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Introduction
Computer Aided Engineering tools are an integral part of the modern engineering design process, enabling the simulation and evaluation of complex systems under representative operating conditions. This report applies CAE processes to an internal combustion engine assembly, with particular focus placed on the piston as the primary component of interest. The piston is used as a case study through which kinematic, thermal and structural analyses are conducted within ANSYS. An iterative optimisation process is undertaken to both optimise piston design, and develop a critical understanding of CAE workflows, result interpretation, and modelling decisions. Throughout the study, the strengths, limitations, and assumptions inherent to CAE-based analysis are examined and discussed.

[bookmark: _Toc216278892]Literature Review / Background
Finite element analysis provides the computational framework for this project, and Logan, (2007) outlines the fundamental principles of the finite element method, stiffness formulation, and stress evaluation that are used the Ansys, (2006) software. The selection of aluminium 6061 for piston optimisation is supported by two materials focused studies. Singh et al., (2019) compare aluminium and magnesium piston alloys under combined thermal and mechanical loading, showing that aluminium alloys offer superior dimensional stability under high pressures demands, which is typical in engine operation. Ahmed et al., (2016) further emphasise that Al-Si-Mg systems provide favourable strength, wear resistance, and thermal behaviour for piston applications, aligning with the material composition profile of 6000 series alloys. The importance of numerical accuracy is reinforced by Liu et al., (2018), who demonstrate how mesh refinement and discretisation error metrics are essential for reliable FEA outputs.

[bookmark: _Toc216278893][bookmark: _Ref216458736]Methodology and Assembly
The model being used for the assignment is the Ford Sigma engine assembly with a simplified piston for more in-depth optimisation (Noble, 2025). This assembly was provided as SolidWorks parts, mated in an assembly to create the structure and exported in to a STEP.
[bookmark: _Toc216457833]Figure 1 Ford Sigma crank, connecting rod, gudgeon pin and simplified piston assembly (Noble, 2025)

[bookmark: _Toc216457834]Figure 2 underside of simplified piston design

[bookmark: _Toc216278894]Assembly
The assembly was constrained in Ansys using a mixture of rigid and revolving joints. These joints are created after removing all the existing connections. These joints can be seen in the images below in Figures 3 – 7.[bookmark: _Toc216457835]Figure 3: Revolved body to ground joint at the crank. this will be used as the driven joint for crank rotation.

 [bookmark: _Toc216457836]Figure 4 Revolved joint between the crank and the connecting rod.



[bookmark: _Toc216457837]Figure 5 Fixed joint between the gudgeon pin and the simplified piston.
[bookmark: _Toc216457838]Figure 6 Revolved joint between the connecting rod and the gudgeon pin.








[bookmark: _Toc216457839]Figure 7 General body to ground joint at the piston skirt allowing only translation along the Z axis.

[bookmark: _Toc216278895]Materials 
The material for the piston has been set as 6061 aluminium from Ansys Granta. This has been chosen as its commonly used in high performance pistons, meaning more optimisations can be done in the piston’s geometry (Ahmed et al., 2016). Material properties of 6061 aluminium can be seen below. 
Table 1 6061 T6 aluminium materials properties (Ansys, 2006).
	Metric
	Value
	Unit

	Youngs Modulus
	69
	GPa

	Yield strength
	281
	MPa

	Tensile strength
	314
	MPa

	Poisson's ratio
	0.325 - 0.035
	 

	Melting point
	580
	˚C

	Thermal conductivity
	155
	W/m.˚C

	Thermal expansion Coef
	22.8
	μstrain/˚C


Graph 1 Youngs modulus and yield strength graphed against temperature (Ansys, 2006).

 
All other components were set as generic structural steel as this would create realistic inertias for all components. These components will be supressed to conduct static structural simulations later, so structural characteristics will be neglected. 


[bookmark: _Toc216278896]Rigid Dynamics simulation
First, a rigid dynamic simulation was created. This will generate the loads exerted by the moving parts when in motion. Deformation and stress is not generated in this study, just the resulting loads from motion. These loads can then be applied to the piston later in a static structural study.[bookmark: _Toc216457840]Figure 8 - engine assembly set up in Ansys, focused on the body to ground joint at the crank.


The body to ground revolved joint on the crank was used to create the rotational velocity about the centreline of the crank. This rotation has been set to 6000RPM for all subsequent tests. [bookmark: _Toc216457841]Figure 9 - Data trace generated by the gudgeon pin to piston joint probe after the rigid dynamics simulation.

Figure 9 shows the data trace was produced by the simulation, with the purple trace displaying the total force acting on the piston/gudgeon pin joint. The maximum force seen during the simulation was 7646.2N. The peak value was taken to create a motion load file which was later used in a static structural simulation on the piston.


[bookmark: _Toc216278897]Static thermal simulation
A Static thermal study was set up using the thermal conditions used during lectures. Thermal boundary conditions were applied to different locations on the piston to simulate heat propagation through the part. Table 2 - Thermal study boundary conditions (Noble, 2025).



This simulation shows a maximum temperature of 301.81˚C on the piston crown, with the lowest temperature of 191.76˚C at the base of the piston skirt.
[bookmark: _Toc216457842]Figure 10 - Thermal boundary conditions applied to the piston in Ansys (left), and the resultant heat map (right).



[bookmark: _Toc216278898]Static structural simulation
The static structural simulation was set up with motion loads created during the rigid dynamics simulation, with the results of the static thermal also applied. For this, all other components were supressed. As discussed in the Mesh Independence Study, the mesh size was set to 3mm globally with refinement to 0.5mm on the edges of the piston ring grooves. The piston also needed to be constrained to ground to allow motion loads to be applied without the piston displacing out of position. This constraint was placed on the face above the oil ring groove. Further details on this can be found in the Validation Testing. Along with this constraint, weak springs and inertia relief were turned off.[bookmark: _Toc216457843]Figure 11 - Simplified piston with rigid dynamic motions loads applied




[bookmark: _Toc216278899]Optimisation and Improvement
[bookmark: _Toc216278900]Optimisation Criteria
The objective of this section is to reduce the overall mass of the piston while preserving its strength and structural integrity. The specific objectives are as follows:
· Reduce the mass of the piston by 20% (compared against the first realistic iteration, not the simplified version).
· Increase heat dissipation of the piston to reduce strength losses through temperature.
· Maintain safter factor average of above 2.5
[bookmark: _Toc216278901]Version Zero
The base piston has been simplified to allow for in depth optimisation. The material will be kept as 6061 T6 aluminium. Constraints, boundary conditions and loads discussed in Methodology and Assembly have been applied. Mass data has been taken from SolidWorks.
[bookmark: _Toc216457844]Figure 12 - Version zero piston geometry displayed in SolidWorks (upper) and respective mass properties (lower).
 (Dassault Systèmes, 1993)



The static structural simulation yielded the following results. To quantify the pistons’ overall ability to cope with the stresses applied to it, the factor of safety tool has been used. Visual analyse of the von mises heat map will also be used to isolate location where material can be refined. 
[bookmark: _Toc216457845]Figure 13 - Piston version zero, static structural safety factor heatmap

[bookmark: _Toc216457846]Figure 14 - Piston version zero, Static structural Equivalent stress heatmap


These results give a max Equivalent stress of 342MPa, which is above the yield strength of the material. This would suggest that the piston is yielding under operation. However, as stated previously in the Boundary Condition Sensitivity section, inaccurate boundary conditions needed to be applied to get the simulation to solve. For this reason, Absolute values will be ignored, and the equivalent stress result will solely be used as a relative stress visualisation for further refinement. Looking at the heat map, much of the underside of the piston is not under high stress, so refinement can be made here first.
[bookmark: _Toc216278902]Version One
The first refinement iteration can be seen below. For this model, material on the underside of the piston has been greatly reduced. This is still a simplified design, so further refinement will be needed. 
[bookmark: _Toc216457847]Figure 15 - Version one piston geometry displayed in SolidWorks (upper) and respective mass properties (lower).
(Dassault Systèmes, 1993)


The results of the rigid dynamic simulation yield a peak load of 5213.4N. This is 2432.8N lower than the original piston, which is expected due to the drastically reduced mass. These results were compiled into a motion load folder. Next, a static thermal simulation completed on this version as per the methodology. Next, a Static structural simulation was set up with the output results. Results can be seen in figures 17 & 18.


These results show a maximum Deformation of 3.44E-04m, minimum safety factor of 1.0124 and a max equivalent stress of 3.61E+08. This shows the piston is still below the yield strength and can be refined further. The  heat map shows there is still areas of material under low stress. This can be  seen in figure 18. [bookmark: _Toc216457848]Figure 16 - Piston version one, Static structural Equivalent stress heatmap
[bookmark: _Toc216457849]Figure 17 - Piston version one, static structural safety factor heatmap

[bookmark: _Toc216457850]Figure 18 - Piston version one, close up of equivalent stress on gudgeon pin holes.

The blue areas of the pin hole support denote areas of low stress relative to the rest of the body. These areas can be reduced for the next version. 
Areas of high stress are visible underneath of the pin hole, signifying high stress in these areas. Material in this area is already being stressed close to its limit, limiting this area for further refinement. This is corroborated by the deformation heat map, showing deformation is in the same location. 
[bookmark: _Toc216457851]Figure 19 - Piston version one, close up of displacement on gudgeon pin holes.


Figure 19 shows underside of the piston crown is also seeing low deformation meaning this area can also be refined further.


[bookmark: _Toc216278903]Version Two
In the next iteration, the underside of the crown has been domed to reduce material mass while retaining strength. The pin hole supports have been undercut, and relief holes have been added according to the previous iterations results.[bookmark: _Toc216457852]Figure 20 - Version two piston geometry displayed in SolidWorks (upper) and respective mass properties (lower).


The results of the Rigid Dynamic simulation yield a peak load of 4291.7N, further reducing the loads acting on the piston. The Static thermal simulation yields lower temperatures across the piston, with a max of 297.05˚C and an average of 229.18˚C. This reduce overall stress on the piston. Graph 1 shows the material degrades near exponentially with higher temperatures up to the melting point. This proves reducing overall temperature of the piston will increase strength. However, the simulation only applies simple thermal boundary conditions, and does not take in to account other variables, such as the cooling effect of the oil. For this reason, design refinement cannot be made from thermal results alone.
Figures 21 & 22 show the stress and safety factor distribution on the new piston design. It shows areas of the the pin hole supports are still showing low stress, suggesting further refinement can be made. It does however show a minimum safety factor around the bottom of the pin hole ring of 0.997, meaning the part is below yield strength. The average safter factor has also been reduced to 3.067. This area has not been changed, suggesting the supports may be causing this. This is corroborated with the equivalent stress heat map showing a high stress location in the same area. [bookmark: _Toc216457855]Figure 23 - Piston version two, close up of stress riser in gudgeon pin hole
[bookmark: _Toc216457854]Figure 22 - Piston version two, static structural Equivalent stress heatmap
[bookmark: _Toc216457853]Figure 21 - Piston version two, static structural safety factor heatmap

The crown is now the areas of highest deformation, with the bottom of the pin hole ring reducing to 2.41e-4M from 3.44E-04m. Although this area is how seeing the most deformation, the equivalent stress and safety factor heat maps still shows it being well below yield.
[bookmark: _Toc216457856]Figure 24 - Piston version two, static structural deformation heatmap



[bookmark: _Toc216278904]Version Three
The final iteration of the piston further refines the underside of the crown with a more aggressive dome and thinner wall thickness of the apex. It also adds a cylindrical ridge around the bottoms of the pin hole rings to improve strength by increasing second moment of area.
 [bookmark: _Toc216457857]Figure 25 - Version three piston geometry displayed in SolidWorks (upper) and respective mass properties (lower).


This iteration yields a peak load of 4005.1N, reduced from the previous iteration. The max temperature seen on the crown is 295.57˚C and an average temperature of 137.89˚C. This shows marginal improvements in heat dissipation which may be due to increased surface area on the underside of the piston. Although marginal, this further increased overall strength of the material as the overall temperature reduces. 







[bookmark: _Toc216457858]Figure 26 - Piston version three, static structural Equivalent stress heatmap
[bookmark: _Toc216457859]Figure 27 - Piston version three, static structural safety factor heatmap

The final iteration further reduces mass in the underside of the crown while maintaining a safter factor of above 1. The rib added to the bottom of the pin hole ring resolves the areas below minimum safter factor. This can be also seen in the Equivalent stress images, where the bottom of the ring no longer has a specific stress concentration. Average safety factor has reduced to 2.86 but is still above requirements. [bookmark: _Toc216457860]Figure 28 - Piston version three, static structural deformation heatmap


The above image shows the total deformation heat map. This shows the location of maximum deformation is the top of the crown at the apex of the dome. This deformation totals 4.42E-4mm.  
[bookmark: _Toc216278905]Final version fatigue study
The simulations show the final version of the piston can survive expected loads. It does not however show how long it can survive these loads for. To investigate this, a fatigue analysis has been carried out. Table 3 shows the set fatigue study set up in Ansys.Table 3 - Fatigue study set up parameters

  
Figure 29 shows the heat map of the fatigue life across the piston. It shows a minimum of 20414 cycles. This is very low for this application, but it shows the worse areas are concentrated around the oil ring face. This is also the location of the body to ground joint which has been proven to yield unrealistic results. Ignoring these specific areas, the minimum cycle count is 134880. This is still very low, and at 6000RPM, the piston would start to fail in 22 minutes. In addition, these simulations do not take in to account all the forces acting on the piston, further diminishing the validity of this fatigue study.
[bookmark: _Toc216457861]Figure 29 - Fatigue study results heat map

[bookmark: _Toc216278906][bookmark: _Ref216435973]Validation Testing
Validating a solver essential to ensure the solver is accurate to reality. In this report, it has been accomplished by comparing simulated results to analytical solutions. This is done by creating simple and repeatable tests in the solver that can also be easily calculated by hand. For this, Dlubal (2018) FEA validation examples were used with further details available in the Appendix. All simulations were solved 3 times and an average taken to ensure consistent results.
In addition to this, a mesh independent study has been completed to investigate mesh size and element counts. Also, a boundary condition study has also been conducted to further understand the effect different constraints have.


[bookmark: _Toc216278907]Bimetallic beam
In this solver validation, a bimetallic beam was modelled in SolidWorks, and a heat dissipation simulation was conducted in Ansys. The purpose of this test is to ensure the Ansys solver represents the thermal expansion properties of different metals correctly, and that it is representative of reality. For this, two plates of differing metals have been constrained together, a thermal load was applied and the displacement in the beam recorded. [bookmark: _Toc216457862]Figure 30 - Verification Example: 0078 – Bimetallic Strip analytical solution details (Dlubal, 2018)
Table 4 - Verification Example: 0078 – Bimetallic Strip material specification (Dlubal, 2018)


This simulation has been set up in Ansys workbench in the way displayed in figure 31.  the results have been recorded in table 5.[bookmark: _Toc216457863]Figure 31 - Verification Example: 0078 – Bimetallic Strip Ansys workbench system


[bookmark: _Toc216457864]Figure 32 - Verification Example: 0078 – Bimetallic Strip Ansys simulation result

The results compared to the Dlubal solver and the analytical solution can be seen below. These results show the Ansys solver result is within 98% of the analytical solution. Research from Hazizi et al., (2023), suggests an acceptable amount of error between analytical and simulated tests is between 5-10, with <5% typical for simple structural tests.

Table 5 - - Verification Example: 0078 – Bimetallic Strip results table
	model
	analytical solution
	RFEM 5 
	Accuracy %
	Ansys mechanical
	Accuracy %

	
	Uz (mm)
	Uz (mm)
	Ratio
	
	Uz (mm)
	Ratio
	

	Bimetallic plate
	7.049
	7.047
	0.999
	100%
	6.928
	0.982
	98%





[bookmark: _Toc216278908]Cantilever beam
This validation case uses a cantilever beam simulation compared between Ansys mechanical and analytical solutions. The simulation is set up to follow the Dlubal 0016  Elastic Bending example with full details available in the appendix.Table 6 - 0016 – Elastic Bending – Continuous Load Material specification (Dlubal, 2018)

[bookmark: _Toc216457865]Figure 33 - 0016 – Elastic Bending – Continuous Load analytical solution (Dlubal, 2018)

This simulation was set up in Ansys and the solver output can be seen in figure 34.[bookmark: _Toc216457866]Figure 34 - 0016 – Elastic Bending – Continuous Load Ansys workbench system
[bookmark: _Toc216457867]Figure 35 - 0016 – Elastic Bending – Continuous Load Ansys simulation result



	model
	analytical solution
	RFEM 5 
	Accuracy %
	Ansys mechanical
	Accuracy %

	
	Uz (mm)
	Uz (mm)
	Ratio
	
	Uz (mm)
	Ratio
	

	cantilever beam
	157.143
	157.13
	0.999
	100%
	157.15
	1.000
	100%


Table 7 shows the results of the Ansy cantilever beam simulation compared to the analytical results and the RFEM 5 solver. It shows the simulation alights within 0.02mm of the analytical result. As mentioned previously, <5% error is acceptable for a simple structural test, so this result is well within an acceptable tolerance.


Table 7 - 0016 – Elastic Bending – Continuous Load results table
 

[bookmark: _Toc216278909][bookmark: _Ref216437340]Boundary Condition Sensitivity
The simulation runs into consistent errors while trying to solve the static structural due to there being no body to ground constraint. This can often be solved by using weak springs to constrain the part without adding physical constrains. However, the magnitudes involved in this simulation overpower weak springs.
The next solution is to constrain the part with fixed supports. This will allow the solver to complete the simulations but will also create an unrealistic loadings for the piston, which will cause error the results. This can also lead to unrealistically large deformations and stresses due to loads now acting on a fixed object.
To understand the effects of this method, 3 different locations for this constraint have been analysed on a simplified piston and compared to find a result that has the least effect on the outcome of the result.


[bookmark: _Toc216278910]Gudgeon pin constraint
The piston has had a fixed support added to the Gudgeon pin locating hole.  Figure 36 shows the constraint at the gudgeon pin hole results in the pin hole and skirt seeing no deformation, with the largest deformation being seen in the crow. The equivalent stress suggests there is significant stress occurring around the gudgeon pin hole sides with this translating to the underside of the piston. This is expected due to the 7641N load acting vertically down from the piston. This would be expected to be corroborated in the material deformation around the gudgeon pin hole, but it isn’t. This may be due to all the forces apart from the combustion pressure are acting on features below the oil ring. The constraint may be cancelling out the motion loads and thus deeming this method of constraint inadequate. [bookmark: _Toc216457868]Figure 36 - Gudgeon pin boundary condition test results showing Equivalent stress (left), Total deformation (right)



[bookmark: _Toc216278911]Piston skirt constraint
For this instance, the Piston has had a fixed support added to the piston skirt. As expected, figure 37 shows no material deformation around the skirt. It also shows deformation around the underside of the gudgeon pin hole. This shows that this simulation is translating the motion loads better than the pin hole constraint, but may also be causing unrealistic internal loads. The lack of deformation seen by the skirt propergates through the part more than it does with the pin hole constraint. This simulation shows the skirt has little deformation around its parimiter, with tha maximum deformation being seen on the crown. It is possible that this constraint is clashing with the motion loads similarly to the gudgeon oin constraint. For these reasons, this constraint has also been deemed as unsuitable. 
[bookmark: _Toc216457869]Figure 37 - Piston skirt boundary condition test results showing Equivalent stress (left), Total deformation (right)




[bookmark: _Toc216278912]Piston oil ring face
The next sim shows the piston constrained at the piston ring groove face. The results of the simulation show more overall deformation and stress than the previous constrint tests. This method allows deformation around the bottom of the hole, around the skirts and the crown, indicating the part is free to deform under load. This constraint covers a smaller surface area then the other constraints which may be a contributing factor. It is however still not relistic, as the loads are still acting on a piston that has been fixed in place. 
[bookmark: _Toc216457870]Figure 38 - Oil ring face boundary condition test results showing Equivalent stress (left), Total deformation (right)



[bookmark: _Toc216278913][bookmark: _Ref216435469][bookmark: _Ref216435566][bookmark: _Ref216435577]Mesh Independence Study
[bookmark: _Toc216278914]Mesh Element size
In this section, the sizing of the mesh elements has been investigated. 9 simulations have been run with the mesh sizes ranging from 3-1.4mm in 0.2mm increments. The simplified piston has been used for this study, with the same loads as the boundary condition test. The oil ring face has been used to constrain the piston. The results have been recorded in table 8. 
Table 8 - Mesh independence study results table
	mesh size (mm)
	Von-mises Equivalent stress (Pa)

	 
	minimum
	maximum
	average

	3
	2.76E+06
	3.50E+08
	1.83E+08

	2.8
	2.57E+06
	3.61E+08
	1.80E+08

	2.6
	3.77E+06
	3.62E+08
	1.87E+08

	2.4
	1.19E+06
	3.61E+08
	1.89E+08

	2.2
	2.05E+06
	3.61E+08
	1.91E+08

	2
	2.18E+06
	3.61E+08
	1.94E+08

	1.8
	3.81E+06
	3.60E+08
	2.00E+08

	1.6
	2.41E+06
	3.61E+08
	2.02E+08

	1.4
	2.42E+06
	3.62E+08
	2.07E+08


Graph 2  - Equivalent Von-mises stress Vs element size

 

Table 8 shows consistent results for average Von-mises stress, indicating that the body responds consistently in this range. The average stress increases as the mesh gets finer, with maximum stresses appearing level and consistent, and minimum stress varying without an obvious trend. Between 3mm and 2.6mm there is an increase in the maximum and a reduction in the Average. This could show the start of inconsistent results, meaning bigger mesh sizes than this will start to influence the output of the simulation. 

[bookmark: _Toc216457871]Figure 39 - Mesh independence study piston visualisation

[bookmark: _Toc216278915]Custom variable meshing
The results of the piston simulations show stress concentration at the lower leading edge of the oil ring. Due to the mesh sizing in this area, this is something that needs to be investigated. 
Figure 40 shows the mesh having a single element spanning the faces on the O-ring groove. According to research from Zienkiewicz & Taylor, (2005), single elements spanning a face can cause discretisation errors. To investigate this, the mesh has been refined specifically in this area to make multiple mesh elements span this face. [bookmark: _Toc216457872]Figure 40 - Close image of the simplified piston with a global 3mm mesh size


The mesh size has been reduced on the oil ring groove faces and outer edges to 0.5mm. This has been chosen as it is small enough to prompt Ansys to create 2 different elements spanning it.[bookmark: _Toc216457873]Figure 41 - Close image of the simplified piston with 0.5mm refined mesh around the oil ring edges


Figure 41 shows a more consistent distribution of the stress around the edge of the piston. This indicates the stress concentrations are not artifacts created by improper meshing, but genuine stress concentrations, possibly caused by the oil ring face fixed joint. The refined mesh also indicates these stresses are more evenly distributed around the edge than the coarse mesh suggested, showing how coarse meshes can lead to inaccuracies in the simulation.


[bookmark: _Toc216278916]Conclusion
This study has demonstrated the practical application of Computer Aided Engineering processes through the analysis of an internal combustion engine piston within a representative mechanical assembly. By integrating rigid dynamic, thermal, structural and fatigue simulations, the work illustrates how CAE tools can be used to generate loading conditions, evaluate component behaviour and inform iterative design changes. Validation and sensitivity studies highlighted the importance of mesh quality and boundary condition selection in achieving reliable results. Overall, the assignment shows that while CAE provides powerful insight into component performance, careful modelling decisions and critical interpretation are essential to understand its limitations and ensure meaningful engineering conclusions.
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Appendix
Dubal Validation examples
0016 – Elastic Bending - Continuous Load (Dlubal, 2018)
file:///C:/Users/roger/OneDrive%20-%20University%20of%20Wales%20Trinity%20Saint%20David/year%203/stress%20analysis/stress%20analysis%20assignemnt/validation/Cantilever%20with%20uniform%20load.pdf
0078 - Bimetallic Strip (Dlubal, 2018)
file:///C:/Users/roger/OneDrive%20-%20University%20of%20Wales%20Trinity%20Saint%20David/year%203/stress%20analysis/stress%20analysis%20assignemnt/validation/Bimetallic%20Strip.pdf



Von-mises Equevelent stress Vs Element size
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The bimetallic strip is made of two metals with different coefficients of thermal expansion. They are
frequently used in instruments to sense or control temperatures. When the ambient temperature
is changing, the bimetallic strip is bending. That i caused by the different elongations of the used
metals.

The analytical solution is based on the approach introduced in [11. The following formula gives
the dimensionless coeffcient K, which can be used for the calculation of the equivalent stiffness

n el ra (1) 5 (5] £ @

The maximum deflection of the bimetallc strip is then defined by the following formula

_ Sl )i+ T L

. o 5 ~ 7049 mm. 78-2)
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Recalling the elementary equation for the beam deflection using the Euler-Bemoull theory
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