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[bookmark: _Toc216641037]Introduction
The following assignment simulates the testing of a small assembly of engine components using ANSYS Workbench to understand the structural and thermal loadings, and the fatigue life of a piston. This assignment also explores opportunities for mass optimization of the piston and discusses the advantages and limitations of CAE tools when incorporated into the design process.

The assembly used for this study consists of a crankshaft, connecting rod, gudgeon pin and piston. As the piston is the focus of the study, different material properties were assigned to this component for analysis. All other components were assumed to be structural steel. 

[bookmark: _Toc216641038]Section 1: Fully Linked System
This section provides an overview of the process taken to create a fully linked system of structural and thermal loadings using ANSYS Workbench. Boundary conditions and meshing strategies in Section 1 were first validated. Please see Section 2 for this validation discussion. 

[bookmark: _Toc216641039]1.1 Engineering Data
· Aim - Material selection criteria for piston.
The most common material used for pistons is aluminium-silicon alloys (Mahler, 2016, pg.63) and a baseline aluminium alloy, 6061 T6, was imported from ANSYS GRANTA EduPack into the Engineering Data section of ANSYS Workbench (Fig.1). 

[image: A screen shot of a computer
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[bookmark: _Toc216640255]Figure 1: Engineering Data section of Ansys Workbench.


[bookmark: _Toc216641040]1.2 Rigid Dynamics
· Aim: Extract dynamic forces from engine motion

A Rigid Dynamics study is linked to Engineering Data so the material can be applied to the geometry imported (Fig.2).
[image: A screenshot of a computer
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[bookmark: _Toc216640256]Figure 2: Rigid Dynamics section linked to Engineering Data

[bookmark: _Toc216641041]1.3.1 Imported Geometry 
An initially a kinematic study was performed on the following components - crankshaft, connecting rod, gudgeon pin and piston (Fig.3). 
[image: A 3d model of a crankshaft
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[bookmark: _Toc216640257]Figure 3: Assembly of crankshaft, conrod, gudgeon pin and piston used in simulation.

[bookmark: _Toc216641042]1.3.2 Joints
The following joints were applied to constrain the components, so the assembly functions mechanically as intended (Table 1; Fig.4-6).

Table 1: Summary of joint types set up for kinematic study.
	Joint Number
	Component 1
	Component 2
	Type of Joint
	Degrees of freedom
	Figure Number

	1
	Crankshaft
	Connecting Rod (big end)
	Body to Body
	Revolute through Z axis.
	4

	2
	Gudgeon Pin
	Connecting Rod (small end)
	Body to Body
	Revolute through Z axis.
	5

	3
	Piston Pin Bore
	Gudgeon Pin
	Body to Body
	Revolute through Z axis.
	6



[image: A diagram of an engine
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[bookmark: _Toc216640258]Figure 4: Joint No. 1 - Crankshaft & Connecting Road


[image: A diagram of a mechanical model
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[bookmark: _Toc216640259] Figure 5: Joint No.2 - Gudgeon Pin to Connecting Rod.
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AI-generated content may be incorrect.]


[bookmark: _Toc216640260]Figure 6: Joint No.3 - Gudgeon Pin to Piston Pin Bore.



[bookmark: _Toc216641043]1.3.3 Boundary Conditions

1.3.3.1 Body to Ground Joints Boundary Condition
Boundary Conditions were established using body to ground joints to define how the crankshaft and piston are allowed to move relative to the ground (Table 2, Fig.6-7). Joint No.4 allows the piston to translate up and down while rotating around the gudgeon pin as it would in a cylinder. Joint No.5 represents the crankcase which the crankshaft rotates through the Z axis within. 

[bookmark: _Toc216640383]Table 2: Boundary Condition - Joints.
	Joint Number
	Component 1
	Component 2
	Type of Joint
	Degrees of Freedom
	Figure No.

	4
	Piston Skirt
	Ground
	Body to Ground
	Translation in Z axis.
	7

	5
	Crankshaft (main journal)
	Ground
	Body to Ground
	Rotation in Z axis.
	8



[image: A diagram of a device
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[bookmark: _Toc216640261]Figure 7: Joint No.4 - Piston skirt to ground.



[image: A diagram of a crankshaft
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[bookmark: _Toc216640262]Figure 8: Joint No.5 – Crankshaft main journal to ground.





1.3.3.2 Transient Solver Boundary Condition
A time-dependent rotational velocity boundary condition with a value of 4,000 RPM was applied to Joint No.5.

[bookmark: _Toc216641044]1.3.4 Time and Step Control 
The Step Control section of the Transient Solver defines how the simulation progresses through time. It sets the total step duration, the initial and maximum time increments and the frequency of the time steps. This controls how finely time is sliced during rapidly changing motions and forces. This was set as follows:

· Duration - 0.05 seconds 
· Time stepping - 1 x 10^-4 seconds. 
· Auto Time step - OFF

This duration ensures the solver does not have to process more data than required and the frequency ensures the solver has a fine fidelity of data to review. 

[bookmark: _Toc216641045]1.3.5 Solution
To isolate the loads the piston experiences, Joint No. 3 was imported as a Joint Probe into the Solution Solver section of Rigid Dynamics (Fig.9). The maximum total force of that joint is then exported as a motion load to be used in a Static Structural study. 
[image: A mechanical model of a crankshaft
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[bookmark: _Toc216640263]Figure 9: Rigid Dynamics solution with maximum total force highlighted.
[bookmark: _Toc216641046]1.3 Static Structural Analysis (first pass)

Aims:
· Import joint loads
· Confirm load mapping works

The Static Structural analysis evaluates the stresses and deformations experience by the piston when subjected to the dynamic loads extracted from the Rigid Dynamics study. This allows the identification of critical regions, assessment of structural performance and comparison between different materials. Static Structure imports the engineering data, geometry and model directly from the Rigid Dynamics study (Fig.10).

[image: A screenshot of a computer
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[bookmark: _Toc216640264]Figure 10: Static Structural Study added to Ansys Workbench with links to previous study.

[bookmark: _Toc216641047]1.3.1 Geometry Preparation
Only the piston is required for this study, therefore all other bodies in the geometry are suppressed. 

[bookmark: _Toc216641048]1.3.2 Imported Loads
The motion load from the Rigid Dynamics study was then imported into the Static Structural Analysis where ANSYS automatically deconstructed the load into remote forces and moments:
· Remote Force 1 – Primary translational reaction transmitted through the gudgeon pin during engine operation. This corresponds to the gas and inertia load acting downwards through the connecting rod as the piston moves downwards. 
· Moment 1 – Torsional and bending reaction acting about the gudgeon pin axis.
· Remote Force 2 – Lateral reaction force that pushes the piston against the cylinder wall. 
· Moment 2 – Local twisting and bending of the gudgeon pin under load between the pin boss regions. 

[bookmark: _Toc216641049]1.4 Steady-State Thermal Analysis

· Aim: Determine temperature distribution

The piston operates at elevated temperatures where material properties can change. For a fully linked system the static structural analysis also requires a realistic understanding of the thermal load.

[bookmark: _Toc216641050]1.4.1 Thermal Model Setup
The geometry and engineering data are both linked to the Thermal analysis. As with the Steady State Analysis components other than the piston are suppressed. 

[bookmark: _Toc216641051]1.4.2 Meshing 
The following Tetrahedral mesh element sizes were added:
· Body - 3 mm 
· Piston Crown – 2 mm - to better understand heat dissipation.
· Oil Groove – 1 mm – localised stress concentration identified here.

[bookmark: _Toc216641052]1.4.3 Thermal Boundary Conditions
The Steady State Thermal analysis used heat transfer coefficients averaged from four published sources (Table 3) to set up Convection inputs that defines how temperature transfers through the piston. The only exception being the piston crown, which uses a specific know temperature required by the source (Noble, 2025). 


[bookmark: _Toc216640384]Table 3: Thermal Study Boundary Conditions (Noble, 2025)
	
	Heat Transfer Coefficient (W/m^2 °C)
	Temperature (°C)

	
	1
	2
	3
	4
	Av
	1
	2
	3
	4
	Av

	Crown
	600
	350
	500
	540
	497.5
	928.5
	928.5

	Crown Side
	500
	540
	350
	400
	447.5
	250
	650
	500
	300
	425

	Top Groove
	300
	650
	200
	600
	437.5
	180
	150
	180
	250
	190

	Middle Groove
	300
	650
	200
	600
	437.5
	180
	150
	180
	250
	190

	Oil Groove
	260
	520
	175
	400
	338.75
	165
	150
	170
	170
	163.75

	Underside
	1500
	750
	250
	200
	675
	95
	90
	90
	90
	91.25

	Skirt
	1000
	400
	150
	300
	462.5
	110
	110
	120
	90
	107.5




[bookmark: _Toc216641053]1.4.4 Solution
The thermal output of the solution was set to analyse temperature across the piston and was to reveal the temperature profile of the material (Fig.11).

[image: A rainbow colored object with a chart
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[bookmark: _Toc216640265]Figure 11: Temperature profile of piston from Steady State Thermal study.

[bookmark: _Toc216641054]1.5 Static Structural Analysis (Final pass)
Aims:
· Add thermal and mechanical loads.
· Solve for final stresses, deformation, safety factor and fatigue indicators.

The solution from the Thermal analysis was linked back to the Static Structural Analysis for a final pass to complete the fully linked system, i.e. the Joint Probe results from the Rigid Dynamics study, the forces and moments from the first pass of the Static Structural analysis and the temperature profile from the Thermal study (Fig.12).

[image: A screenshot of a computer
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[bookmark: _Toc216640266]Figure 12: Fully linked system on Ansys Workbench.

[bookmark: _Toc216641055]1.5.1 Additional Load
A pressure of 10.5 MPa was added as a load to the crown of the piston to account for that force during combustion (Fig.13).

[image: A 3d model of a piston
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[bookmark: _Toc216640267]Figure 13: Pressure Force applied to the piston crown.

[bookmark: _Toc216641056]1.5.2 Meshing
The piston was meshed following the same body and face sizing elements as used in section 1.4.2. 

[bookmark: _Toc216641057]1.5.3 Constraining the model
With connecting rod, gudgeon pin and crankshaft suppressed, the piston is to some extent a free body. However, the prescribed motion and loads still apply. Inertial Relief was disabled because it assumes no kinematic constraints and is incompatible with the assumed free-floating structure it requires. In addition, weak springs were insufficient to stabilise the piston due to its rigid-body motion.  Therefore, an additional Fixed Support was required to avoid the piston being unrealistically displaced. The location of this constrain is shown in Figure 14.  

[image: A computer generated image of a circular object
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[bookmark: _Toc216640268]Figure 14: Fixed Support placed on the underside of the piston crown.

[bookmark: _Toc216641058]1.5.3 Solution Outputs
Total Deformation, Equivalent (von-Mises) Stress, Normal and Principal stresses were added to the solution output, and the fully linked system was then solved to provide results for the kinematic and thermal loads.







[bookmark: _Toc216641059]Section 2: Validation Testing
Validation was performed to confirm the numerical methods, solver behaviour and the meshing strategies used in this assignment produce physically meaningful results. Simplified benchmark problems with known analytical solutions and published results were used to validate the ANSYS solver. These are:
· Hand calculations 
· Dlubal’s RFEM 5 software 

Two validation tests were conducted:
1. Cantilever Beam - Elastic Bending with a fixed end and uniform load (Dlubal, 2022).
2. Validation of deformation – Bimetallic strip with a fixed end and thermal load (Dlubal, 2018).

[bookmark: _Toc216641060]2.1 Validation 1: Linear Study: Elastic Bending – Continuous Load 
To successfully validate between the hand calculations, RFEM and ANSYS, consistent material dimensions and properties were used (Table 4). The two computational methods (RFEM 5 and ANSYS Workbench) required the addition of mesh element size consistency between both methods.

[bookmark: _Toc216640385]Table 4: Material Properties used in Elastic Bending – Continuous Load validation (Dlubal, 2022).
	Elastic Bending – Continuous Load

	Dimensions
	Length = 1 m, Width = 0.05 m, Thickness = 0.005 m

	Young’s Modulus
	210000 MPa

	Poisson’s Ratio
	0

	Shear Modulus
	105000 MPa

	Mesh Size
	0.020 



[bookmark: _Toc216641061]2.1.1 Validation 1 - Results
The results show ANSYS is within 0.0045% accuracy of the hand calculations (Table 5). This shows that ANSYS predicts linear elastic bending accurately, which supports the use of imported joint loads in the piston’s static structural analysis. 




[bookmark: _Toc216640386]Table 5: Results comparison of Linear Study: Elastic Bending – Continuous Load validation.
	Hand Calculations
	RFEM 5
	RFEM 6
	ANSYS Workbench
	ANSYS % error

	157.143 mm
	157.12 mm
	157.125 mm
	157.15 mm
	0.0045%



[bookmark: _Toc216641062]2.2 Validation 2 – Thermal Study - Bimetallic Strip
Table 6 shows the consistent dimensions, material properties and meshing used between the different calculation methods.

[bookmark: _Toc216640387]Table 6: Material Properties for Bimetallic Strip validation (Dlubal, 2018).
	Bimetallic Strip

	Applicable to both materials
	Dimensions
	For each strip - Length = 1 m, Width = 0.005 m, Thickness = 0.001 m

	
	Thermal Loading
	100°C

	
	Mesh Size
	0.250 mm

	Material 1: IVAR
	Young’s Modulus
	137000MPa

	
	Poisson’s Ratio
	0.28

	
	Coefficient of Thermal Expansion
	1.2 x 10 ^ -6 °C^-1

	Material 2:
COPPER
	Young’s Modulus
	130000 MPa

	
	Poisson’s Ratio
	0.354

	
	Coefficient of Thermal Expansion
	2 x 10 ^ -5 °C^-1



[bookmark: _Toc216641063]2.2.1 Validation 2- Results
The results show ANSYS is within approximately 1% accuracy of the hand calculation confirming that the thermal expansion is being captured correctly (Table 7).  

[bookmark: _Toc216640388]Table 7: Results comparison of Thermal Study: Bimetallic strip validation.
	Hand Calculations
	Dlubal’s RFEM 5
	ANSYS Workbench
	ANSYS % error

	-7.049 mm
	-7.047 mm
	-7.121
	~1%



[bookmark: _Toc216641064]2.3 Boundary Conditions Validation 
The piston boundary conditions were validated by comparing the deformation and stress patterns against published sources. Most of the deformation and highest stresses occurred around the bottom of the pin-bore and the oil ring groove. Mahle, 2016 shows similar stress distribution around the pin-bore, but attributes this to manufacturing and assembly not due to mechanical loading (Mahle, 2016. Pg.53). 

The effect of the Fixed Support discussed in section 1.5.3 was tested by moving the constraint. When the Fixed Support was moved to one of the edges of the oil groove, lower deformation results were recorded; and, while the maximum equivalent stress remained the same, a lower average equivalent stress was observed (Table 8, Fig.15). As a result, the boundary conditions are considered suitable for comparative analysis between materials, but not for predicting absolute deformation values.

[bookmark: _Toc216640389][image: A 3d model of a piston

AI-generated content may be incorrect.]Table 8: Fixed Support Validation Results.
	Fixed Support Comparison
	Underside of Piston
	One Edge of Oil Groove

	RESULTS
	6061-T6 
	6061-T6

	Temperature
	Max.
	300.81°C
	300.81°C

	Total Deformation
	Max.
	
	

	
	Av.
	
	

	Equivalent Stress (von-Mises)
	Max.
	361.6 MPa
	361.6 MPa

	
	Av.
	182.9 MPa
	169.5 MPa

	Max. Principal Stress
	Max.
	558.88 MPa
	360.75 MPa

	
	Av.
	35.74 MPa
	15.09 MPa

	
	Min.
	-743.33 MPa
	-580.38 MPa

	Normal Stress
	Max.
	412.03 MPa
	335.8 MPa

	
	Av.
	-37.54 MPa
	-49.35 MPa

	
	Min.
	-819.15 MPa
	-655.5 MPa

	Safety Factor
	Min.
	1.01
	1.01

	Fatigue Life
	No. of cycles
	19,480
	19,471

	Density
	2,700 
	2,700 


[bookmark: _Toc216640269]Figure 15: Fixed Support on edge of oil groove.





[bookmark: _Toc216641065]2.3 Mesh Validation Studies
To ensure confidence in the accuracy of the meshing strategy, three separate mesh validation exercises were conducted. The first two (a linear cantilever beam and a bimetallic strip under thermal load) validate ANSYS against known analytical and benchmark results. The third study applies mesh refinement directly to the piston model to verify mesh adequacy in a critical stress-forming region. Together, these studies confirm that the selected meshing approaches provide mesh-independence and physically meaningful results for both simplified validation problems and the final piston analysis.

[bookmark: _Toc216641066]2.3.1 Linear Cantilever Beam Mesh Validation
A mesh independence study was first conducted on the cantilever beam discussed in Section 2.1. Multiple mesh sizes were evaluated using both Hex Dominant (with adaptive sizing) and Tetrahedral meshing (Fig.16 & Table 9).
[bookmark: _Toc216640270]Figure 16: Meshing method comparison. Left: Hex Dominant Method; right: Tetrahedron Method.



[bookmark: _Toc216640390]Table 9: Results of Mesh Methods and Mesh Sizes comparison for Linear Validation Study.
	Test
	Mesh Size
	Hex Dominant (+adaptive sizing) Mesh Result
	% error to hand calc. of 157.143 mm
	Tetrahedron Mesh Result
	% error to hand calc. of 157.143 mm

	-6
	0.001 m
	157.15 mm
	0.005%
	157.15 mm
	0.005%

	-5
	0.003 m
	157.15 mm
	
	157.15 mm
	

	-4
	0.005 m
	157.15 mm
	
	157.14 mm
	-0.0019%

	-3
	0.007 m
	157.15 mm
	
	157.14 mm
	

	-2
	0.009 m
	157.15mm
	
	157.14 mm
	

	-1
	0.01 m
	157.15 mm
	
	157.12 mm
	-0.0146 %

	Benchmark Mesh
	0.02 m
	157.15 mm
	
	157.12 mm
	

	1
	0.03 m
	157.15 mm
	
	157.12 mm
	

	2
	0.05 m
	Too large to solve.
	n/a
	157.12 mm
	



All ANSYS results ranged between 157.12 mm and 157.15 mm, demonstrating very low sensitivity to mesh density. This confirms mesh independence was achieved and that the solver produced consistent results across different mesh types. 

[bookmark: _Toc216641067]2.3.2 Thermal Bimetallic Strip Mesh Validation
The second study was conducted on the bimetallic strip discussed in Section 2.2. A range of mesh sizes using both Hex Dominant and Tetrahedral methods were applied (Table 10).

[bookmark: _Toc216640391]Table 10: Results of Mesh Methods and Mesh Sizes comparison for Thermal Validation Study
	Test 
	Mesh Size
	Hex Dominant (+adaptive sizing) Mesh Result (mm)
	% error to hand calc. of -7.049 mm
	Tetrahedron Mesh Result (mm)
	% error to hand calc. of -7.049 mm

	-2
	0.0001 m
	Aborted = Unrealistic time to solve
	
	Aborted = Unrealistic time to solve
	

	-1
	0.0002 m
	-7.121 (took ages)
	1.02 %
	-7.122
	1.04%

	Benchmark mesh
	0.00025 m
	-7.1213
	1.03%
	-7.1227
	1.05%

	1
	0.0003 m
	-7.1218
	1.03%
	-7.1235
	1.06%

	2
	0.0005 m
	-7.123 
	1.05%
	-7.1249
	1.08%

	2
	0.001 m
	-7.1233
	1.05%
	-7.1399
	1.29%

	3
	0.003 m
	-7.1211
	1.02%
	-7.1868
	1.95%

	4
	0.0035 m
	Mesh too big
	
	-7.1568
	1.53%



Extremely fine meshes (≤ 0.0002 m) proved computationally impractical, whereas larger mesh sizes (>0.003 m) introduced slight deviation from benchmark results. Meshes in the range 0.00025-0.003 m produced displacements between -7.121 mm and -7.139 mm, demonstrating stable convergence. 




[bookmark: _Toc216641068]2.3.4 Further Mesh Study on Piston
During initial post-processing of the piston results, localised stress concentrations were observed around the oil groove. This area contains regions of sharp geometric transitions that can generate artificially high peak stresses. Therefore, a targeted mesh refinement study was performed to verify the behaviour. 

The element size around the oil groove was progressively reduced from 4   to  and the minimum, maximum and average equivalent stresses were recorded (Table 11 & Fig.17).

[bookmark: _Toc216640392]Table 11: Max, Min, Av Equivalent Stress (von-Mises) results from different mesh sizes on piston oil groove.
	Mesh Size (m)
	Min (Pa)
	Max (Pa)
	Av (Pa)

	4.00E+03
	1.6210E+06
	1.9803E+09
	1.8682E+08

	3.00E-03
	1.451E+06
	1.9446E+09
	1.8955E+08

	2.50E-03
	9.738E+05
	1.7765E+09
	1.9133E+08

	2.00E-03
	1.5453E+06
	1.9116E+09
	1.9492E+08

	1.00E-03
	1.5919E+06
	2.1320E+09
	2.1860E+08

	1.50E-03
	1.6665E+06
	1.9990E+09
	2.0218E+08

	7.50E-04
	1.5784E+06
	2.4104E+09
	2.6823E+08

	5.00E-04
	1.5563E+06
	2.572E+09
	2.9808E+08

	2.50E-04
	1.9494E+06
	3.4858E+09
	4.586E+08





[bookmark: _Toc216640271]Figure 17: Max. and Av. Equivalent Stress (von-Mises) results from mesh study of oil groove.

The average stress remained largely unchanged across all mesh sizes, indicating that the overall structural response is mesh independent. However, the maximum stress increased with refinement, rising from approximately  to 

This behaviour is characteristic of a local stress singularity or high stress gradient caused by geometric sharp edges. Because such idealised features to not represent perfectly smooth real-world components, it is not appropriate to chase a ‘true’ peak value that diverges with mesh refinement. Instead, an intermediate mesh can be selected where:
· The average stress remains stable
· The peak stress increases only marginally with further refinement.
· The mesh density is computationally efficient.

This shows that the chosen piston mesh gives consistent overall results, even though the peak stresses at sharp features continue to increase with refinement. The selected mesh therefore provides a good balance between accuracy and reasonable computation time.  

The combined findings from all three validation studies show that:
· ANSYS produces mesh-independent results for both linear and thermal cases at moderate mesh densities.
· Tetrahedral meshing is more suitable for complex geometries such as the piston, where Hex Dominant methods lead to excessive distortion and skewness.
· Local mesh refinement is necessary in areas with high stress gradients, such as the oil groove, but overall refinement beyond a certain point does not improve accuracy meaningfully. 

Overall, the validation studies demonstrate that the numerical methods and meshing strategies used in the assignment are reliable for identifying stress trends, thermal behaviour and comparative material performance in the piston model. 





















[bookmark: _Toc216641069]Section 3: Optimisation and Improvement

[bookmark: _Toc216641070]3.1 Optimisation Strategy & Metrics 
The optimisation strategy adopted focuses on material substitution rather than geometric modification. This approach allows the influence of material properties to be isolated while maintaining identical geometry, loading conditions, boundary conditions and mesh definitions. As a result, differences in structural and thermal performance can be attributed directly to material behaviour and not modelling assumptions or mesh.

Six aluminium alloys were selected from ANSYS Granta EduPack (Table 12). These include both wrought and cast alloys, allowing a comparison between high-strength, low ductility materials and lower-density, silicon-rich casting alloys. The baseline material, 6061-T6 aluminium was used as a reference case.  While this is a mass reduction exercise, two higher density alloys were selected to potentially offer opportunities for mass reduction through changes to geometry.  

[bookmark: _Toc216640393]Table 12: Material Selection for Optimization.
	Material
	Rationale 

	6061 T6
	baseline material

	2618, T6
	higher density than baseline

	7075, T6
	higher density than baseline but higher strength

	8090, T851
	lower density than baseline

	A356 Sand Cast T6
	lower density than baseline

	EN AC-48000 Chill Cast T6
	lower density than baseline and very similar chemical composition to Mahle’s M124, which they describe as the “classic piston alloy” (Mahle, 2016, pg63-64. See also Appendix 1)



Metrics 
· Maximum Temperature – indicates thermal capability and heat dissipation
· Total Deformation – used as a stiffness indicator under combined loading
· Equivalent (von-Mises) stress - governs yielding. 
· Normal and Principal stresses – capture tensile and compressive behaviour
· Safety Factor – assess margin to yield
· Fatigue Life – evaluates durability under cyclic loading
· Density – used to assess mass optimisation potential.

[bookmark: _Toc216641071]3.2 Baseline Performance: 6061-T6 Aluminium
The baseline 6061-T6 piston exhibits a maximum operating temperature of approximately 301°C (Appendix 2 & Fig. 18). 

[bookmark: _Toc216640272]Figure 18: 6061-T6 Temperature Profile.

The maximum deformation is concentrated around the base of the pin bore while the lowest values centre around the underside of the piston crown (Fig.19).

[bookmark: _Toc216640273]Figure 19: 6061-T6 Total Deformation.

The maximum equivalent stress of 361.6 MPa occurs at the oil ring groove, exceeding the normal yield strength of the alloy (Appendix 2-3 & Fig.20). However, as discussed in Section 2.3.4, this peak value is influenced by local geometric stress concentrations and mesh refinement. The average equivalent stress remains lower at 183 MPa indicating that the global structural response is stable.


[bookmark: _Toc216640274]Figure 20: 6061-T6 Equivalent (von-Mises) Stress.

[bookmark: _Toc216641072]3.3 Comparative Material Performance

Across all materials, maximum temperatures remain within the relatively narrow range of approximately 300-310°C (Appendix 2 & 4). The exception is 8090-T851, which reaches a higher peak temperature of 349°C. This behaviour is attributed to its lower thermal conductivity (Appendix 5), resulting in reduced heat dissipation from the crown region (Mahle, 2016 pg. 59).

Deformation patterns remain consistent across all alloys, with maximum displacement occurring at the pin-bore base (Appendix 6). Cast aluminium alloys (A356 and EN AC-48000) show marginally lower deformation, likely due to their higher silicon content.

Equivalent stress distributions are similar for all materials with peak stresses consistently occurring at the oil ring groove (Fig.20 & Appendix 7). Wrought high-strength alloys (7075-T6 and 8090-T851) exhibit higher maximum stress, whereas the cast alloys show lower average stresses and a more distributed stress field. 

Fatigue life varies significantly between materials. While 6061-T6 maintains the highest predicted fatigue life, A356 is the only lower density alloy that can demonstrate some fatigue life (Appendix 2). In contrast, 7075-T6 and 8090-T851 shown substantially reduced fatigue life despite higher yield strengths (Appendix 2 & 3).

[bookmark: _Toc216641073]3.4 Optimised Material Selection
Based on the combined assessment of stress, deformation, fatigue life and density, EN AC-4800 (chill cast T6) represents the most balanced material choice. While its predicted fatigue life is lower than the baseline 6061-T6, it offers meaningful reduction in density while maintaining comparable stress and deformation behaviour. 

The chemical composition of EN AC-48000 closely matches Mahle’s M124 piston alloy supporting its relevant to real-world applications (Mahle, 2016, pg63-64. See also Appendix 1). In contrast, high-strength wrought alloys such as the 7075-T6 and 8090-T851 demonstrate poorer fatigue performance and higher thermal sensitivity, making them less suitable despite their higher yield strength. 

Overall, the optimisation demonstrates that material selection for pistons is governed by a balance of thermal behaviour, fatigue resistance and mass rather than strength alone. 










[bookmark: _Toc216641074]4.Strengths and Limitations of ANSYS and this study.
This study highlights both the strengths and limitations of using ANSYS Workbench as CAE tool for piston analysis. The limitations identified are not due to the solver itself but arise from the assumptions and simplifications required to make the problem computationally practical. 

One of the primary limitations identified relates to the use of the fixed support applied beneath the piston crown. Results revealed a localised region of zero deformation at the fixed support location, indicating an artificially constrained zone. This constraint altered the global stiffness of the piston and had a knock-on effect on the deformation levels observed around the pin bore. 

In reality, the piston is supported through the gudgeon pin and connecting rod rather than the by a fixed surface. Mahle (2016) consistently models pistons with the gudgeon pin and conrod included, allowing load transfer to occur through realistic contact and articulation (Fig.21).  While ANSYS can model such assemblies, doing so within a fully linked structural-thermal study would require significantly increased computation cost and much smaller time steps, which is unrealistic for the aims of this study. 

[image: A close-up of a model of a human body

AI-generated content may be incorrect.]
[bookmark: _Toc216640275]Figure 21: Mahle (2016) models pistons with pin and conrod (Mahle, 2016. pg. 38).

Additional limitations arise from the use of static structural analysis to represent a dynamic loading environment. Incorporating real engine pressure data or time-dependent loading would allow more accurate stress and fatigue predictions but would substantially increase model complexity. Likewise thermal analysis was simplified using averaged heat transfer coefficients and constant material properties. 

ANSYS Workbench excels at detailed simulations but is not a fully integrated CAD environment such as PTC Creo or SolidWorks.  Berselli, et al, (2020) highlight that modern engineering curricula are increasingly incorporating integrated CAD/CAE environment to better align with industrial workflows and to reduce the time and effort required to transition between design and analysis. 

[bookmark: _Toc216641075]4. Conclusion

This study demonstrated the use of a fully linked CAE workflow within ANSYS Workbench to evaluate the structural and thermal behaviour of an engine piston under representative loading conditions. Validation studies confirmed that the numerical methods and meshing strategies adopted produced mesh-independent global response suitable for comparative analysis. 

Material optimisation through substitution highlighted that piston performance is governed by a balance of thermal behaviour, fatigue resistance and mass rather than yield strength alone. However, this process did demonstrate mass reduction can be achieved through material substitution.

The study also highlighted the limitations inherent in CAE models. In particular, the use of an artificial fixed support influenced deformation patterns, emphasising the importance of boundary condition selection. Despite these limitations, ANSYS provided meaningful insight into relative material performance and demonstrated the value of CAE tools as an iterative design aid rather than a source of absolute predictions. 
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[bookmark: _Toc216641079]Appendix 1: Comparison on M124 and EN AC-48000 aluminium alloys

	Composition
	Mahle’s M124
	EN AC-48000 Chill Cast T6

	Si
	11-13 %
	10.5-13.5 %

	Cu
	0.5-1.5 %
	0.8-1.5 %

	Mg
	0.8-1.3 %
	0.8-1.5 %

	Ni
	0.8-1.3 %
	0.7-1.3 %

	Fe
	Max. 0.7 %
	0-0.7 %

	Mn
	Max. 0.3 %
	0-0.35 %

	Ti
	Max. 0.2 %
	0-0.25 %

	Zn
	Max. 0.3 %
	0-0.35 %

	Cr
	Max. 0.05 %
	0-0.15 %

	Al
	Remaining
	80.4-87.2 %



Mahle, 2016. Pg64 
ANSYS Granta EduPack




[bookmark: _Toc216641080]Appendix 2: Full Results from Candidate Materials for Optimisation Study.


	RESULTS
	6061-T6 
	2618, T6
	7075, T6
	8090, T851
	A356 Sand Cast T6
	EN AC-48000, chill cast T6

	Temperature
	Max.
	300.81°C
	310.21°C
	301.58°C
	349.18°C
	309.79°C
	311.89°C

	Total Deformation
	Max.
	
	
	
	
	
	

	
	Av.
	
	
	
	
	
	

	Equivalent Stress (von-Mises)
	Max.
	361.6 MPa
	432.09 MPa
	 575.91 MPa
	567.79 MPa
	339.59 MPa
	469.09 MPa

	
	Av.
	182.9 MPa
	184.71 MPa
	225.07 MPa
	244.63 MPa
	144.98 MPa
	170.92 MPa

	Max. Principal Stress
	Max.
	558.88 MPa
	423.7 MPa
	453.18 MPa
	551.84 MPa
	552.97 MPa
	543.82 MPa

	
	Av.
	35.74 MPa
	15.39 MPa
	27.16 MPa
	35.73 MPa
	31.05 MPa
	32.69 MPa

	
	Min.
	-743.33 MPa
	
	
	-955.72 MPa
	-503.89 MPa
	-628.35 MPa

	Normal Stress
	Max.
	412.03 MPa
	361.39 MPa
	427.82 MPa
	483.36 MPa
	367.14 MPa
	345.1 MPa

	
	Av.
	-37.54 MPa
	-35.75 MPa
	-55.19 MPa
	-50.97 MPa
	-27.44 MPa
	-33.08 MPa

	
	Min.
	-819.15 MPa
	
	
	-1051.9 MPa
	-599.95 MPa
	-692.2 MPa

	Safety Factor
	Min.
	1.01
	0.96
	1.07
	0.87
	0.6
	0.52

	Fatigue Life
	No. of cycles
	19,480
	7,922
	5,256
	1,656.8
	2201.5
	0

	Density
	2,700 
	2,749.8 
	2,799 
	2544.9 
	2,681 
	2,680.9 



[bookmark: _Toc216641081]Appendix 3: Ashby Plot of Candidate Materials’ Yield Strength (Granta EduPack)
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[bookmark: _Toc216641082]Appendix 4: Temperature Profile, Non-Benchmark Materials
2618, T6 Alu

7075, T6 Alu
8090 851 Alu




A356 Sand Cast T6 Alu


AC-48000, Chill Cast T6


[bookmark: _Toc216641083]Appendix 5: Ashby Plot of Candidate Materials’ Thermal Conductivity (Granta EduPack)
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[bookmark: _Toc216641084]Appendix 6: Total Deformation, Non-benchmark materials
2618, T6 Alu

7075, T6 Alu


8990, T851 Alu

A356 Sand Cast T6




AC-48000, Chill Cast T6







[bookmark: _Toc216641085]Appendix 7: Equivalent (non-Mises) Stress – Non-Benchmark Materials

2618, T6 Alu

7075 T6 Alu

8090 T851 Alu

A356 Sand Cast T6


AC-48000 Chill Cast T6











[bookmark: _Toc216641086]Appendix 8: Ashby Plot of Young’s Modulus (Granta EduPack)
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[bookmark: _Toc216641087]Appendix 9: Ashby Plot of Fatigue Strength (Granta EduPack)

[image: A diagram of purple ovals

AI-generated content may be incorrect.]

[bookmark: _Toc216641088]Appendix 10: Ashby Plot of Compressive Strength (Granta EduPack)
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[bookmark: _Toc216641089]Appendix 11: Ashby Plot of Tensile Strength (Granta EduPack)
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