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Introduction:
FEA is an essential software in modern engineering and manufacturing as a tool to predict the properties such as strength, fatigue, thermal performance and safety factor of a part before it is manufactured. This is very effective for efficient engineering by not having to spend large amounts of time and money to manufacture a part that will later fail unpredictably or not work as it was intended. 

FEA software can do this by creating a mesh of any CAD model which must then be set-up in a realistic way using the appropriate boundary conditions to accurately determine the future properties of a part that will be manufactured. In motorsport this is used extensively on brakes, suspension and engine components in order to maximise the performance and optimise these components whilst still maintaining an acceptable safety factor. 

Even though FEA is so widely used, it still has its own limitations in the process that need to be overcome to an acceptable degree of accuracy therefore in this paper using a piston, con-rod and crankshaft assembly is used as a test subject with the main aim to point out and evaluate some of those limitations in what FEA is an isn’t capable of.


Literature review:
FEA is a numerical, computerised approach to predicting how products will perform in real-world scenarios. FEA has become a very widespread application in the design process within many different industries, especially those working with very close tolerances or those that could have a catastrophic event in the case of failure. This includes but is not limited to manufacturing, aerospace, defence, motorsport and automotive, architecture and civil engineering. (Maple Facades, 2025)

Based on (Ansys, 2024), FEA works by discretising a complex model by breaking it up into thousands or millions of simple geometric shapes, notably hexahedrals, tetrahedrals or polyhedrals. These geometric shapes are connected that ‘nodes’. This process is known as meshing and allows the software to calculate for the desired variables at each one of these nodes.
The component needs to be set-up in the software with any loads or temperature for example acting on the areas realistically to how they would in a real-life example. This is an area where even a small mistake can result in a large variation in the result. From there the software uses basic and complex physics equations and solvers to perform calculations simultaneously at each of the nodes.
It can then give a result displaying whatever desired variable, such as deformation or temperature, with the result display colour coding different areas of the mesh depending on the results showing the max and minimum stress areas clearly. 

It is used in the design process before any product goes into the manufacturing stage. This is because the product can be tested with its performance predicted by simulating it first before spending significant costs to manufacture something that is uncertain to work effectively. It is also used as an essential safety tool to determine factors of safety in components that may have a catastrophic failure such as a bridge. It is also used to calculate the fatigue life of a product or structure to determine that it will continue to work for the given time period, and after a determined number of cycles or years it may need to be replaced. This gives the company making the product, or bridge in this example much more confidence that their product will be safe for time to come, won’t suffer an unforeseen failure and will serve its intended purpose in the first place without having to spend to manufacture it. 

There are multiple limitations in FEA, the largest one being that the output results are only as good as the inputted set-up and boundary conditions. This depends entirely on the engineer performing the set-up correctly and inputting accurate data into FEA software. While it is a tool to mimic the real world, it can’t replicate reality. There are cases where very complex geometry, complex physics, unknown or infinite boundaries will all lead to an approximate, not perfect result. Complex models and physics also require very high computational power and may take many hours to solve. (Ansys, 2024)



Set-up of assembly modelling:
In this study, the following piston, gudgeon pin, con-rod and crankshaft assembly was used.
[image: A crankshaft and pistons

AI-generated content may be incorrect.]
Set-up and constraints of the assembly:
Piston - Gudgeon pin: The piston is joined to the gudgeon pin by use of a revolute joint, allowing the piston to only rotate on the z axis around the gudgeon pin.
Gudgeon pin – Connecting rod: The gudgeon pin is connected to the small end of the connecting rod by a revolute joint allowing the pin to rotate in the z-axis as the connecting rod pivots through its revolution. 
Connecting rod – Crankshaft: The big end of the con-rod is connected to the crankshaft crankpin by a revolute joint allowing the con-rod to rotate in the z axis around the crankshaft as it pivots through its rotation. 
Crankshaft to ground: The crankshaft main journals are joined to ground with a revolute joint keeping the crankshaft in the same place, whilst still allowing it to rotate in the z axis. 
Piston to ground: The piston skirt is joined to ground with a general joint, which is a joint that can be configured in many ways, in this example only allowing translation in the x axis such that the piston can reciprocate up and down.
[image: A screen shot of a computer program

AI-generated content may be incorrect.]
The joint between the piston and gudgeon pin was copied into the transient section to apply a rotational velocity of 4000RPM to the system, which created data for 
From this the data at the point at which tensional force is greatest, when the piston changes direction at TDC, is saved as a motion load and imported as a joint probe to set the loads for the static structural later performed. 

[image: A screenshot of a computer program

AI-generated content may be incorrect.]Before the static structural analysis was performed, first the thermal loads were added to different sections of the piston based on its operating environment. The two values are heat transfer co-efficient (W/m^2) and Temperature (°C)
	Area
	Temperature
	Heat transfer co-efficient

	A – Piston crown
	928.5 C
	497.5 W/m^2

	B - Piston crown side
	425 C
	447.5 W/m^2

	C - Compression ring 
      grooves
	190 C
	437.5 W/m^2

	D - Oil ring groove
	163.75 C
	338.75 W/m^2

	E - Piston skirt
	107.5 C
	462.5 W/m^2

	F - Piston underside
	91.25 C
	675 W/m^2



The piston underside has the lowest temperature and the highest heat transfer co-efficient as is gets sprayed by a constant flow of engine oil, keeping its temperature around the same as the oil and allowing heat to be drawn away by the oil. The result of the thermal load study was then pulled into the structural analysis to give temperature dependant results. 
For the structural analysis now the motion loads previously saved are imported into the study. 
[image: A computer generated image of a piston
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A pressure of 10.5MPa was added to the face of the piston to simulate the combustion pressures. A fixed support was also added to the gudgeon pin hole which was not included in the example. This is covered later in the paper in the piston comparison. The static structural calculation was then performed for total deformation and von-mises stress. 

Materials used:
In this paper there will be 3 different material used for the piston evaluation. Structural steel is also used for setting up the kinematics of the assembly but as it is not included in any other analyses, it is not evaluated. 
The materials that will be used for analysis are 2 varying allows of aluminium and 1 alloy of steel. 
6061-T6 aluminium alloy
6061 is a versatile alloy which has got many uses within motorsport, aerospace, marine, structural and the defence industries. It is alloyed mainly with magnesium and silicone which gives it excellent strength to weight, has good formability making it easy to machine into complex parts and weld. It can also be head treated for more high strength chassis applications. It is very common in motorsport applications, particularly wheels, suspension, chassis, drivetrain components and aerodynamic devices.
2618-T6 aluminium alloy
2618 is a specialist alloy in motorsport, being the most desirable alloy for making pistons. This is because it is alloyed with copper, which gives it the properties of absolute high strength and ductility, which allows it to flex slightly under extremely high load which is great for detonation resistance. The copper also allows it to maintain greater strength at the high operating temperatures of motorsport engines. It has a higher expansion rate meaning it creates more piston slap noise than other alloys at startup which goes away as it warms up. This is an acceptable trade-off for engines that are pushed to their absolute limit. 
8650 steel oil quenched and tempered at 315 C
This alloy has been used for creating experimental pistons by a company (dePrato, 2016) for a Ducati Panigale 1299, a high revving, high power motorcycle and various other diesel applications. As steel has a much higher strength and stiffness than aluminium, the pistons can be made much smaller with shorter skirts and distance from piston crown to the first piston ring. This will prove as a good comparison to the properties of aluminium.

[image: A graph with a line

AI-generated content may be incorrect.]6061-T6 AluminiumYoungs modulus for 6061 with temperature

	Properties
	Value

	Poissons ratio
	0.33

	Co-efficient of thermal expansion (22  C)
	2.36e-05  C^-1

	Thermal Conductivity
	167 W/m. C

	Specific heat capacity
	896 J/Kg

	Density
	2712.9 Kg/m^3



[image: A graph of a temperature

AI-generated content may be incorrect.]2618-T6 AluminiumYoung’s modulus for 2618 with temperature

	Properties
	Value

	Poissons ratio
	0.33

	Co-efficient of thermal expansion (22  C)
	2.14-05  C^-1

	Thermal Conductivity
	151 W/m. C

	Specific heat capacity
	875.5 J/Kg

	Density
	2750 Kg/m^3



8650 Steel – oil quenches and tempered at 315C
	Properties
	Value

	Poissons ratio
	0.29

	Co-efficient of thermal expansion (22  C)
	1.15-05  C^-1

	Thermal Conductivity
	40 W/m. C

	Specific heat capacity
	480 J/Kg

	Density
	7850 Kg/m^3






Static Structural and Thermal analysis:
[image: A screenshot of a computer

AI-generated content may be incorrect.]Figure – workflow showing each run for the 3 materials


The flow of work had to be done individually as above for each material as the motion loads were different as the material properties had changed.
[image: A drawing of a cylinder

AI-generated content may be incorrect.][image: A blue and brown object with a hole

AI-generated content may be incorrect.]In the example given, weak springs were used during the static structural calculation to keep the piston in one place. Weak springs work as if there are very weak springs acting on every surface of the component, in this case the piston, to keep it in place so that the solver can calculate, whilst also not having a large effect on the results. A limitation with this is that sometimes the weak springs are insufficient to create a grounded point in space for the piston, which causes the calculation to get stuck, so another support needs to be added. For the analysis performed, I tested the following 2 fixed supports.
Figure – Piston skirt fixed supports
Figure – Piston gudgeon pin fixed supports

Whilst the gudgeon pin fixed supports is most accurate to what you might expect from a real example, it created undesirable results on the piston crown and restricted the output around the gudgeon pin holes as they were now supported, so for the purpose of fair comparison, the piston skirt fixed supports were used for all materials. As the piston skirts don’t see high deformation or stress anyways, this created the least impact on the results.

[image: ][image: ]Figure – 6061-T6 with piston skirt supports
Figure – 6061-T6 with gudgeon supports

Using the above 6061-T6 alloy as an example, on the left side the gudgeon pin hole was used as a support and the right has the piston skirt as a support. In the given example the peak deformation was 0.349mm in the middle of the crown of the piston which is not seen with the gudgeon pin supports. The difference in deformation with the gudgeon pin supports is 17.8% whereas with the piston skirt supports is 7.95% which is more accurate and has a profile which is more similar to what is expected. Using piston skirt supports also allows us to view the deformation on the gudgeon pin which is more relevant than viewing deformation across the piston skirt as it isn’t a focus point of stress. These margins are larger than desired I believe due to the use of extra supports, however it is the closest I have managed for this example and so for these reasons, the piston skirt supports will be used for further comparisons.

Mesh:
In all piston examples the same mesh was used to create comparable results. The main body, sides and underside of the piston was meshed with a 4mm mesh with a 2mm sized mesh placed on the crown of the piston to create higher detail in this area as it is the main area of observation with the peak deformations and temperatures occurring. As shown later in the validation section the size of the mesh will alter the calculations performed by the FEA solver and so the mesh was kept consistent throughout these piston examples. 




[image: A colorful object with a black background

AI-generated content may be incorrect.]Deformation:The deformation across the piston crown for this 6061-T6 piston is evenly spread across the crown. This is because the 6061 has a lower Young’s modulus at higher temperatures compared to the following 2618 piston alloy, it faces greater deformation across a greater area of the piston crown. 



Figure – 6061 T6 total deformation

[image: A multicolored object with text

AI-generated content may be incorrect.]The deformation across the crown for 2618 is more centralized in the middle of the crown for the above reasons, as it maintain its strength better at higher temperatures. An example of this can also be seen in the gudgeon pin hole deformation, as they are the same between the 2 alloys as the gudgeon pin holes see much lower temperatures than the piston crown


Figure – 2618 T6 total deformation

[image: A colorful object with text
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This example with the steel alloy is a further exaggeration of this, with smaller area of centralised deformation and a lower max deformation than both aluminium alloys by 51%. This proves how the FEA solver factors in all elements of the material properties to create a more realistic result.


Figure – 8650 steel total deformation




Von-Mises stress:
[image: A colorful object with text

AI-generated content may be incorrect.]The 6061-T6 alloys’ peak von-Mises stress is the lowest of all tested materials. As it also has the lowest Young’s modulus as mentioned it has the highest amount of elasticity which increases its deformation as seen above but reduces internal stress as the stress is ‘absorbed’ by the deforming of the metal.
Figure – 6061-T6 von-Mises stress


[image: A multicolored object with text

AI-generated content may be incorrect.]The area of concentrated stress between the alloys are in the same place around the bottom of the oil ring groove, and so this is consistent however 2618 reaches higher peak stress as it is less elastic. There is also an area of high stress on the lower gudgeon pin hole which is consistent with the aluminium alloys.
Figure – 2618-T6 von-Mises stress


[bookmark: _GoBack][image: A model of a cylinder

AI-generated content may be incorrect.]Figure – 8650 steel von-Mises stress
8650 steel faces the highest peak von-Mises stress as it is faces the least deformation due to the nature of steels inherent stiffness. This only occurs around the bottom of the oil ring groove and not on the lower gudgeon pin hole. These stress numbers seem excessive to be acting only on the oil ring groove, and not on either of the compression ring grooves. I believe this result is due to an inaccuracy within the solution.



Temperature profile:
[image: A colorful object with text

AI-generated content may be incorrect.]6061-T6 alloy has the most spread out temperature profile of the 3 materials as it has the greatest specific heat capacity and thermal conductivity, allowing it to quickly dissipate the heat through the material. This is also why the temperature dissipates further down the side of the crown. It reaches a peak temperature of 300.5 C.
Figure – 6061-T6 temperature profile

[image: A multicolored object with holes
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2618 alloy reaches a slightly higher peak of 309.99 C due to its lower specific heat capacity and thermal conductivity compared to 6061, however still being an aluminium alloy it still has great thermal properties and dissipates heat well.



[image: A rainbow colored object with holes
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8650 steel temperature profile has the least amount of temperature spread, as can be seen with the temperature not dissipating nearly as far down the side of the crown. This is because steel has relatively poor conductive qualities and tends to retain more heat in the area of focus, in this case the crown. This is a large reasons why steel pistons are not typically viable as they get too hot and immediately evaporate oil that is sprayed onto the underside. 
Figure – 2618-T6 temperature profile
Figure – 8650 steel temperature profile

Validation:
To validate the results from the above piston study, 2 validation examples were completed.
1: A cantilever beam with axial force for structural validation
[image: A diagram of a line with arrows and letters
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2: A bimetallic strip for thermal validation
[image: A login box with text
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These examples have been completed as real world tests and so there is real world accurate data for the results of these tests. The aim with this validation is to show that if the simulated results are near to the real world data or within a certain margin of error, it can be proven that the solver is accurate to a certain degree for simulating these types of forces and thermal conditions. This can then be extrapolated onto the piston examples above as they have faced conditions that are representative by those tested in this validation. By performing this validation we can have more confidence that the results given by the FEA solver are accurate. 













1: Cantilever beam
1.1: Boundary conditions
[image: A red box with arrows pointing to the top

AI-generated content may be incorrect.][image: A blue and white square

AI-generated content may be incorrect.]
For the cantilever the above boundary conditions were set as per the real test performed, with one end, A, fixed as a support and B and C as the forces, with B acting in the Z axis and C acting in the X axis. The effects of its own mass are neglected in this example as per the verification example. As the cantilever beam is a very basic square section beam, the mesh was only performed as a hexahedral mesh as that provides better accuracy with more basic geometries.
With these conditions a static structural analysis was performed using various mesh sizes to determine the effect of the mesh size on the results. Each mesh size test run was run twice, with each force B and C isolated to get accurate results for deformation in the X and Z axis.
1.2: Z Axis results
[image: ]
[image: ]
From the above results, it can be noted that as the mesh size becomes smaller, the total simulated deformation is trending towards the actual deformation from the test, indicating that a smaller mesh size increases accuracy, however there is a limit to this as a smaller mesh size required increasingly more power and time to calculate. The 10mm mesh is the smallest for this beam as it was already very fine and much smaller would have taken increasing time to calculate with very little effect to results, as the accuracy is already very high at 0.0528% deviation from the actual test deformation. This can be regarded as acceptable accuracy for this example. 

1.3: X Axis results
[image: A graph with a line

AI-generated content may be incorrect.][image: A blue and green rectangular box with black text
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Looking at the above data from the X axis deformation tests there was very little change in the deformation from reducing the size of the mesh. At 30mm mesh size there was a small effect in the deformation result but creating a mesh any smaller than 30mm is unlikely to have any effect in this example. It is also not as accurate to the real deformation test at 0.8167% deviation; this could be due to a slight difference in the material qualities. In Ansys software the material specification is set uniformly throughout, whereas there are slight differences due to the randomising of atoms in the structure in the real test. This is a limitation within FEA software as the random atomic structure cannot be calculated as it will always be different. 






2: Bimetallic strip
2.1: Boundary conditions
[image: A blue and grey rectangular object
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The bimetallic strip boundary conditions were set-up as the lower half of the strip being copper and the upper half as invar. The one end of the strip is fixed as a support and the entire strip has a thermal load of 100 C added to it from the standard temperature of 22 C. The effect of its own mass are neglected for this example.
[image: A table with numbers and text

AI-generated content may be incorrect.][image: A line graph with a blue line
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[image: A computer keyboard with a blue and green gradient

AI-generated content may be incorrect.]Looking at the above results as the mesh size gets smaller until 1mm, the results are becoming more inaccurate, which then further reductions in the mesh size starts to make it more accurate again as the deformation becomes closer to the real test result. This indicated that under thermal conditions the mesh can be just as accurate with a slightly larger mesh as a smaller one and therefore requiring less time to calculate. 
The deformation profile above is as you would expect with the strip bending upwards. This is because the invar on top has a very small co-efficient of thermal expansion compared to the copper, and such the expansion of the copper on the bottom forces the strip the bend ‘around’ the invar.

Validation conclusion:
As the results from the simulation in the above examples are accurate to within an acceptable margin of error, it can be said that for these types of forces the FEA software can accurately model them provided the setup and application of forces is accurate and realistic to real life examples. For the thermal expansion the margin of error of ~1% is larger than that of the cantilever beam which should be kept in mind. 
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