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1. [bookmark: _Toc185173285]Introduction

This report will look into using computer aided engineering to characterise and optimize the design of a piston within an engine assembly. Within the investigation the use and limits of FEA will be critically analysed including the method that will be used in the development of the piston. 

























2. [bookmark: _Toc185173286]Methodology 
This section will look into the methodology that was followed in the FEA processes and why certain methods or choices were made. 
[bookmark: _Toc185173287]2.2. Validation and verification 
In order to for the FEA process or any other CAE process to be repeatable accurate and comparable a validation process will take place. A Validation study will determine if the “simulation agrees with the physical reality” (SimScale, 2018). There are several validation methods that can be used for a FEA process as listed below (Control.com, 2024):

· Analytical methods (hand calculations)- providing sanity checks for simulation results by calculating the loading and stress within the material. Can become very complicated when looking at bigger components. 
· Comparison to standard results- using sources from text books, well documented bench marks or industry accepted validation techniques can help to validate results or help to build a method to carrying out a FEA processes 
· Comparison to physical data- carrying out experimental testing on existing components will give real life results that the FEA results can be compared to. However this usually will increase cost, Time and complexity of the project as existing component will need to be made as well as testing procedure will need to validated.
· Comparison to other computational standards: comparison to previous results or  external results can help to validate results however discrepancy can be found between software’s, meshes and methods will occur. 


It is also important to  consider factors that will affect the accuracy of the results and look at how to mitigate of account for them. the main one being the Mesh dependency of the component and who that will affect the final results. 










[bookmark: _Toc185173288]2.3. Meshing 
 The Fea software breaks a solid model down into individual cells to solve the different equations that will apply to the geometry when a physical phenomenon is applied such as a force acting on a surface. The sizes of this mesh determines at how many points calculations take place in order to find a final result. Using Corse meshes the time to calculate is allot shorter but the accuracy goes down as they end up simplifying small parts of the geometry. On the other hand using finer meshes won’t necessarily mean that the accuracy goes up, this is due to numerical errors such as a round-off error. This is cause by limitations in the mathematical model resulting in numbers being rounded up each can stack to form massive spikes in loads on the geometry. 
To select the right mesh size a mesh study should be conducted. This will help to map out the sensitivity of the results and how they are affected by the mesh. To carry out a mesh study the Dubal example verification cases were used as seen in the next chapter. By doing this trusted results can be used to find the ideal mesh sizes for geometry 


[image: Ansys Meshing | 2D/3D Mesh Generation and Analysis for FEA, CFD][bookmark: _Toc185165812][bookmark: _Toc185168780]Figure 1: example of a meshed geometry (Ansys, 2024)



















[bookmark: _Toc185173289]2.4. Mesh study 
Using the parameters set out in the Dlubal Validation example a static solver was set up in order to calculate the deformation and stress in the geometry. The mesh size was then changed from course to fine to see how the results change. In addition to this had calculations were carried out in order toto calculate the max deflection and max stress to compare to the results from the Dlubal example 

[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc185165813][bookmark: _Toc185168781]Figure 2: values set be Dlubal for validation test (Dlubal Software, 2021)










 In addition to the deflection the max stress of the component can also be calculated as seen in the calculation bellow:
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[bookmark: _Toc185165814][bookmark: _Toc185168782]Figure 3: Graph showing how the mesh affects stress and defection
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Description automatically generated with medium confidence][bookmark: _Toc185165815][bookmark: _Toc185168783]Figure 4: fine mesh

[bookmark: _Toc185165816][bookmark: _Toc185168784]Figure 5: Corse mesh
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[bookmark: _Toc185165817][bookmark: _Toc185168785]Figure 6:Dlubal results (Dlubal Software, 2021)


From the test carried out and comparing that to the analytical and validation example several conclusions can be drawn.

· Max deflection is 0.00445% higher through the mesh study which shows the deflection for this geometry is not sensitive to mesh size 
· Max stiffness has more variation with mesh size 
· Changes from -0.015% lower to 0.21% higher as the mesh gets finer 

Comparing to the Dlubal results there is a slight variation where the standard example is 0.013% lower than the tested result. The variation could be put down to the difference in software used as the test was done in Ansys and the validated example being done in the RFEM software.
Using the comparison for this mesh study example using the 10mm or 5mm mesh size could be used with the 10mm being favourable due to the lower solve time. 
This highlights one of the limitations of CAE, known results need to be known in order to validate against the results. This works in this case but as the deformation and stress is not known for the piston this adds a level of inaccuracy to the development process. To overcome this a mesh study was carried out to map the sensitivity of the results. 



	Mesh 
	Deformation (mm) 
	Stress Mpa
	% diffrance

	30
	157.15
	329.95
	-0.015

	25
	157.15
	329.97
	-0.009

	20
	157.15
	329.98
	-0.006

	15
	157.15
	329.99
	-0.003

	10
	157.15
	330
	0.00

	5
	157.15
	330
	0.00

	1
	157.15
	330.6
	0.18

	0.9
	157.15
	330.68
	0.21


Table 1: mesh study results





















[bookmark: _Toc185173290]2.5. Piston development methodology 

This section investigates the methodology for the iterative development of the piston using the Ansys FEA software. The processes uses a fully linked system , using a ridged body, steady state thermal and static structural solver, to calculate and map  the deformation, stress and thermal load on the piston.
The first stage of the development process is to create the FEA methodology that would be followed for every run to ensure the results for each iteration to be comparable. Figure 7 show a flow chart for the 3 different stages of the FEA process.


· Engineering Data: in this tab all the material data is entered that relates to the project. The software Granta can be used in this stage to import materials .
· Rigid Dynamics: In this solver the assembly can be defined by creating joints as well as selecting the materials for each component. The solver takes each component to be infinitely ridged so no meshing is needed. Movement of the assembly can be defined and a joint probe can be used to measure the load on a particular component for a defined period of time. In the case of the piston development the pin bore was used.
· Steady state thermal: this solver uses material data and inputted thermal loads to calculate different temperatures in  the material. In this stage meshing is required and the chosen component is isolated and made flexible. 
· Static structural: Finally all of the solvers are linked together to calculate total deformation and equivalent stress using the von-mises method. The Von Mises method is suited for finding the yield strength of ductile method to asses if they will yield (SimScale, 2023). In this solver takes the geometry to b in static equilibrium meaning the forces don’t change with time. The loads from the rigid and thermal solver are also taken onto account and in the context of piston design a pressure can be applied to the crown. 

[image: A diagram of a process
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[bookmark: _Toc185165818][bookmark: _Toc185168786]




Figure 7: Flow chart showing the methodology for the FEA process

The development will start with a base run in order to get a understanding of how the piston behaves under load. In addition to this a mesh study can be done in order to assess the sensitivity of process, as there are very limited results due to the difficulty of measuring temperature and loads within an engine the results will be used to determine the mesh size. The max RPM and resultant pressure were applied to test the worst case scenario for the Ford Sigma engine.  




[bookmark: _Toc185173291]3. Baseline 
The base line test was conducted with the CAD model as seen bellow and run through the process created in the methodology . 

[image: A drawing of a crankshaft
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[bookmark: _Toc185165819][bookmark: _Toc185168787]Figure 8: CAD model of engine assembly

Once ran through the riged dynamics and stedy stated  thermal proces a mesh studey was carried out on the piston.  The mesh was changed from corse to fine with some of the runs using the sizing feature to add a finer mesh to the crown of the piston. This was done to incresas the accuracy of the surface that the pressuer would be applied to. 
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Description automatically generated][bookmark: _Toc185165820][bookmark: _Toc185168788]Figure 9: Corse mesh piston

[bookmark: _Toc185165821][bookmark: _Toc185168789]Figure 10: Fine mesh piston
 



	run 
	mesh 
	mesh 2 
	def (mm)
	
	stress (Mpa)

	1
	6mm 
	1mm
	0.38577
	
	334.89

	2
	4mm
	4mm
	0.37582
	
	324.81

	3
	4mm
	1mm
	0.39157
	
	322.24

	4
	2mm
	1mm
	0.39486
	
	319.45

	5
	2mm
	0.5mm
	0.40406
	
	319.62

	6
	1 mm 
	0.5mm
	FAIL 
	
	FAIL 

	
	
	
	
	
	







Table 2: Mesh study for piston

[bookmark: _Toc185165822][bookmark: _Toc185168790]Figure 11: Graph showing the results of the piston mesh study
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Description automatically generated]The results show that as the mesh becomes finer the stress drops and levels off with run 4 and 5 the deformation deviating by 4.7% as the mesh becomes finer. at run 6 the solver stated to have problems creating the mesh and took a significantly longer time making unfeasible to use in the development process. This was also seen in run 5 which is why a mesh size of 2mm and 1mm for the crown was chosen for the rest of the process. 









[bookmark: _Toc185165823][bookmark: _Toc185168791]Figure 12: Side view of geometry showing thermal loading results
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Description automatically generated][bookmark: _Toc185165824][bookmark: _Toc185168792]Figure 13: side view showing deformation
[bookmark: _Toc185165825][bookmark: _Toc185168793]Figure 14: isometric view showing deformation
[bookmark: _Toc185165826][bookmark: _Toc185168794]Figure 15: bottom view showing deformation
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[bookmark: _Toc185165828][bookmark: _Toc185168796]Figure 17: bottom view showing stress
[bookmark: _Toc185165829][bookmark: _Toc185168797]Figure 18: isometric view showing stress







[bookmark: _Toc185165830][bookmark: _Toc185168798]Figure 19: zoomed view of high stress point
















From the results of the full FEA proces severall areas for development can be found
· Max deflection happens at the edge of the crown with a 0.347mm movment. Howver this reagion will be hard to improve through designe as having a raidaus on the edge will lead to blow by where the flame front can pass the piston reducing powere and burning oil. Can be improved through matiral selection
· Figure 13 and 15 show small amounts of deflection near pin bore. More matiral can be removed from this surface.
· Max stress found on oil ring reases with 316.66 MPa. No designe changes can be made hear as it would reduce the performance of the oil ring. Matiral selection could deacres the stress in this loacation 
· Figure 19 shows high strss point near pin bore with 273.91MPa. suggests where matiral needs to be kept or reanforced. 





















[bookmark: _Toc185173292]4. Iteration 1 
Using a section view from the base line run and overlaying it into SolidWorks the low stress material around the pin bore could be cut out. Fillets were added to all the corners of the pin bore support in order to relive stress concentration (Calì, 2020). In cutting out the material around the high stress concentration areas 3.2 % of the mass was removed resulting in a final weight of 247.37 grams. This will have a positive effect on the engines performance as there is a reduction in inertia resulting in less forces applied to the piston, this will also allow the engine to rev up faster (HPA,2024). 
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Description automatically generated][bookmark: _Toc185165831][bookmark: _Toc185168799]Figure 20: CAD model overlayed with FEA results
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[bookmark: _Toc185165832][bookmark: _Toc185168800]Figure 21: CAD model of iteration 1

[image: ][bookmark: _Toc185165833][bookmark: _Toc185168801]Figure 22: Stress concentration with and without a fillet (Calì, 2020)
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Description automatically generated with medium confidence][bookmark: _Toc185165834][bookmark: _Toc185168802]Figure 23: isometric view showing stress
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Description automatically generated][bookmark: _Toc185165835][bookmark: _Toc185168803]Figure 24: bottom view showing stress

[bookmark: _Toc185165836][bookmark: _Toc185168804]Figure 25: side view of stress
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Description automatically generated][bookmark: _Toc185165837][bookmark: _Toc185168805]Figure 26: isometric view showing deformation
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[bookmark: _Toc185165839][bookmark: _Toc185168807]Figure 28: side view showing deformation
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[image: A multicolored object with lines and circles

Description automatically generated][bookmark: _Toc185165840][bookmark: _Toc185168808]Figure 29: zoomed view of high stress point


From the results from the first iteration several conclusions can be made:

· Reduction in mass has led to reduction in in maximum stress across the piston however increase in stress  in the pin bore brace as seen in figure 29. Results in an increase of 3% in that area
· Maximum deformation increases by 13%, this could be due to the redistribution and reduction of material that stops the piston deforming. 
· More cross bracing can be used to lower the deformation or material can be changed. 
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[bookmark: _Toc185165841][bookmark: _Toc185168809]Figure 30: thermal results










[bookmark: _Toc185173293]5. Iteration 2 

The second iteration looks to keep the mass on a similar region but crating a different shape in order to try and reduce the deformation of the piston skirts and crown. Similarly to iteration on the mass reduction is 3.2% compared to the base design. Because of this the inertia in the position is almost identical to the first iteration. 

[image: A close-up of a piston

Description automatically generated][bookmark: _Toc185165842][bookmark: _Toc185168810]Figure 31: CAD model of 2nd iteration
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Description automatically generated][bookmark: _Toc185165844][bookmark: _Toc185168812]Figure 33: bottom view showing deformation
[bookmark: _Toc185165845][bookmark: _Toc185168813]Figure 34: isometric view showing deformation

[bookmark: _Toc185165846][bookmark: _Toc185168814]Figure 35: side view showing deformation
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[bookmark: _Toc185165849][bookmark: _Toc185168817]Figure 38: side view showing stress






Iteration 2 was not a successful redesign of the piston due to several reasons.

· Although weight is only 0.2 grams heavier than iteration one both stress and deformation is higher due to the redistribution of material. 
· Max deformation is 12% higher than iteration one. Figure 40 shows areas of high deformation due to the new design. The presser applied is still able push the skirt of the piston down with only the horizontal beam resisting the movement. 
· Max stress is 5.2% higher than that of iteration one across the piston with the maximum stress found at the cross bracing  as seen in figure 39
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[bookmark: _Toc185165850][bookmark: _Toc185168818]Figure 39: max stress point on iteration 2
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[bookmark: _Toc185168819]Figure 40: Deformation in iteration 2 ( scaled by X5)

[bookmark: _Toc185173294]6. Iteration 3 and 3.2 
Using the results from the previous iterations a final design could be made. The target for this iteration was to create a low mass piston without sacrificing structural integrity. In addition to a design change a material change was also changed from aluminium 6061 to 2618 which the justification is explained bellow. For the initial design combined the angled cross brace as well as the horizontal supports. By using both of them the aim was to make them smaller which resulted in a 7.3% reduction in mass when compared to the baseline design. 
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Description automatically generated][bookmark: _Toc185165851][bookmark: _Toc185168820]Figure 41: CAD model of iteration 3.1













[image: A rainbow colored object with holes

Description automatically generated][bookmark: _Toc185165852][bookmark: _Toc185168821]Figure 42: thermal results for iteration 3.1
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[bookmark: _Toc185165854][bookmark: _Toc185168823]Figure 44: isometric view of deformation

[bookmark: _Toc185165855][bookmark: _Toc185168824]Figure 45: side view of deformation
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[bookmark: _Toc185165857][bookmark: _Toc185168826]Figure 47: bottom view of stress

[bookmark: _Toc185165858][bookmark: _Toc185168827]Figure 48: side view of stress




From the results several ideas for redevelopment where made which lead to the 3.2 redesign in figure 50.
· The max deformation reduced by 5.6% when compared to base line. It was also redistributed to the to of the piston skirt as seen in figure 49. Combination of horizontal and diagonal supports helped to achieve this.
· Max stress however increased by 12.7%, witnessed at the bottom of the oil ring grove. The diagonal support stress also increased to 336.89MPa 
[image: A computer generated model of a machine

Description automatically generated][bookmark: _Toc185165859][bookmark: _Toc185168828]Figure 49: shows max stress in iteration 3.1









Using this information a second design was made by putting an extra support to join the 2 support beams as seen in figure 50. this was done as all of the maximum stresses at the support beams were over the ultimate stress of the 6061 T6 alloy. The aim of the added support was to try and spread the load across the pin bore support structure. 
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[bookmark: _Toc185165860][bookmark: _Toc185168829]Figure 50: CAD model or iteration 3.2
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[bookmark: _Toc185165862][bookmark: _Toc185168831]Figure 52: bottom view of deformation
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[image: A computer generated image of a stool

Description automatically generated][image: A wireframe of a circular object

Description automatically generated][image: A blue and yellow object with text

Description automatically generated][bookmark: _Toc185165864][bookmark: _Toc185168833]Figure 54: isometric view showing stress
[bookmark: _Toc185165865][bookmark: _Toc185168834]Figure 55: bottom view showing stress
[bookmark: _Toc185165866][bookmark: _Toc185168835]Figure 56: side view showing stress





· The maximum stiffness was reduced by 10% from iteration 3.1 with the cross bracing experiencing a maximum of 327.21 MPa. This is still above the UTS of the 6061 alloy and because of this a material change should be made. 
· Maximum deflection increased by 40% from 3.1 which shows that the material choice is not suitable for a light weight performance piston. 


Because all the designs proposed have max stresses that are above 290MPa UTS of the 6061 alloy the next step was to look into making a material change. This created a problem that can be applied to allot CEA tools that use materials. That being that no accurate data was available to enter into the steady state thermal solver for the heat transfer coefficient. To overcome this the same values that were used for the 6061 tests was used, this in turn would create a inaccuracy when compared to real life testing. 


[bookmark: _Toc185173295]6.2. iteration 3.2 material testing 

the material chosen to replace the 6061 t6 aluminium alloy was the 2618 aluminium alloy. This was chosen as it boasts better ductility, fatigue life as well excellent high temperature strength (JE pistons , 2022). It is also a common material used in performance pistons. This is evident from an analysis from the Granta material data which can be seen in figures 57 and 58.
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[bookmark: _Toc185165867][bookmark: _Toc185168836]Figure 57: comparing young’s modulus for 2618 T6 (left) and 6061 T6 (right)
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[bookmark: _Toc185165868][bookmark: _Toc185168837]Figure 58: Comparing the fatigue strength of 2618 T6 (left) and 6061 T6 (right)


The material was run through the same methodology as in the rest of the test. The same sigma data was used for max pressure and RPM. The material data was also entered into solid works to find the mass of the piston. 
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Description automatically generated][bookmark: _Toc185165869][bookmark: _Toc185168838]Figure 59: zoomed view showing max stress point in iteration 3.2 using 6061 alloy
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Description automatically generated][bookmark: _Toc185165870][bookmark: _Toc185168839]Figure 60:  max stress point on iteration 3.2 using the 2618 alloy













From figure and we can see that whilst the stress in the material has risen across the piston in the 2618 alloy it is 10.7% lower than its ultimate tensile strength. It is also observed that the maximum stress of 431.87MPa is experienced at the oil grove and has moved away from the pin bore supports. The maximum displacement has also been reduced by 37% compared the iteration 3.2 using the 6061 alloy. However as seen in figure 61 the max displacement has is seen on the edge of the crown which could result in an increase in combustion blow by. This would show that the piston could handle the maximum pressure felt in the sigma engine. Whilst the piston is 6 grams heavier than the 6061 variant it’s still a 3.8% lower than the original piston design. 
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[bookmark: _Toc185165871][bookmark: _Toc185168840]Figure 61: max deformation on the 2618 piston
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Whilst the thermal properties of the 2618 alloy are better on paper this could not be modelled in the FEA software due to the lack of data available both had an almost identical thermal model due to the same data being used across the test with the only difference being in peak temp. 

[bookmark: _Toc185173296]7. Conclusion 

In conclusion the Finite element analysis process is a very powerful tool that can be used to assess the performance of different components and systems, however it’s not without its limitations. the FEA process can give very accurate results and allows engineers to predict failure points and gain an understanding of how a component will perform. This allows engineers to optimize the design or predict the life of a component, in a motorsport setting this can be very critical to make sure the car is performing at its maximum as well as making sure it gets to the end of a race. Several considerations into the limitations of FEA have to be made. The accuracy of the results from the FEA process relies on accurate information being inputted into the system. both material data and load data need to be supplied to be able to model how the component reacts. In addition to this time needs to be spent adjusting solver settings and mesh sizes to be able to get realistic results. In addition to this validation and verification of the results are very important in order to make sure the results are comparable to real life. For this to happen testing has to be done on physical components and materials. 
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