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1. [bookmark: _Toc216624175]Introduction
Finite element analysis allows for the visualization of loads and stresses across a component before it has been produced. This can prove to be very useful during the design process of a new component as it reduces the need for producing physical models for testing. However, this can only be done if the FEA results inspire confidence in its accuracy. This report will outline the necessary validation to prove Ansys FEA simulations’ validity as well as the benefits of its use in the design process of a component.






















2. [bookmark: _Toc216624176]Validation Testing
Before Ansys can be used for the simulation of the piston assembly, it must first be validated to prove its accuracy. This will be done using simplified geometries and test cases where an analytical solution can be derived and compared against the simulated result.

[bookmark: _Toc216624177]2.1 	Structural Validation
[bookmark: _Toc216624178]2.1.1 	Cantilever Beam Calculations
The first area in need of validation is the structural simulation. A cantilever beam test will be conducted to determine the accuracy of Ansys’ static structural results. The beam’s dimensions, young’s modulus and the applied force can be seen in table 1. Ansys operates on a default ambient temperature of 22°C and so the young’s modulus used is 6061-T6 aluminium’s young’s modulus at 22°C according to the provided material properties sheet. A density of 2713kg/m3 (Sentanu & Muflikhun, 2022) has also been added to the material within the Engineering Data section as Ansys won’t run without a specified density. 
[bookmark: _Toc216343770][bookmark: _Toc216623903]Table 1 - Cantilever Beam Variables
	Length
	Beam
	Height
	y
	Young's Modulus
	Applied Force

	250mm
	10mm
	10mm
	5mm
	67GPa
	1000N



Before Ansys can be run, it needs a calculated result to be compared against. Once the second moment of area is calculated to be 833.33mm4 using equation 1, the maximum deflection and stress can be found using equations 2 and 3. 

[bookmark: _Toc216343760][bookmark: _Toc216623910]Equation 1 - Second Moment of Area

[bookmark: _Toc216343761][bookmark: _Toc216623911]Equation 2 - Maximum Deflection         
      
[bookmark: _Toc216343762][bookmark: _Toc216623912]Equation 3 - Maximum Stress
Equations 2 and 3 provide the maximum stress and deformation seen in table 2 that Ansys will be compared against. 
[bookmark: _Toc216343771][bookmark: _Toc216623904]Table 2 - Calculated Maximum Stress and Deformation
	δ (mm)
	σ (N/mm^2)

	93.284
	1500
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AI-generated content may be incorrect.]2.1.2 	Ansys Results[bookmark: _Toc216343747][bookmark: _Toc216623885]Figure 1 - Cantilever Beam Stress
[bookmark: _Toc216343748][bookmark: _Toc216623886]Figure 2 - Cantilever Beam Deformation

Figures 1 and 2 display the stress and deformation distributions across the beam. Both are exactly as expected with minimum deformation and maximum stress occurring at the fixed end of the beam. 
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AI-generated content may be incorrect.][bookmark: _Toc216343749][bookmark: _Toc216623887]Figure 3 - Maximum Stress Anomaly









An interesting detail is the anomaly which occurs at finer mesh sizes shown in figure 3. As seen in the mesh study, this results in an inaccurate maximum stress. This emphasises the importance of looking at the distribution of the stress rather than taking the maximum stress value at face value as anomalies like this one can occur. 

[bookmark: _Toc216624180]2.1.3	Mesh Independence Study
A mesh dependence study has been conducted in tandem with the validation of the calculated results to gauge mesh size’s influence the result as seen in figure 4.  

[bookmark: _Toc216343750][bookmark: _Toc216623888]Figure 4 - Simulated and Calculated Maximum Stress against Mesh Size
The maximum stress’ accuracy fluctuates between 3% and 5% as mesh size decreases before deviating from the expected result below a mesh size of 0.0025m. This is due to the previously discussed unrealistic stress at the corners of the beam seen in figure 3 appearing at smaller mesh sizes.


[bookmark: _Toc216343751][bookmark: _Toc216623889]Figure 5 - Simulated and Calculated Maximum Deformation against Mesh Size
Maximum deformation follows a different trend as seen in figure 5. The result trends closer towards the expected result as the mesh size decreases with no dramatic deviation as was the case with maximum stress. Despite the graph’s appearance, the accuracy is much better than maximum stress. The highest mesh size (0.009m) has an error of 0.365% which is then reduced to 0.173% with a 0.001m mesh size. The trend suggests that the deformation would continue to close in on the calculated result with a further reduction in mesh size. However, this would come at the cost of a major maximum stress inaccuracy. 

[bookmark: _Toc216624181]2.2 	Thermal Validation
[bookmark: _Toc216624182]2.2.1 	Bimetallic Strip Verification Example
A thermal validation can be conducted through the deflection of a bimetallic strip which is fixed at one end and thermally loaded to a known temperature. The differing coefficients of thermal expansion of the two metals will cause a deflection that can be calculated using equations 1 and 2. A verification example featuring a bimetallic strip made of invar and copper (Dlubal Software, 2018) will represent the calculated deflection. Table 3 below will then be used in the setup of a static structural simulation to ensure parity and their results will be compared.
[bookmark: _Toc216623905]Table 3 - Bimetallic Strip Properties, Dimensions, Load and Solution
	Material
	Invar
	Modulus of Elasticity
	Ei
	137000
	Mpa

	
	
	Poisson's Ratio
	Vi
	0.28
	-

	
	
	Coefficient of Thermal Expansion
	ai
	1.20E-06
	1/°C

	
	Copper
	Modulus of Elasticity
	Ec
	130000
	Mpa

	
	
	Poisson's Ratio
	Vc
	0.354
	-

	
	
	Coefficient of Thermal Expansion
	ac
	2.00E-05
	1/°C

	Geometry
	Cross-section Width
	w
	5
	mm

	
	Layer Thickness
	ti = t c = t
	1
	mm

	
	Length
	L
	100
	mm

	Load
	Thermal Loading
	Tc
	100
	°C

	Solution
	Analytical Solution
	uz max
	-7.049
	mm


(Dlubal Software, 2018)
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AI-generated content may be incorrect.]2.2.2 	Ansys Results[bookmark: _Toc216623890]Figure 6 - Bimetallic Strip Deformation

The results displayed in figure 6 are once more to be expected as the fixed end has minimal deflection. However, the opposing end has deflected 7.123mm due to the previously mentioned differing coefficients of thermal expansion of invar and copper. 

[bookmark: _Toc216624184]2.2.3 Mesh Independence Study
A second mesh independence study has been conducted to determine whether the same accuracy as the structural simulations has been retained.

[bookmark: _Toc216623891]Figure 7 - Simulated and Calculated Maximum Deflection against Size
Figure 7 shows that the simulated deformation is just as unaffected by the mesh size as it was during the structural mesh independence study. There is, however, a noticeably larger offset between the simulated and calculated results; about 0.7mm or 1%. This suggests that Ansys’ static structural system is better able to predict deflection as a result of an applied force rather than a thermal load. 

















3. [bookmark: _Toc216624185]Modelling and Assembly 
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[bookmark: _Toc216623892]Figure 8 - Piston Assembly
The remainder of this investigation will be conducted using the assembly of engine components pictured in figure 7. It consists of a crankshaft, connecting rod, gudgeon pin and a piston. The piston is the component of interest and will be optimised and improved in a later section.













4. [bookmark: _Toc216624186] Kinematic Simulation and Structural Analysis
4.1 [bookmark: _Toc216624187]Kinematic Analysis
The first system for the piston assembly to run through is the rigid dynamics system. This will simulate the loads experienced by the piston across a set time period. For this baseline run, the 6061-T6 aluminium material has been retained, However, its properties from Granta as seen in table 4 have been used to maintain parity between all materials discussed.
[bookmark: _Toc216623906]Table 4 - 6061-T6 Aluminium Properties
	6061-T6 Aluminium

	Density
	2.73E+03
	kg/m3

	Coefficient of Thermal Expansion
	2.39E-05
	1/°C

	Isotropic Thermal Conductivity
	169
	W/m-C

	Poisson's Ratio
	0.335
	/ 


(Granta EduPack, 2015)
Applying the correct boundary conditions is the most important part of the setup of this system as they need to reflect the real loading of the piston. This is why the automatically generated connections are deleted and new ones made to correctly connect all components of the assembly. These consist of body to body connections between the crankshaft, conrod, gudgeon pin and piston to correctly simulate their interaction as well as body to ground connections. These connections represent the cylinder the piston moves within and the axis around which the crankshaft revolves. 
The crankshaft is then set to revolve at a velocity of 4000RPM and the connection between the gudgeon pin and the piston is marked as the connection of interest. This is because this connection is what will show the loads experienced by the piston.
The main point of interest from these results is the peak load that the piston experiences and thus the worst case scenario for the material. This point can be found on the load chart and exported for use in the static structural system.

4.2 [bookmark: _Toc216624188]Thermal Considerations
From this point onwards, the piston is the only component of interest. Therefore, all other components can be supressed. As this is a separate system, the 6061-T6 aluminium needs to be reapplied as the material. The piston can then be meshed at a size of 4mm and boundary conditions can be applied in the form of convections. These are provided in the material sheet and have separate values for the heat transfer coefficient and ambient temperature for the crown, crown side, grooves, skirt and underside of the piston.
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[bookmark: _Toc216623893]Figure 9 - Thermal Loading of the Piston
The effect of having differing values for the heat transfer coefficient and ambient temperature for different areas of the piston is clear in figure 9. The thermal loading of the piston is much more representative than it would be with only one value across the whole component. This result can now be exported to the static structural system by linking the steady-state thermal system’s solution to the setup of the static structural system.

4.3 [bookmark: _Toc216624189]Static Structural Study   
The first thing to ensure within the static structural study system is the state of all components. Everything except for the piston needs to be supressed and the correct material has to be assigned to the piston too. Then, the thermal loading can be checked to ensure it was imported correctly and the maximum piston load from the rigid dynamics system can be imported. A 4mm mesh is generated with a 2mm sizing for the crown to more accurately simulate the loads occurring across it. 
While the piston can be run with these settings, a few more refinements need to be made to better reflect reality. Firstly, the piston needs to be constrained. However, fixing the gudgeon pin mounts would mean they are unable to deform even if a load in that area means they would in reality. The solution to this is to apply the weak springs setting. This supports the exterior faces of the piston with very soft springs to satisfy the need for a component to be constrained. This has minimal effect on the overall result. The second refinement is to add a pressure acting upon the piston crown to better simulate the working conditions of an actual piston.

4.4 [bookmark: _Toc216624190]Baseline Results [bookmark: _Toc216623894]Figure 10 - Deformation Distribution across the 6061-T6 Aluminium Piston

The deformation distribution for the baseline piston is displayed in figure 10. The peak deformation of 0.36mm occurs at the centre of the crown as a response to the applied pressure. The deformation decreases further down the piston skirt and the underside shows very little deformation for the most part. The one exception is the underside of the gudgeon pin mounts which have some deflection. 
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AI-generated content may be incorrect.]The stress across the piston is very low overall as displayed in figure 11. The one exception is the oil groove and a small area directly beneath it and for good reason. Stress is a measure of force over area, and this very small area has the responsibility of sealing the piston against the cylinder to stop oil from getting any further up resulting in the observed high stress.[bookmark: _Toc216623895]Figure 11 - Stress Distribution across the 6061-T6 Aluminium Piston

5. [bookmark: _Toc216624191]Material Optimization and Improvement
In an attempt to improve upon the baseline results, three new materials have been selected to compare against the baseline 6061-T6 aluminium. These are 7075-T6 aluminium, 2618-T6 aluminium and AISI 1040 carbon steel. Their respective young’s modulus against temperature can be seen in figure 12. Based on this information, 7075-T6 aluminium is expected to struggle to retain its ambient properties when heated, 2618-T6 aluminium will perform slightly better than the baseline material across the board and the AISI 1040 carbon steel will have a noticeable offset to all its aluminium counterparts.

[bookmark: _Toc216623896]Figure 12 - Young's Modulus against Temperature

5.1 [bookmark: _Toc216624192]Proposed Materials
[bookmark: _Toc216624193]5.1.1 	7075-T6 Aluminium 
7075-T6 aluminium, as is the case with the rest of the 7000 series of aluminium, is combined with zinc resulting in a hard, strong and stress-resistant metal which retains its workability (McFayden, 2025). As previously mentioned, this material is expected to struggle at higher temperatures. 
In comparison to the 6061-T6 aluminium, it’s slightly denser with a higher coefficient of thermal expansion but has a lower thermal conductivity as seen in table 5. 



[bookmark: _Toc216623907]Table 5 - 7075-T6 Aluminium Properties
	7075-T6 Aluminium

	Density
	2.83E+03
	kg/m3

	Coefficient of Thermal Expansion
	2.41E-05
	1/°C

	Isotropic Thermal Conductivity
	137
	W/m-C

	Poisson's Ratio
	0.335
	/ 


(Granta EduPack, 2015)
[bookmark: _Toc216623897]Figure 13 - Stress and Deformation Distribution across the 7075-T6 Aluminium Piston


















Figure 13 displays a high amount of deformation present at the piston crown with a further increase at its centre. The deformation then gradually reduces between the first and second groove before reaching a low deformation area below the oil groove. The gudgeon pin mounts also have an increased deformation but not to the extent seen at the crown. 
The stress is at its lowest at the top of the piston and reaches its peak once more at the oil groove. The piston underside also has areas of increased pressure but not to the same extent. 

[bookmark: _Toc216624194]5.1.2 	2618-T6 Aluminium
The second proposed material, 2618-T6 aluminium, belongs to the 2000 series of aluminium meaning it’s combined with copper.  With the help of precipitation hardening to increase its yield strength (Sild, 2024), this material combination results in a hard, tough material which retains aluminium’s usual machinability and a great strength-to-weight ratio (McFayden, 2025). One downside of this grade of aluminium is it’s subpar corrosion resistance (McFayden, 2025). However, this shouldn’t prove to be a major issue given the piston’s location within the engine. 
2618-T6 aluminium has a marginally higher density and lower coefficient of thermal expansion and thermal conductivity than the baseline material as seen in table 6.
[bookmark: _Toc216623908]Table 6 - 2618-T6 Aluminium Properties
	2618-T6 Aluminium

	Density
	2.78E+03
	kg/m3

	Coefficient of Thermal Expansion
	2.26E-05
	1/°C

	Isotropic Thermal Conductivity
	154
	W/m-C

	Poisson's Ratio
	0.335
	/ 


(Granta EduPack, 2015)
[bookmark: _Toc216623898]Figure 14 - Stress and Deformation Distribution across the 2618-T6 Aluminium Piston

Figure 14 shows the distribution of deformation and stress across the piston made of 2618-T6 aluminium. The deformation occurs at the same areas as both other aluminium pistons and the same is true for the stress.

[bookmark: _Toc216624195]5.1.3 	AISI 1040 Carbon Steel
The third and final proposed material is AISI 1040 carbon steel; a medium carbon steel containing about 0.4% carbon. This combination results in a strong, hard but machinable steel which is also heat resistant (Amardeep Steel Centre, n.d.) meaning it should fare well in the piston’s working environment. 
Table 7 displays its much higher density and lower thermal expansion and thermal conductivity in comparison to its aluminium counterparts.
[bookmark: _Toc216623909]Table 7 - AISI 1040 Carbon Steel Properties
	AISI 1040 Carbon Steel

	Density
	7.90E+03
	kg/m3

	Coefficient of Thermal Expansion
	1.20E-05
	1/°C

	Isotropic Thermal Conductivity
	54
	W/m-C

	Poisson's Ratio
	0.295
	/ 


(Granta EduPack, 2015)
[bookmark: _Toc216623899]Figure 15 - Stress and Deformation Distribution across the AISI 1040 Carbon Steel Piston

The maximum deformation on the crown of the AISI 1040 carbon steel piston seen in figure 15 occurs across a larger area in comparison to the aluminium pistons. The deformation of the lower gudgeon pin mounts is also smaller than that seen on the aluminium pistons. The stress distribution bares more resemblance to the other pistons with the oil groove once more the area with the highest stress. 

[bookmark: _Toc216624196]5.2 Material Comparison and Selection
 
[bookmark: _Toc216623900]Figure 16 - Maximum Temperature and Thermal Conductivity against Material
Unsurprisingly, the material with the highest maximum temperature (398°C) in figure 16 is the AISI 1040 carbon steel. It has by far the lowest thermal conductivity and therefore is unable to transfer heat as efficiently as the aluminium examples. The aluminium materials follow the same trend. 7075-T6 aluminium has the lowest thermal coefficient of the three aluminium materials which results in the highest maximum temperature (328°C ) for an aluminium. On the opposite end of the scale, 6061-T6 aluminium has the highest thermal conductivity and therefore the lowest maximum temperature (316°C).


[bookmark: _Toc216623901]Figure 17 - Maximum Deformation against Material
7075-T6 aluminium has the largest maximum deflection (0.375mm) as seen in figure 17. This was predicted based on its lower young’s modulus at increased temperatures. The increased deflection of this material causes a higher strain which leads to a lower young’s modulus. It therefore comes as no surprise that the steel has the lowest maximum deflection (0.207mm) as its young’s modulus is significantly higher than all the aluminium variants. The smallest deflection for an aluminium is the 2618-T6 (0.345mm) which is a small improvement over the baseline material.


[bookmark: _Toc216623902]Figure 18 - Maximum Stress against Material
The maximum stress of the materials observed in figure 18 is the inverse of the deformations seen in figure 17. This is because a material that needs a larger amount of stress to begin deforming will have a lower maximum deformation. With this in mind, the offset between the maximum stress of the steel and aluminium is no surprise. Taking a closer look at the aluminium variants, 2618-T6 has the highest maximum stress (2.60GPa) with 6061-T6 close behind at 2.56GPa. 
Following the comparison of the four materials, 2618-T6 aluminium has made itself clear as the optimal material. It’s an overall improvement on the baseline 6061-T6 grade of aluminium and its weaknesses have minimal consequence for the application of a piston. While the AISI 1040 carbon steel does have by far the lowest maximum deformation, that maximum is present across a noticeably larger area of the piston which could necessitate a redesign if it was to be used. 


6. [bookmark: _Toc216624197]Conclusion
In conclusion, finite element analysis can be a powerful tool in the design process of a component as long as its limitations are acknowledged and worked around. As this report has demonstrated, it’s possible to get a clear idea of the optimal material for a component before a physical prototype has even been manufactured. However, it’s also very possible to be misled if the maximum values are taken without observing the distribution as seen in the cantilever validation example.
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6061-T6	7075-T6	2618-T6	AISI 1040	2.5598999999999998	1.9278999999999999	2.6044	4.0812999999999997	Material


Stress (GPa)
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