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1. [bookmark: _Toc185009753]Introduction 

This report aims to investigate the application of Computer Aided Engineering, or CAE, tools to optimise the performance of a piston found in an assembly with a crankshaft, connecting rod and gudgeon pin, only the performance of the piston will be studied. The tools used are critical in modern engineering as they enable accurate simulation and analysis of mechanical components under a wide variety of operating conditions. By reducing the reliance on physical component testing of prototypes CAE can significantly accelerate the design process while also helping to reduce costs.
In this analysis a software package called ANSYS will be used to model and simulate the structural and dynamic behaviour of the piston assembly under realistic operating conditions such as a rotational speed of 6,000 RPM and the loads and temperatures you would expect to see at these conditions will be applied too. Then any optimisation of piston geometry will be conducted on SolidWorks. This report will focus on enhancing the components' performance by evaluating material properties and refining geometry to reduce deformation and stress concentrations. Then validating the use of CAE tools three validation cases will be completed to ensure the accuracy of the software.
Reducing mass and improving fatigue life in engine components like pistons is of paramount importance in the automotive industry. These improvements not only contribute to better performance but also ensure the durability and reliability of pistons under high-stress conditions. The findings from this study provide valuable insights into how CAE tools can be used to address these challenges effectively.


2. [bookmark: _Toc185009754]Methodology

[bookmark: _Toc185009755]2.1 Modelling and Assembly

For the analysis, a group of components that were made using SolidWorks were provided. They were a piston, a gudgeon pin, a connecting rod and a crankshaft thus meaning the simulation is to replicate the motion of a piston moving up and down in a cylinder under operating conditions of 6,000 revolutions per minute.  
Once the three components were assembled in ANSYS Workbench the first task was to use the joint tool. This allows for the replication of connections between the components, such as connecting the connecting rod to the piston and the crankshaft etcetera. The model was then simulated to ensure that all joints were correctly applied, the software allows for previews of how it will compute the movements which is vital for accuracy in the later segments.

[bookmark: _Toc185009756]2.2 Material Selection
 
ANSYS has multiple tools, with one of them being a materials database called GRANTA. This software contains multiple materials of which the simulation called for 6061-T6 Aluminium, the data for this material was downloaded from GRANTA and uploaded onto Workbench. Meaning the piston could be modelled in the correct material with all relevant material properties already being set up. (Reddy, 2014)

[bookmark: _Toc185009757]2.3 Rigid Dynamics Simulation

Rigid dynamics means that all components of the simulation are assumed to be completely rigid implying there is no flexibility. The simulation then requires more data to know what speed to simulate the assembly at, for this case 6,000 RPM was used. This is then simulated for 1 rotation, as that is all we need, with the data obtained from this being highly useful in further analysis and simulation.

[bookmark: _Toc185009758]2.4 Static Structural Analysis

Static structural analysis is different to rigid dynamics as it requires the crankshaft assembly to be converted from rigid to flexible components which allows for the deformations and stress distribution to be calculated correctly. This means the analysis can compute the realistic behaviour of the components at operating conditions.  (Kerley et al., 2011)

Data from the rigid dynamics data simulation at 6000 RPM, specifically from the peak loading conditions, was used in the static structural analysis. To make sure that the applied forces closely resemble real-world conditions, the peak loads represent the highest mechanical stress during operation. The static analysis can now precisely calculate the stress distribution and deformation of the piston using the predicted loads from the simulation which will enable a more reliable assessment of piston performance.

[bookmark: _Toc185009759]2.5 Material Optimisation

The challenge of improving the results of the 6061-T6 Aluminium piston began with a range of other alloys of the same metal these can be seen below:
· 6061-T6
· 7020-T6
· 6082-T6
· 2618-T6
Each of these aluminium alloys has different benefits and negatives over each other. The main goal is reducing the pressure and temperature the piston is exposed to, increasing the durability or heat resistance to achieve better performance. The results of each alloy can be seen in a later segment of the report. 

[bookmark: _Toc185009760]2.6 Validation Testing

As the testing and simulation are all done with predictions and computer-aided engineering, there needs to be a way to validate the data that’s being produced. To do this there are validation cases on components that have been validated in real-world conditions. The three cases that are used to validate the piston data can be seen in the validation results segment the focus will be on how accurate the analytical results compare to the real results and how mesh sizing can affect results.











3. [bookmark: _Toc185009761]Results and Discussion
[bookmark: _Toc185009762]3.1 Baseline Piston Results and Analysis

The baseline model was made from 6061-T6 aluminium. It was subjected to combined kinematic, structural and thermal analysis at a rotational speed of 6000 RPM. Stress concentrations and total deformations were observed around the whole model as can be seen in Figures 1 - 4. These were used to evaluate the pistons' mechanical performance under peak operating loads. 
Deformation Analysis [image: A computer screen shot of a computer program
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Figure 1 - Total Deformation for the Baseline Piston Model Simulation

[image: A computer screen shot of a computer screen

Description automatically generated]Figure 2 -  Total Deformation for the Baseline Piston Model Simulation

The piston experienced a maximum deformation of 0.29514 mm, this is primarily concentrated around the edge of the top face of the piston as shown in Figure 1. This pattern may suggest the material and design of the piston are sufficient for operational loads but it also highlights the need for further optimisation to minimise the distortion and improve durability.

Stress Analysis
[image: A computer screen shot of a computer program
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Description automatically generated]Figure 3 – Total Stresses for the Baseline Piston Model Simulation









Figure 4 - Total Stresses for the Baseline Piston Model Simulation



Now looking at Figures 3 and 4 you can see the total equivalent stress for the Piston. The highest stressed area is at the bottom of the piston, Figure 4, around the piston pin bosses with a maximum stress of 360.24 MPa. These are critical areas of the piston as they support the reciprocating motion and can be seen as potential failure points when they are under high loads, so there may need to be changes to the model in this area.


The analysis of the baseline model revealed critical areas of the piston which will require improvement. The concentration of stress at the piston pin bosses indicates a need for a redesign of this area to reduce the concentration of the stresses. The overall deformation around the top face edge of the piston also suggests the potential need for a refined material to enhance the stiffness and reduce distortion during operation, this material optimisation will be conducted next.

[bookmark: _Toc185009763]3.2 Piston Material Optimisation

To improve the performance of the piston several alternative aluminium alloys were evaluated: 6061-T62, 7020-T6, 6082-T6 and 2618-T6.
Each alloy was obtained from the ANSYS Granta material library and also tested under the same loading condition as the baseline material of 6061 – T6. The focus will still be on deformation and stress which both influence the overall durability. The goal was to identify a material that provided superior performance and the results can be seen in the table below:
[image: ][image: ]







Figure 5 - A SolidWorks Model of Version 1 of the Piston

Figure 6 - A SolidWorks Model of Version 1 of the Piston

Table 1 A Table to Show the Deformation and Stress of Version 1
	Material 
	Max Deformation (mm)
	Deformation Improvement (%)
	Max Stress (MPa)
	Stress Improvement (%)

	6061 – T6
	0.29514
	0%
	360.24
	0%

	7020-T6
	0.27053
	8.33%
	415.58
	-15.37%

	6082-T6
	0.26671
	9.63%
	369.39
	-2.48%

	2618-T6
	0.28193
	4.47%
	428.90
	-19.09%



On version one of the piston, the best-performing aluminium alloy would be 6082-T6, this would be down to the additional magnesium in 6082 which would contribute to better material strength and durability. 

[bookmark: _Toc185009764]3.3 Piston Geometry Optimisation
[bookmark: _Toc185009765]	3.3.1 Version 2 

To further improve the performance of the piston, refinement of the geometry was conducted which produced two additional versions of the design. Version 2 used the data gathered from the FEA testing to improve the design. With the majority of deformation affecting the edge of the top face of the piston and the stress being concentrated underneath the piston and around the pin bosses, these areas were redesigned first. 
[image: ][image: ]Figure 7 - A SolidWorks Model of Version 2 of the Piston









Figure 8 - A SolidWorks Model of Version 2 of the Piston

Figures 7 and 8 show the redesigned piston. The modifications were as follows: 
1. A 1 mm chamfer was added around the edge of the top face of the piston to reduce pressure concentrations, which in turn should reduce deformation.

2. A 0.5 mm chamfer was added underneath the piston near the pin bosses to eliminate sharp edges in an attempt to reduce stress.

3. An existing 2 mm chamfer was upped to 2.5 mm to help further reduce stress. 

Table 2 - A Table to Show the Deformation and Stress of Version 2 Compared to Version 1
	Material 
	Max Deformation (mm)
	Deformation Improvement to Version 1 (%)
	Max Stress (MPa)
	Stress Improvement to Version 1 (%)

	6061 – T6
	0.29208
	1.04%
	359.27
	0.27%

	7020-T6
	0.26454
	2.21%
	426.30
	-2.58%

	6082-T6
	0.26417
	0.95%
	337.85
	8.54%

	2618-T6
	0.27945
	0.88%
	427.62
	0.30%


4. 

With an increase across the board for deformation the changes seem to be a success. However, looking at the changes to the stress they seem to be a lot lower in terms of performance gained. This leads to the third design of a piston which will only compare the two best-performing materials to compare to the baseline material, these will be the 6082-T6 and 2618-T6 alloys.
[bookmark: _Toc185009766]3.3.2 Version 3
[image: ][image: ]






Figure 9 - A SolidWorks Model of Version 3 of the Piston

Figure 10 - A SolidWorks Model of Version 3 of the Piston

Onto the third and final version of the piston, shown in figures 9 and 10, this time the changes are aiming to do the same as version 2 with the edge of the face on top of the piston and the pin bosses. The changes for this version are:
1. An additional 0.4 mm chamfer to one of the valve relief cutouts, was to reduce the concentration of deformation in this area.
2. A 1 mm chamfer to the smaller valve relief cutout to reduce deformation similar to the previous change.
3. Underneath the piston, a 2 mm chamfer was upped to 4 mm to reduce the concentration of stress in this critical area.

Table 3 - A Table to Show the Deformation and Stress of Version 3 Compared to Version 2
	Material 
	Max Deformation (mm)
	Deformation Improvement to Version 2 (%)
	Max Stress (MPa)
	Stress Improvement to Version 2 (%)

	6061 – T6
	0.28908
	1.03%
	355.72
	0.99%

	6082 - T6
	0.26125
	1.11%
	308.21
	8.77%

	2618 - T6
	0.27581
	1.30%
	424.39
	0.75%


	
The data gathered from the simulations and testing will be discussed further in the conclusion of the report, the next section will demonstrate how validation testing ensures that this data is correct.

[bookmark: _Toc185009767][bookmark: _Toc152148615][bookmark: _Toc152320892]3.4 Validation Testing

To validate the results of finite element analysis there were three validation cases completed. The cases provide valuable data that was gained from real-world testing of the components, the aim is to replicate the component and create a likewise model of it then you can add the loads that the component was put under. The data from the simulation can then be compared to the real-world data to validate the use of finite element analysis. (Park et al., 2011; Srinivas, 2020)

[bookmark: _Toc185009768]3.4.1 Validation Case 1 – 0078 – Bimetallic Strip 
The first case in the validation testing was the Bimetallic strip, this component consisted of two materials bonded together, one being invar and the other copper. For this case having 2 martials meant they both would need material property files to be created, the data for this is provided on the validation sheets that can be seen in the appendix.Figure 11 - Problem Sketch for 0078 -  Bimetallic Strip 

[image: ]Figure 11 shows the component that needed to be created in ANSYS Discovery, once this was completed it was imported into Workbench, this case only had thermal loading of 100 °C applied to it meaning the measured deflection should be relatively low.
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Figure 12 - A Picture of Component 0078 - Bimetallic Strip


Above in Figure 12 is the Workbench simulation of the deflection, the result can be seen under the green text with it being 7.1213 mm, if you compare this to the real-world data of 7.049 mm you can see that the difference between them is very marginal so the error is down to mesh generation, with fine tuning probably able to get an almost exact match.


[bookmark: _Toc185009769]3.4.2 Validation Case 2 – 0042 – Bending Cantilever with Axial Force

[image: ]Case 2 is also a cantilever beam however; this time the load was applied axial along the x and z axis. The load distribution can be seen in the figure below. Figure 13 - Problem Sketch for 0042 -  Bending Cantilever with Axial Force








Similarly to the other case, this was replicated with ANSYS Discovery and the material details were uploaded to Workbench. A mesh can then be created with the default mesh size being 0.05m. From there to replicate the cantilever effect one end is fixed, from here you can apply loads of 7650 Newtons on the Z axis and 1600 Newtons on the X axis. You can see the component in ANSYS Workbench in the figure below:
[image: A computer screen shot of a computer
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Figure 14 - A Picture of Component 0042 – Bending Cantilever with Axial Force in ANSYS Workbench

Once this was all set up correctly it was time to validate the results, the real-world data should be 3.27 Meters the results for the simulation can be seen below the green text in the figure that reads ‘Maximum [M]’. As you can see the result is 3.5549 metres, this is very close to the actual result meaning that the difference is down to the mesh setup and altering this may make the results come closer. 




[bookmark: _Toc185009770]3.4.3 Validation Case 3 – 0016 Elastic Bending, Continuous Load
Case 3 depicted in Figure 15 is a cantilever beam with a uniformly distributed load acting upon the top surface with the provided material details inputted into ANSYS Workbench and an exact model of the component created in ANSYS Discovery it was possible to add the uniform load on the top. 
[image: ]



                                                  Figure 15 - Problem Sketch for 0016 - Elastic Bending - Continuous Load

Once the component was created and the mesh was generated it was time to view the deformation of the beam. The validation data is 157.143mm below you can see the component and result.
[image: A computer screen shot of a blue and green screen

Description automatically generated]Figure 16 - A Picture of Component 0016 - Elastic Bending - Continuous Load










The result for this case is 157.15 mm, which is only 0.007 mm off the real-world data. This suggests that not only is finite element analysis simulation viable but it is also highly accurate and closely matching the expected real-world results. Therefore, the data generated from the piston simulation can be trusted and believed to be accurate.
Studies highlight that effective validation of CAE simulations bridges theoretical understanding with practical testing this can ensure credibility and accuracy in engineering analysis. (Kondo, Hayashi & Toyoshi, 2023).

[bookmark: _Toc185009771]4. Limitations of CAE Tools
	
Computer Aided Engineering tools like ANSYS are incredibly valuable for the engineering discipline however, they do not come without limitations. One significant challenge that was encountered during this study was the use of a titanium alloy in the simulations. When using titanium alloys, the simulation presented numerous hotspots which are regions of excessively high stress concentrations this meant the data could not realistically be validated against performance metrics of the material that would be considered realistic. These inaccuracies highlight the limitations in the meshing process and boundary conditions which can result in exaggerated stress distribution.  (Svenninggaard, 2017)
There are more general limitations of CAE tools too, these can include:

Meshing Inaccuracies 
The results of the simulation rely heavily upon the meshing process meaning that a poorly designed or sized mesh can lead to incorrect deformation and stress predictions. Decreasing the size of the mesh to make it finer will not necessarily improve performance or accuracy. This highlights the importance of adaptive mesh techniques which can dynamically adjust the mesh density according to the component. (Acikgoz, 2007)

Dynamic Effects
In a real-world scenario, the piston would also be exposed to more transient effects than the simulation can reproduce things like vibrations, unsteady forces and cyclic loading are effects that simulations can fail to reproduce. For instance, when incorporating vibrations which can induce resonance into the piston which can amplify stress and accelerate fatigue of the component. (Rice University, n.d.; Rice University, 2020 )

Simplifications and Assumptions
These tools will always assume ideal conditions which they can use to simplify the simulation, for example even when the material data is from a database such as ANSYS Granta they are still highly accurate however the boundary conditions and load applications are ideal for the material which will exclude the minor varieties and defects that would be present in the real world. These assumptions can cause discrepancies and may require a validation case to validate them. (Wen , 2007)




[bookmark: _Toc185009772]5. Conclusion
After looking at the results from the material and geometry testing and simulations there was a clear choice to be made in terms of material selection and the best geometry for the piston. The following table will compare 6082-T6 to the baseline material of 6061-T6 with the original model/version 1 geometry, to show how much of an improvement was made in each area for each version.
Table 4 - A Table to Show the Improvement of 6082-T6 compared to 6061-T6 When Piston Geometry Changes
	Version
	6082-T6 Deformation 
	6082-T6 Stress

	1
	9.63%
	-2.48%

	2
	10.49%
	6.22%

	3
	11.48%
	14.44%


[image: A computer screen shot of a computer program
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As you can see by changing the aluminium alloy to 6082-T6 there was already almost 10% less deformation when compared to 6061-T6 even with the negative effect on the stress value this was easily fixed with the changes to the piston. Version 2 carried on with the benefits being an improvement across the board when compared to version 1 and this trend follows with version 3 being a massive improvement when compared to version 1. 
[image: A computer screen shot of a computer

Description automatically generated]Figure 17 - ANSYS Deformation Results for Version 3 and 6082-T6 Piston Simulation

6082-T6 has slightly higher yield strength and ultimate tensile strength when compared to 6061-T6. This means that 6082-T6 can withstand greater stresses before deforming or failing, making it more resistant to deformation under load, with the higher silicon and magnesium content that’s found in 6082-T6 contributing to this. (Ye et al., 2023; Liu, 2005)

Figure 18 – ANSYS Stress Results for Version 3 and 6082-T6 Piston Simulation


By selecting 6082-T6 as the material and implementing geometric optimisation in selected areas of the piston design achieved significant reductions in deformation and improved stress distribution. This ensures that durability and performance are enhanced under operating conditions. This study shows how important the combination of material and geometric optimisations is to achieve superior performance through the use of finite element analysis. Such improvements align with findings from Gadala (2018), where iterative CAE analysis enhances both material performance and structural integrity.
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Figure 19 - 0078 – Bimetallic Strip Validation Data Sheet



[image: ]Figure 20 - 0078 – Bimetallic Strip Validation Data Sheet
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Figure 21 - 0042 – Bending Cantilever with Axial Force Validation Data Sheet
[image: ]Figure 22 - 0042 – Bending Cantilever with Axial Force Validation Data Sheet
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Figure 23 - 0016 – Elastic Bending - Continuous Load Validation Data Sheet
[image: ]Figure 24 - 0016 – Elastic Bending - Continuous Load Validation Data Sheet
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Program: RFEM 5.

Category: Geometrically Linear Analysis, Isotropic Linear Elasticty, Temperature De-

pendency, Plate, Solid

Verification Example: 0078 - Bimetallic Strip.
0078 - Bimetallic Strip

Description

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

problemis described by the following set of parameters.

Material | Invar Moduusof [ 137000000 |
Easticty | °
Poisson's
o v 0280
Coefficient o
Themal | o 1200x107¢ €
Expansion
Copper | Modulusof .
o | 130000.000 | MP:
Poisson's
o v 0354
Coefficient
Themal | o, 2000x1073 | ¢!
Expansion
Geometry. Crosssecton | .
e 5000
Layer
1,000 [mm
Thickness
Length A 100000 | mm
toxd Themal | 100000 | C
Loading
T.
x e d
g
1 -t

Figure 1: Problem Sketch
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Verification Example: 0078 - Bimetallc Strip
Analytical Solution

“The bimetallicstrip s made of two metals with diffeent coeffcients of thermal expansion. They are:
frequently used in instruments to sense or control temperatures. When the ambient temperature.
s changing, the bimetalicstip is bending. Thatis caused by the different elongations of the used
metals

“The analytical solution is based on the approach introduced in[1]. The following formula gives
the dimensionless coefficient K, which can be used for the calculation of the equivalent stffness.

(k) (), B
narakea(l) o E(E) 4 8-

“The maximum deflection of the bimetalicstrip i then defined by the following formula

8oy —a)(t + )T L2

5 2 ~~709mm. 78-2)
RFEM 5 Settings
+ Modeled in RFEM 5.16.01
‘» The minimum elementsize s s = 0.250 mm
« Iotropic linear elastic model is used
Results
Structure Files Program Entity
007801 RFEM S Plate
007802 RFEM S Solid
Model ‘AnalyticalSolution RFEMS
. . Ratio
[mm] fmm) o
RFEMS, Plate 7047 1.000
7080
RFEMS, Solid 7064 1002

s

Figure 2: RFEM 5 results - late model
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Program: RFEM 5, RSTAB 8

Category: Geometrically Linear Analysis, Second-Order Analysis, Large Deformation
‘Analysis, Isotropic Linear Elasticity, Member

Verification Example: 0042 - Bending Cantilever with Axial Force
0042 - Bending Cantilever with Axial Force
Description

Acantilever s loaded by a transversal and an axial force on the right end and it i fully fixed on the.
leftend (u, = u, = u, 0)according to the Figure 1. The problem i described

by the ollowing set of parameters.
Material | steel Modulus of
o | 210000000 | MPa
Polsson's 0300
Ratio v
Geometry | Gantilever | Length . 10000 [m
Crosssection o080
w m
Load Transversal
i 7650 |k
Aalfore |F, 1.600 kv

“The self weight is neglected inthis example. Determine the maximum deformations of the struc-
U@ U, 30 U, by means of the geometricaly inear analysis, second order analysis and
large deformation analyss.

4

Figure 1: Problem Sketch
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Verification Example: 0042 - Bending Cantilever with Axial Force

@
=
“The boundary conditions are following:
u(0)=0
w(©)=0
Us(L) = Uy

From conditions (42 - 11) and (42 - 12) results constants C,, G,

o+G

o

(@2-9)

w2-10

@-1)
@-12
@-13)

(@2-14

w2-15)

The CONSIaNt U, ., which i the desired solution, results from the condition (42 - 13)

o Fellaest 4 Loe-al —eot 4 ety
fomm = e e

= 3266.136mm

w2-16
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Program: RFEM 5.

Category: Geometrically Linear Analysis,Isotropic Linear Elasticity, Plate

Verification Example: 0016 - Elastic Bending - Continuous Load

0016 - Elastic Ben

Descri

g - Continuous Load

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

Material Elastic-Plastic | Modulus of
B 3 210000000 | MPa
Poisson’s
Tt v 0000
Shear
voduus | 105000000 | MPa
Geometry | Plate Length L 1000 m
Width w 0050 [m
Thickness |t 0005 [ m
Load Plate Pressue  |p 2750000 | Pa

Small deformations are considered and the self-weight is neglected i this example. Determine
the maximum deflection u,,,,,. The aim of this example is to show that a surface of the surface
stiffness type Without Tension behaves linearly under bending.

SITTY lybvbplybll&iixb

-
t
)

widthw

t

x

I

B

Figure 1: Problem sketch
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Verification Example: 0016 - Elastic Bending - Continuous Load
Recalling the elementary equation for the beam deflection using the Euler-Bernoulli theory

b &l

G (16-2)

where, i the quadratic moment of a cross-section with respect to the y-axis and itis given by

we
L= (16-3)

‘We integrate the equation (16 - 2) from 0 to L twice. Upon applying the boundary conditions for
cantilever beam u; (0) = u;'(0) = 0, the solution takes the following form

)= W (16-4)

“The maximum displacement occurs at the pointx = L1

at _ 3pt .
U ;= 157.143mm (16-5)





