material (waste) removed within 40 topology iterations had a rather surprising affect on the stress & deformation in which the beam cantilever beam endured. For a large amount of material loss, the deformation of the beam didn’t increase by much. This allows for the assumption that material removed from the piston studied in this report could have indeed been improved through this study by removing waste material reducing the pistons mass whilst not sacrificing the equivalent amount of strength, which for obvious reasons is ideal in a system where rotational inertia and high force loads are included.
8. [bookmark: _Toc122296538]Conclusion

To conclude this report the limits of CAE were indeed tested and both positive and negative aspects experienced. SolidWorks allowed for accurate modelling & assembly of components needed to carry out an Ansys study. Within Ansys many great features were available in the forms of a variety of systems and solvers which supplied us with accurate results validated by analytical comparisons.

Reviewing the data produced by Ansys a decision on the most suited iteration of the piston can be made. In this case the decision due to revision of data appears to favour 2618-T61, the material allowed for dissipation of heat at a higher rate than any other proved by the results in section 6.4.1. which is a valuable property in terms of a piston as the higher amount of heat that can be transferred from it into the cylinder walls allows for a lower cylinder temperature in turn yielding a improved volumetric efficiency. As well as its ability to dissipate heat 2618-T61 also endured the least stress, this raises the question of its deformity values which were higher than the values of 4032 aluminium. However, the likelihood of this being an anomaly rather than an absolute are higher due to the fact the study of the thermal and stress analyses doesn’t correlate with this result. Finally, with a working topology study 2618-T61 could be further improved making it even more the dominant choice.

Overall, CAE is a useful tool for engineers with many great abilities within. Over the whole study only 2 limitations were encountered, the obvious one being the topology error & the fact Ansys struggles with mesh sizes below 1mm.
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3.1, Cantilever Beam (Structural Loading)
To begin with the validaton alldetil fr the case of the Cantilever Beam case are obtained
o that an analytcal and simulation working can b calculated fuicy.
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3.1, Cantilever Beam (Structural Loading)

To begin the validation of the cantilever beam the data shown in fable Iwas obtained so that the inuts

in both methods can stay consistent and therefore fair. The source ffom where this data came also

vided an analytical example of also shown below in tabie 2.
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Table 1. Case detal forcatlover beam it wform loading
With the input data.
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Result Difference Vs Mesh Element Size

o
o
@

o
o
N
&

o
o
5]

0.015

Result Difference (mm)
o
o
2

o
o
S
@

IS

20 15 10 5
Mesh Element Size




