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Abstract
This project serves to analyse and evaluate the use of Computer-Aided Design software aswell as a comprehensive analysis on the dynamic forces, thermal conditions, and rotational moment acting on a piston in an assembly. This piston then has been improved by way of alternative materials and weight saving methods.

1. Introduction
This project is to simulate the testing of a real-world system modelled in computational design software. The system will then be analysed using software and will be optimized with a particular focus on structural improvement and efficient material use. This system will then be used to discuss the limitations of using Computer Aided Design Software.
I. Aims & Objectives
· Conduct a validation on the software that will be used for the analysis, the validation will measure the accuracy of the results. To achieve this:
· Find a suitable CAD model that can be used for an analytical analysis.
· Complete the analytical test and then compare it back with the ANSYS results 
· Study how mesh sizing affects the accuracy of results using a point of mesh independence.
· Create a realistic model assembly to use for a kinematic, thermal, and structural study.       To achieve this:
· Model will need to be as realistic as possible to obtain accurate results from the study, meaning it will have to be as accurate as possible.
· Use realistic boundary conditions and realistic material properties throughout the study.
· Improve the performance of a component in the assembly from the previous results of the FEA analysis. To achieve this:
· Set design targets to assist in improving the design.
· Reconduct studies to compare back to the benchmark study.
· Discuss the limitations of using CAE as a design tool using the previous studies. To achieve this:
· Compare to the previous models and discuss findings.
· Discuss how this may differ from a real- world scenario.









2.Validation Studies
Bimetallic Strip Study
The strip is made of 2 different metals with their own respective coefficients of thermal expansion. As the temperature changes the metals have different magnitudes of elongation, this effect can be used in instruments that control or sense temperatures such as thermistors and temperature control switches.
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[bookmark: _Toc122261112]Figure 1 Bimetallic Strip Dimension View 1
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[bookmark: _Toc122261113]Figure 2 Bimetallic Strip Dimension View 2
To find the ultimate deflection of the bimetallic strip analytically we can use the following formula to find us the coefficient K.
     (eq1)
This can then be used to find the equivalent stiffness. The deflection is then defined by eq2 below.
   (eq2)
Conducting a structural study on the bimetallic strip with a thermal condition is shown below.
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[bookmark: _Toc122261114]Figure 3 Bimetallic Strip Deformation 100C°
From the study it is deduced that at the free end of the bimetallic strip there is a deflection of approximately 7.123mm when using a mesh sizing of 0.5mm. This gives an error margin of 1.05%.
 The first test run used a mesh sizing of 0.1mm, this resulted in a deflection of 7.120mm, this gives an error 1.01%
To investigate the impact that mesh sizing has on the accuracy of the deflection study test were run at other mesh sizes.

	Mesh Size (mm)
	% Error compared to Analytics

	0.1
	1.01

	0.25
	1.03

	0.5
	1.05

	0.75
	1.05

	1
	1.05



 
[bookmark: _Toc122261115]Figure 4 Graph Mesh Size Vs. % Error

The graph above shows how the percentage error relates to the mesh size. Ideally the study would have a percentage error below 1% but due to hardware limitations the meshing could not be complete.
Above the mesh sizing of 0.5mm the percentage error changes negligibly (below 2.d.p). This means that it takes a meshing value of at least 0.5mm to achieve a mesh independent result.
 A mesh independent result is achieved when “a significant increase in node count does not result in a significant increase in stress” (1) 






Cantilever Beam Study
The Cantilever Beam is a rigid structural beam that extends in the horizontal direction, it is fixed at one end and carries a uniform load across the rest of the beam. Cantilevers are generally used in the construction industry to allow for “overhanging structures without additional supports” (2)
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[bookmark: _Toc122261116]Figure 5 Cantilever Diagram  (2)
The analytical calculation to find the deformation of the cantilever beam can be conducted with the equation below starting with the bending moment M for the plate under its continuous loading case.
    (eq3)
The maximum displacement of the beam occurs at the point x=L, after calculation the validation the displacement is shown below.
    (eq4)
The cantilever made in solid works is shown below along with its respective dimensions.
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[bookmark: _Toc122261117]Figure 6 Cantilever Beam Dimension View 1
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[bookmark: _Toc122261118]Figure 7 Cantilever Beam Dimension View 2

[image: Graphical user interface, application

Description automatically generated]
[bookmark: _Toc122261119]Figure 8 Cantilever Beam Deformation
From the study it is deduced that the cantilever beam has a deformation of 157.15mm, when using a mesh sizing of 2.5mm this gives an error margin of 0.0045%.

	Mesh Size (mm)
	% Error compared to Analytics

	0.625
	0.0045

	1.25
	0.0045

	2.5
	0.0045

	5
	0.0045

	10
	0.0045




[bookmark: _Toc122261120]Figure 9 Mesh Sizing Vs. % Error
The graph above shows how the mesh sizing of the cantilever beam effects the percentage error. The mesh sizing is doubled for every study, this has no effect on the percentage error, so it has therefore achieved mesh independence.

3.CAD Modelling & Assembly
Inline 4 Engine Assembly
For further testing the assembly used will be of an inline-4 engine, 
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[bookmark: _Toc122261121]Figure 10 Inline-4 Solidworks Assembly
The assembly consists of 13 parts including all pistons, connecting rods, gudgeon pins along with the individual crankshaft. The assembly is converted to a .STEP file for the Ansys studies.
Engineering Data
The material used in the engineering data for the piston is Aluminum 2618A, this is based off an uprated piston for a 2.0 TFSI engine (EA113 BWA) (3) (4). This piston is built to withstand much higher combustion pressures and is built to “tighter tolerances on 14 critical areas of the piston” (4). The standard piston material for this engine configuration is a ‘MAHLE Aluminum 4032 alloy piston’ (5).
The values needed in the engineering data section for the Aluminum are shown below
	Engineering Data Values
	Aluminum 2618A

	Youngs Modulus
	74500Mpa

	Poisson’s Ratio
	0.33

	Specific Heat Capacity
	0.875 

	Isotropic Coef Of Thermal Expansion
	2.16

	Isotropic Thermal Conductivity
	146

	Density
	2760 Kg


(6) (7)
The values for the standard piston are in the appendices
The conrod, gudgeon pin, and crankshaft material is AISI Steel-Billet 4340, this material is an ultra-high strength medium carbon low alloy steel, it is used in a performance replacement for the standard crankshaft in the EA113 engine platform.
The values needed in the engineering data section for the Billet Steel are shown below.
	Engineering Data Values
	AISI Steel-Billet 4340

	Youngs Modulus
	205000Mpa

	Poisson’s Ratio
	0.29

	Specific Heat Capacity
	0.475 

	Isotropic Coef of Thermal Expansion
	@100°C

	Density
	7.85


(8)
4.Kinematic ,Thermal & Structural Analysis
The analysis will be conducted on one of the pistons using a variety of different grades of aluminum, the different grades have different advantages to their use as a piston material.
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[bookmark: _Toc122261122]Figure 11 Piston SLDWRKS Picture

Kinematic Simulation
The kinematic simulation is conducted using ANSYS, this is used to create the loading conditions for the thermal and structural study . The simulation will be run for each of the materials that the tests will be run on. This simulation serves to define the “changes in position and orientation of the body segments” (12)aswell as the “geometry of motion in terms of displacements, velocities and accelerations” (12). 
The study was conducted on 3 different grades of aluminium, the first is Aluminium 6061 T6, this is used as the base material for the study as it is a common, precipitation-hardened aluminium alloy with a high tensile strength. The second material is the standard piston material used in my personal car, this is Aluminium 4032, it is a forged application created for the higher cylinder pressures associated with forced induction engines. The third and final material choice is Aluminium 2618A, this is used in uprated pistons for my personal car, these are also a forged application but are built to withstand a further increase in load from forced induction.
The kinematic simulation measured the deformation of the piston aswell as the stress of the component.
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[bookmark: _Toc122261123]Figure 12 Aluminium 6061 T6 Kinematic Simulation
The results above show the deformation of the piston when using Aluminium 6061 T6, the maximum deflection is in the centre of the crown of the piston and peaks at 0.3458mm.
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[bookmark: _Toc122261124]Figure 13 Aluminium 6061 T6 Stress
The results above show the equivalent stress acting on the piston when using Aluminum 6061 T6, the peak stress is acting on the lower piston ring groove.

[bookmark: _Toc122261125]Figure 14 Kinematic Chart 1

[bookmark: _Toc122261126]Figure 15 Kinematic Chart 2
The results from the kinematic simulation show that the Aluminium 6061 T6 has the highest deformation of the three materials along with having the 2nd highest equivalent stress, The Aluminium 4032A has the lowest deformation along with the lowest equivalent stress out of the three materials. Aluminium 2618A sits in-between the other materials in terms of deformation but has the highest equivalent stress.
Steady-State Thermal Study
The next study conducted on the 3 different aluminium grades is a steady state thermal test, a steady state thermal analysis consists of “evaluating the thermal equilibrium of a system in which the temperature remains constant over time.” (13)
The data from the rigid dynamics study was carried over using the ANSYS Workbench for each respective material to ensure they have the correct engineering data, geometry, model, and inputs from previous solutions.
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[bookmark: _Toc122261127]Figure 16 ANSYS Workbench
The results from the steady state thermal of each of the materials is shown below.

The results above show that the base aluminum 6061 T6 has the lowest maximum temperature and the smallest temperature difference between its minimum and maximum temperatures. Aluminum 2618A however has the highest maximum temperature along with the greatest temperature difference between its maximum and minimum temperatures. Aluminum 4032A sits in between both with its respective results. These results show how the thermal conductivity changes with different material compositions.
The more a piston can transfer heat to the cylinder wall the cooler the piston will be, when the piston is “operating at a lower temperature, it heats incoming fuel-air mixture less. This means the charge expands less and loses less density, resulting in more power.” (14).
Static Structural Analysis
The static-structural analysis combines the solution from the thermal study and the engineering data, geometry, and model from the rigid dynamics study. This will then combine to produce a comprehensive study on the dynamic forces conducted on the piston. 

Using the solution from the thermal study along with the engineering data, geometry, and model from the rigid dynamics study, 

The materials have performed in a similar manner to how they did in the rigid dynamics study.
From this study it can be deduced that the best performing material is the Aluminium 4032A as it has the least deformation, after excessive piston deformation and stress the material will be more susceptible to damage, this could consist of damage to the crown or cracks in the piston itself. Damage such as this will cause a loss of compression and therefore a loss of power. It can also cause damage to other components in the system such as the cylinder bore for example. 
As the Aluminium 2618A piston is supposedly a higher performance piston how does it deform more?, Aluminium 2618 pistons expand as their temperature increases as they do not feature silicon like the 4032 counterparts, this silicon reduces ‘piston slap’ when the engine is operating at colder temperatures, the advantage being that it “drastically reduces the noise factor” as it has a “tighter wall clearance” (15). Aluminium 2618 also tends to “bend while retaining its original shape” (15) so it withstands the increased deformations shown in the study.
Improvements 
To improve the piston the design has been changed with the aim of reducing the piston mass, this will in turn reduce the rotational forces occurring in the assembly.
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[bookmark: _Toc122261128]Figure 17 Lightened Rotating Assembly                                                                                               Figure 18 Lightened Piston
The weight saving design features the cutting of some materials on the underside of the piston as shown above, the cuts are 4mm in radius and approx 3mm in depth, there are 4 per piston, this calculates to a volume of 600 so for the entire rotating assembly this calculates to 0.0000006. 
	Material
	Total Weight Saving (kg)
	Total Weight Saving (g)

	Aluminium 2618A
	0.001656
	1.656

	Aluminium 4032
	0.001614
	1.614

	Aluminium 6061 T6
	0.001620
	1.620



For Aluminium 2618A the standard piston has a weight of 260.34 g while the lightweight counterparts weigh 258.68g, this is a saving of 0.64%. This will reduce the load on the gudgeon pin and conrod as a result and can allow an engine to accelerate quicker. The weight could also be decreased further by taking more material from underneath the piston or shortening the skirt. Further weight reduction could result in a structural compromise but could still be applicable depending on the piston loading of the application e.g., High-revving NA engine.
The piston could also be changed by changing the geometry of the crown of the piston, with this the compression of the engine can be changed in favour of the application by adding material to increase compression or removing material to decrease compression.





CAD Discussion
Computer-aided design is the use of software to aid in design processes, it is used in a broad array of professions to produce fast, cheap, and accurate engineering schematics for use in analysis, production, and design areas. CAD is used as a cheaper alternative to physical testing as it reduces material cost and provides an ease of repeatability when making designs, this means that small alterations can be made to enhance the design without starting from the ground up, an example of this is shown above where the material of the piston was easily changed, and the tests were re-run, in a physical scenario this would require multiple engines, pistons, crankshafts and more to complete an effective analysis. It also makes it possible to change design geometries such as with material weight saving shown in the project above.  The limitations of CAD software show when files can become corrupt or project licensing needs to be purchased, sometimes an industrial license could cost more than completing some physical testing especially when testing is on a smaller scale. Another drawback of using CAD is that “It is limited in context” (16), for example when covering a bolt hole therefore making it inaccessible. Especially in the automotive industry this is a prevalent issue as there are quite often many moving parts with their own respective fittings.
5.Conclusion
To conclude on computer aided design software in its entirety it is an incredibly useful tool which can be a far superior, cost-effective alternative method of designing and testing products. This, however, depends heavily on the application that it is required to do as it can be a more labour intensive, time-consuming way to conduct an analysis.
To conclude on the piston analysis the standard piston improved by using different Aluminium alloys to improve the durability of the piston, depending on the purpose of the engine a lighter and stronger piston can be used (2618), or a stronger but more effective for daily use piston can be used (4032). The piston was also improved by adding weight saving measure to the underside of the piston, this reduced weight and therefore reduced the rotating mass in the assembly which will in turn reduce load on other components. 
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7.Appendices
Equations
Eq1.      
Eq2.    
Eq3.     
Eq4. 
Standard Piston values
	Engineering Data Values
	Aluminum 4032A

	Youngs Modulus
	75000Mpa-12000Mpa

	Poisson’s Ratio
	0.33

	Specific Heat Capacity
	0.875 

	Isotropic Coef Of Thermal Expansion
	

	Isotropic Thermal Conductivity
	155

	Density
	2.69 g c


(9)
6061 T6 Aluminum values
	Engineering Data Values
	Aluminum 6061 T6

	Youngs Modulus
	67000Mpa

	Poisson’s Ratio
	0.33

	Specific Heat Capacity
	0.896 

	Isotropic Coef Of Thermal Expansion
	

	Isotropic Thermal Conductivity
	167

	Density
	2.7 g c


(10) (11)


Piston Rigid (Kinematic study)
Aluminium 2618A – uprated forged
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[bookmark: _Toc122261129]Figure 19 Aluminium 2618A Deformation
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[bookmark: _Toc122261130]Figure 20 Aluminium 2618A Stress
Aluminium 4032 – Standard Forged
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[bookmark: _Toc122261131]Figure 21 Aluminium 4032 Deformation
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[bookmark: _Toc122261132]Figure 22 Aluminium 4032 Stress
Piston Thermal
Aluminium 2618A
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[bookmark: _Toc122261133]Figure 23 Thermal Study Aluminium 2618A
Aluminium 4032
[image: A screenshot of a computer

Description automatically generated with medium confidence]
[bookmark: _Toc122261134]Figure 24 Thermal Study Aluminium 4032
Aluminium 6061 T6
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[bookmark: _Toc122261135]Figure 25 Thermal Study Aluminium 6061 T6


Piston Static Structural
Aluminium 2618A
Total Deformation
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[bookmark: _Toc122261136]Figure 26 Aluminium 2618A Structural Deformation
Equivalent stress
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[bookmark: _Toc122261137]Figure 27 Aluminium 2618A Structural Stress


Aluminium 4032
Total Deformation
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[bookmark: _Toc122261138]Figure 28 Aluminium 4032A Structural Deformation
Equivalent stress
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[bookmark: _Toc122261139]Figure 29 Aluminium 4032A Structural Stress


Aluminium 6061 T6
Total deformation
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[bookmark: _Toc122261140]Figure 30 Aluminium 6061 T6 Structural Deformation
Equivalent Stress
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[bookmark: _Toc122261141]Figure 31 Aluminium 6061 T6 Structural Stress
Mesh Size Vs. % Error 

Y-Values	0.25	0.5	0.75	1	1.03	1.05	1.05	1.05	% Error compared to Analytics



Mesh Size (mm)



Mesh Sizing Vs. % Error

Y-Values	0.625	1.25	2.5	5	10	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	4.4999999999999997E-3	Mesh sizing


%Error



Kinematic Simulation Deformaton Results


Aluminium 6061 T6	Aluminium 4032A	Aluminium 2618A	0.3458	0.28426000000000001	0.3165	Material


Max Deformation (mm)



Kinematic Simulation Stress Results


Aluminium 6061 T6	Aluminium 4032A	Aluminium 2618A	2.7555999999999998	2.5350999999999999	2.8045	Material


Equivalent Stress (GPa)



Steady-State Thermal Results


Aluminium 6061 T6	Aluminium 4032A	Aluminium 2618A	303.35000000000002	307.23	310.47000000000003	
162.27000000000001	158.93	156.22	Material


Max/MIN TEMPERATURE (C°)



Static Structural Deformaton Results


Aluminium 6061 T6	Aluminium 4032A	Aluminium 2618A	0.34048	0.28227999999999998	0.3165	Material


Max Deformation (mm)



Static Structural Stress Results


Aluminium 6061 T6	Aluminium 4032A	Aluminium 2618A	2.7385000000000002	2.5280999999999998	2.8045	Material


Equivalent Stress (GPa)
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A cantilever beam is a rigid structural element supported at one end and
free at the other, as shown in Figure-1. The cantilever beam can be either
‘made of concrete or steel whose one end is cast or anchored to a vertical
support. It is a horizontal beam structure whose free end is exposed to
vertical loads.
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Figure-1: Cantilever Beam with One end Fixed and Other End Free
In a building, a cantilever is constructed as an extension of a continuous (]
beam, and in bridges, it is a segment of a cantilever girder. It can be
constructed either cast-in-situ or by segmental construction by pre-

stressing methods.

Cantilever construction allows overhanging structures without additional @
supports and bracing. This structural element is widely used in the

construction of bridges, towers, and buildings, and can add a unique

e
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