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[bookmark: _Toc216637654]1 Introduction
This report will analyse the physical properties of a piston, connecting rod and crankshaft assembly for an internal combustion engine under normal working condition. An understanding of the requirements from individual part will be outlined with consideration to its specific use. With this information, a choice of material for each part will be made, with explanation as to why this material is ideal for the part.
Data from the analysis will be used to propose and optimised design to improve performance while remaining suitable for purpose.
The report will discuss the use of tools and the limitations of CAE with respects to the findings. 


[bookmark: _Toc216637655]2 Material Properties
The assembly for analysis consists of four individual components; a piston, connecting rod, crankshaft and gudgeon pin respectively. The materials allocated for each material for initial analysis will be defined in the following section.
[bookmark: _Toc216637656]2.1 Piston
Aluminium alloy grade 2618 has been chosen due to its favourable thermal and mechanical properties. The piston must remain light due to reciprocating forces of a piston engine and also withstand the forces present during combustion. Due to the high silicon content, (0.2%), it maintains much of its strength up to 300oC (Aluminum 2618-T6, n.d.), before its tensile strength declines. In comparison to other aluminium alloys, such as 6061, its ultimate tensile strength is at least 110Mpa greater than 6061 (How Strong Is 2618 Aluminum Round Bar? - Chinalcometal, n.d.). 2618 has a greater resistance to stress fracture throughout temperature ranges up to 500oC when compared to 6061 (Mcqueen et al., 1998).
[bookmark: _Toc216637657]2.2 Connecting Rod
The conrod is required to transmit forces in a compressive loads from the piston and the crankshaft. It is not subject to the high heat differentials like a piston and has few contact points. Therefore, 4340 steel alloy has been allocated for the analysis. It is commonly used in this application for its fatigue resistance and overall strength (Khodabandeh et al., 2024). Given that the conrod is in an oily environment, the crank case, its corrosion resistance is of less importance as a ferrous derived material.
[bookmark: _Toc216637658]2.3 Crankshaft
The crankshaft translated the linear forces from the piston and conrod to a rotational force. Similarly to the conrod, the environment is oily and corrosion resistance is of less importance. 4340 grade steel has been used here again, as suitably used in aftermarket performance crankshafts. 
[bookmark: _Toc216637659]2.4 Gudgeon Pin
4340 steel alloy has been allocated to the gudgeon pin. Gudgeon pins are under shear stress loads, where the mechanical properties of 4340 are suitable for this application (Owolabi et al., 2013).


[bookmark: _Toc216637660]3 Kinematic Simulation and Structural Analysis
[bookmark: _Toc216637661]3.1 Model Definition
The model contacts have been defined to allow a normal mechanical motion as intended.
	Type
	Location
	Direction
	Reason

	Revolute, ground to body
	Ground to crank shaft centre
	About Z
	The crankshaft must rotate freely about its Z axis but be fixed in all other degrees of freedom

	Revolute, body to body
	Bearing races of connecting rod big end to bearing races of crank shaft rod journals
	Freedom in X and Y axis
	The connecting rod is free to spin around the crankshaft with no movement in the Z axis

	Revolute, body to body
	Bearing race of connecting rod small end to outer race of gudgeon pin
	Freedom in X and Y axis
	Gudgeon pin is free to rotate within the small end with no movement in the Z axis

	Revolute, body to body
	Outer race of gudgeon pin to races of piston bosses
	Freedom in X and Y axis
	Piston is free to pivot about the Z axis 

	General, Body to ground
	Piston skirts free in Z translation only
	Freedom to move up and down along the Z axis
	This contact simulates the motion as if constrained by a piston



[bookmark: _Toc216637662]3.1 Transient Definition
For rigid dynamics, all geometries are set to rigid, this prevents the simulation of any deformation. By limiting deformation, the forces being translated will result in large peak forces suitable for data gathering for the latter part of the analysis.
[image: A screenshot of a computer program

AI-generated content may be incorrect.]
Figure 1 - Rotational Velocity Definition
A rotational velocity was given to the crankshaft to move about its Z axis. A magnitude of 7700RPM is within the limits of normal operating velocity for a petrol internal combustion engine. A joint probe added to the piston bosses and the gudgeon pin. 
[image: A 3d model of a crankshaft
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Figure 2 - Component assembly

[image: A screenshot of a computer
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Figure 3 - Maximum magnitude
[image: A screen shot of a graph
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Figure 4 - Forces acting on gudgeon pin over time

Using the solution data from the joint probe a maximum total force of 8943.5N was defined and used as a case load for the stress analysis study.


[bookmark: _Toc216637663]3.2 Thermal Definition
Predefined thermal parameters were given to the piston to replicate the realistic heat transfer through the piston during operating conditions. The thermal influence on the component will reduce the strength of the material (Wang et al., 2012) lending to the importance of thermal consideration to this study. The results from the thermal study were tied to the static structural study.
[image: A rainbow colored object with a measuring tape
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Figure 5 - Heat transfer through piston
Figure five demonstrated the heat transfer through the piston. Given than the thermal gradient could be considered high due to the thinner regions of the part.  The mesh sizing is less important for a thermal study of this type (The Fundamentals of Mesh Quality in FEA, n.d.).Considering the solving time impact on finer mesh and diminishing returns, a less refined mesh with no face sizing was used.
[bookmark: _Toc216637664]3.3 Static Structural Definition
The force data gathered from the kinematic study was used to define a remote force in the piston to simulate maximum load in operation. The piston geometry was set to flexible to simulate deformation due to remote force.
[image: A rainbow colored object with numbers and a graph
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Figure 6 - Imported heat load
The heat load was imported to account for the thermal affects on the materials characteristics, given that the metallic materials strength is inversely proportional to temperature. 
Different mesh sizes were used for piston deformation analysis under maximum case load, Von Mises model has been used to calculate stress given the complexity and cyclic loading (Von Mises Stress - Stressman Engineering AS, n.d.) . Furthermore, Von Mises model allows more reliable flow stress predictions between nodal points than other models, making it suitable for simulation of ductile materials (Owolabi et al., 2013). When comparing the outputs, the deformation resolution was not only finer, but more accurate.
A suitable mesh sizing was concluded after testing mesh sizes between one and ten millimetres.
[image: A model of a cylinder
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Figure 7 - Mesh size variation in deformation view. Left 10mm, middle 5mm, right 5mm + 1mm face sizing
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Figure 6 - Deformation and stress
	mesh size (mm)
	deformation (mm)
	Stress (Mpa)
	Solver Time (s)

	10
	0.51589
	439.34
	8

	9
	0.51396
	431.73
	10

	8
	0.51333
	459.4
	10

	7
	0.51764
	431.44
	10

	6
	0.51181
	441.66
	15

	5
	0.51863
	449.01
	15

	4
	0.5175
	432.13
	22

	3
	0.51534
	432.2
	24

	2
	0.51423
	444.65
	52

	1
	0.51386
	432.23
	459


Table 1 - Mesh size output variation
[image: A graph of a graph with numbers and lines
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Figure 7 - Deformation and Stress results with varying mesh sizes
Reviewing the outputs between mesh size iterations shows weak correlation between mesh size and calculated maximum deformation for mesh sizes ranging from five to one millimetre. Mesh sizes between ten to six millimetres prove erratic and inconsistent results, therefore, these mesh sizes cannot be relied on for accurate calculation. Mesh sizes five millimetres and show consistent trend between maximum deformation and maximum stress. Solver time, as seen in table one, demonstrates a significant time increase for mesh sizes under two millimetres, with almost ten times longer solve time for this geometry.
Skewness was used to evaluation of how accurate the mesh was to the original geometry. Lower skewness values tend towards more accurate which have been used to find the best mesh size given that high skewness values can cause interpolation errors within the model.
[image: ][image: A screenshot of a video
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Figure 8 - Comparison of mesh size quality. Top 1mm, bottom 2mm
A mesh quality comparison was conducted on mesh sizes from table 1, where, expectedly, smaller meshes were more accurate compared to the original model, whereby there was less geometry deviation from the original model. 
It is important to note that in both best cases, one and two millimetres, the skewness concentration was consistently in a similar area of the model around the piston bosses.
Considering the similarities between mesh quality between one and two millimetres, but the significant difference between solve times, a two millimetre mesh sizing with a one millimetre face sizing around the gudgeon races will be used for the study. To enhance geometry further a quadratic element order was used as quadratic arrangement allows a better capture of curvature in the model (Rosa, 2025).


[bookmark: _Toc216637665]4 Optimisation and Improvement

[image: A screenshot of a computer
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Figure 8 - Component masses. Original left, optimised right
	
	Original Piston
	Proposed optimised Piston

	Mass (g)
	261.46
	252.92

	Max Deformation (mm)
	0.51423
	0.6438

	Max stress point 2 (mPa)
	444.65
	439.83



Reviewing the deformation simulation, modifications have been made to areas of high deformation, specifically the piston bosses. In the areas of maximum deformation, thickness has been added to increase strength. Fillets have also been added in areas where high stress was present from the underside of the piston to the boss support webbing.
To reduce weight, material has been removed from areas with low deformation and stress that would not compromise the operation of the piston.
[image: A silver object with holes
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Figure 9 - Side cut view of proposed optimised designLightening holes
Thicker boss region

The changes to the model design show a clear compromise. Although the mass has been decreased by 8.54g, the component demonstrates greater deformation.
Although, concentration of this deformation is in a similar region between models but is distributed differently. The original model simulated uniform deformation across the entire span of the lower boss, whereas the modified model started this deformation only on the outer edges of the bosses regressing as it moved in.
[image: A screenshot of a computer generated model
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Figure 10 - Deformation differences, original left, modified right
The original model had a higher maximum stress which was concentrated at fixed supports on the crown and high values in the smaller fillets of the underside to crown. 
[image: A computer generated model of a circular object
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Figure 11 - Stress magnitide and concentration, original left, modified right
Life of the component has been simulated and defines the how many cycles the component will last until failure. The red regions in figure eleven are calculated to fail immediately or have a low cycle life. Due to the fixed support constraint type on the crown, low life cycle results in this area may be disregarded, and hand calculations suitable where possible (Abhay Singh et al., 2025). Results may differ and be more accurate with a different boundary condition.
[image: A computer screen shot of a blue and red object
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Figure 12 - Life analysis, original left, modified right
Given that real world testing proves the life cycle of the original component to be greater than zero, as calculated, we can conclude that the simulation is incorrect. This could be attributed to a poor mesh. All the low cycle life failures are in the thinner parts of the component where mesh was larger and therefore les refined. In addition to this, the low life areas in the crown are a result of the fixed support. This concludes that fixed support boundary condition is unsuitable for this application. Otherwise, this geometry is not suitable for use in this engine configuration under the defined parameters.
Factor of safety has been considered for the optimisation. Given the piston is working within the elastic limitations of the material. Values below one are considered undesirable. Considering this, more modification could be made to the model to improve its robustness. It is again worth noting the unsuitability of the fixed support, as simulation returns unrealistic results on the crown of the piston.
[image: A computer screen shot of a multicolored object
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Figure 13 - Left, Factor of safety for modified piston. Right, fixed support location


[bookmark: _Toc216637666]5 Analytical Software Comparison
[bookmark: _Toc216637667]5.1 thermal valiation
Thermal validation was conducted using a face fixed multi-metallic cantilever beam to prove the accuracy of the software compared to analytical methods. A range of temperatures and mesh sizes were used to test the boundary condition and its consistency and accuracy against analytical methods.
[image: A computer screen shot of a long line
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Figure 14 - Bi-Metallic strip sandwich arrangement. Mesh size of 0.2mm
Standard values as outlined by verification program RFEM5 example 0078 with ambient 22oC and a delta of 100oC and a second test with ambient 85oC and 100oC delta were conducted. Both tests were conducted using quadratic and linear mesh orders were also compared.
	
	ambient 22C
	target magnitude 122C

	mesh size (mm)
	quadratic deformation @122C (mm)
	% deviation
	linear deformation @122C (mm)
	% deviation

	1.000
	7.123
	1.054
	7.150
	1.426

	0.800
	7.124
	1.060
	7.139
	1.278

	0.600
	7.123
	1.054
	7.133
	1.189

	0.400
	7.122
	1.037
	7.127
	1.109

	0.200
	7.121
	1.021
	7.123
	1.047

	
	
	0.038
	
	0.379

	
	
	
	
	

	
	ambient 85C
	target magnitude 185C

	mesh size (mm)
	quadratic deformation @122C (mm)
	% deviation
	linear deformation @122C (mm)
	% deviation

	1.000
	7.122
	1.040
	7.150
	1.426

	0.800
	7.124
	1.060
	7.139
	1.278

	0.600
	7.123
	1.054
	7.133
	1.189

	0.400
	7.122
	1.037
	7.127
	1.109

	0.200
	7.121
	1.021
	7.123
	1.047

	
	
	0.038
	
	0.379


Table 2 - Ansys results and deviation from RFEM5 verification model
Ansys simulated the deformation marginally different to the analytical standard RFEM5 example 0078. Greatest deviation was found to be using the linear mesh element order with a difference of 1.426%. there was no different between results at different temperatures where the different in ambient and magnitude were consistent, in this cause 100oC. Quadratic element mesh order deviation was more consistent than linear order, with a deviation average of 0.379 compared to the more accurate 0.038 from quadratic. Finally, the most accurate results in each mesh size were found to be at the lowest test value, as seen in figure 14. It can be assumed that a finer mesh will yield more accurate results with respects to RFEM5 example 0078.

Figure 15 - Mech element order against mesh size
[bookmark: _Toc216637668]5.2 Physical Deformation Validation
Validation for elastic bending under a consistent load was conducted to verify the accuracy of the software to the classical Euler-Bernoulli beam theory methods. A standard case was used with a cantilever beam model of geometry 1m x 0.05m x 0.005m ad defined by RFEM5 example 0016. 
[image: A long rectangular object with a blue line
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Figure 16 - Elastic bending model
The case setup was identical to the example, and a range of mesh sizes were used to validate the analytical method. Solutions were resolved using both linear and quadratic element order types.
[image: A colorful rectangular object with white text
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Figure 17 - Deflection in m using 0.02m mesh size
[image: ]
Figure 18 - Error message from solution
After solving error recommending large deflections was given. The deflection was calculated with the large deflection on and off to compare results.
	 
	Quadratic
	Linear
	large deflections on

	mesh size (mm)
	Deflection (mm)
	% Deviation 
	Deflection (mm)
	% Deviation 
	deflection (mm)

	0.02
	157.150
	0
	157.150
	0
	156.250

	0.015
	157.150
	0
	157.150
	0
	156.250

	0.01
	157.150
	0
	157.150
	0
	156.250

	0.005
	157.150
	0
	157.150
	0
	156.250

	0.0025
	157.150
	0
	157.150
	0
	156.250


Table 3 - Deformation results
The results contrasted with the thermal analysis whereby the deflection was consistent throughout all results regardless of mesh size or element order. However, there was difference of 0.573% when using the large deflection setting to on. With large deflections off, the difference to the analytical solution was within 0.007mm, meanwhile large deflections on the difference was 0.893mm. for this evaluation, the error recommendation from Ansys yielded worse results than default settings. Regardless, the difference is within 1%, and suitable for small scale analysis.


[bookmark: _Toc216637669]Considerations
When isolating components for deformation and stress testing, the component must be defined in a manner whereby it has the ability to react with its surrounds. This enables the component to be constrained in a realistic manner. The results of the boundary will affect the calculation.
The fixed support was used on the upper most crown faces of the piston in both models at identical locations for consistency. 
[image: A computer generated model of a circular object
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Figure 19 - Stress calculated on crown of piston as a result of fixed supports on top faces
The results in deformation and stress give high values that would not be realistic, given these faces are free in space with no contact in an engine assembly.
Considering this, a more suitable support mechanism would be ideal, such as weak springs.
	
	Fixed support
	Weak springs

	Key point
	· Fully constrained from nodal surface
· No displacement at support surface
· Reaction force generated

	· Constrained in all directions
· No reaction force
· Does not replicate a physical support

	Result / consideration
	· Solver times potentially longer due to calculation of reaction forces that otherwise would not be present
· Does not replicate realistic constraint of component

	· Can allow component movement to enable solver which may result in unrealistic values.
· Reaction forces can be considered as negligible



Finally, consideration should be made to more exotic materials, such as AE42 Magnesium Alloy. AE42 has low heat creep (Teschke et al., 2020) and a suitable yield strength of 130MPa at 200oC. 

[bookmark: _Toc216637670]Appendix 
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Figure 20 - face size mesh
[image: A wireframe of a device
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Figure 21 - initial mesh
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Figure 22 - Deformation solver output table
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Figure 23 - 10mm skewness
[image: A graph with a line and a number of pink bars
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Figure 24 - 9mm skewness
[image: A screenshot of a graph
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Figure 25 - 8mm skewness
[image: A graph with pink bars
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Figure 26 - 7mm skewness
[image: A screenshot of a computer
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Figure 27 - 6mm skewness
[image: A screenshot of a graph
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Figure 28 - 5mm skewness
[image: A screenshot of a graph
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Figure 29 - 4mm skewness
[image: A graph with pink lines
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Figure 30 - 3mm skewness
[image: A graph with a line and a line
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Figure 31 - 2mm skewness
[image: A graph with pink bars
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Figure 32 - 1mm skewness
[image: A graph of a graph
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Figure 33 - S-N curve for Aluminium alloy 2618
[image: A screenshot of a computer
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Figure 34 - FREM5 E0016 test parameters
[image: A blue and white sheet of paper with text
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Figure 35 - RFEM5 E0078 test parameters
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Program: RFEM 5.
Category: Geometrically Linear Analysis, Isotropic Linear Elasticity, Plate
Verification Example: 0016 - Elastic Bending - Continuous Load

0016 - Ela:

Bending - Continuous Load

Deseription

Athin plate s fully fixed on the left end (x = 0) and s subjected to 3 uniform pressure p according
tothe Figure 1. The problem s described by the following set of parameters.

Material Elastic Plastic | Modulus of
. 3 210000000 |MPa
Blasticity
Poisson's
Py v 0000
‘Shear
eaaus |© 105000000 | MPa
Geometry | Plate Length L 1000 [m
Width w 0050 |m
Thickness |t 0005 | m
Load Plate. Presswe | 2750000 | Pa
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Program: RFEM5.

Category: Geometrically Linear Analysis, Isotropic Linear Elasticity, Temperature De-
pendency, Plate, Solid

Verification Example: 0078 - Bimetallic Strip

0078 -

imetallic Strip

Description

A bimetallic strip is composed of the invar' and copper. The left end of the bimetallc s
fixed, and the right end isfree, loaded by temperature difference T, according to Figure 1. While
neglecting self-weight, determine the deflection u s of the bimetallic strip (free end). The
problem is described by the following set of parameters.

Material Invar Modulus of
- 3 137000.000 | MPa
Elasticity
Poisson's
v 0280~
Ratio g
Coefficient of
Thermal a 1.200x107°
Expansion
e vt | oo e
Elasticity
Poisson's 0358
Ratio e -
Coefficient of
Thermal a, 2000x10~°
Expansion
Geometry Cross-section 000
Width " 000 | mm
Layer
o, 1000 | mm
Length L 100000 | mm
Load Thermal
T, 100000 |*C
Loading ‘





