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[bookmark: _Toc153733124]1.0 Introduction.
In the last several years computer-aided engineering (CAE) tools have become more important within engineering design, although these tools are effective when it comes to designing and testing components there are still limitations. This investigation shows those limitations of the software by testing, simulating, and analysing within the software applications. 
Within this investigation realistic boundary conditions are used, along with realistic material properties for the components. This investigation is an example of how CAE tools can be used in an engineering design process, taking into consideration the limitations of the software.
[bookmark: _Toc153733125]1.1 Aims and Objectives.
This investigation aims to use a modelled assembly of components, carry out a kinematics analysis of the system under realistic operating conditions, and then conduct a static structural assessment of one component within the assembly. To make the investigation as accurate as possible, thermal conditions that the component is subjected to will also be considered due to the result of material property degradation.

[bookmark: _Toc153733126]2.0 Analytical and Computational Comparison for Validation.
This section evaluates the accuracy of the Ansys simulation against the traditional analytical method, using a bi-metallic strip consisting of Invar and Copper for the component of the case study. Using Ansys for the Finite Element Analysis (FEA), the investigation uses the modelled strip to calculate the maximum deflection under variable temperatures. By doing this the analytical results can be compared to the computational results to validate the accuracy of Ansys. This not only measures the accuracy of the software but also the effect of mesh quality on the resulting output.
Finite Element Analysis has become an important part of an engineering design process, improving how quickly and cost-effectively components can be analysed which significantly speeds up the development cycle of the component. By using this the reliance on physical prototyping is significantly reduced, resulting in cost savings as mentioned previously. Another benefit of using Ansys is that it enables early detection of potential errors and issues within the model, minimizing the timely design adjustments, meaning the risk around product failure is greatly reduced. (Bi, 2017)
Mesh independence is an important stage within computational modelling. It indicates the point at which further mesh refinement does not notably alter the simulation results. Achieving mesh independence is an important stage as it ensures the model is detailed enough to accurately represent a result compared to an analytical method. Finer meshes result in higher detail and more accurate results but at the cost of computational load. (Knotek, Schmelter, and Olbrich, 2021) 

[bookmark: _Toc153733127]2.1 Analytical Method. 
For the comparison, a standardized case study has been used. Within the case study, a bimetallic strip a composition of invar and copper has been used. The strip's left end is fixed, while the right end is free and exposed to a varying temperature difference, Tc. Using the table below the maximum deflection, Uz, max at the free end of the bimetallic strip is calculated. The metal parameters are outlined below.
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Figure 2.1.1 – Bimetallic Strip metal parameters.


Invar and copper are two materials typically used when it comes to controlling temperature, meaning that when the ambient temperature changes the metallic strip will begin bending.  The following formula displays the coefficient, ‘K1’, which is used for the calculation of equivalent stress within the strip. The following formula gives the dimensionless coefficient K1 which can be used for the calculation of the equivalent stiffness. (Software, 2018).

The following formula then defines the maximum deflection of the bimetallic strip.

[bookmark: _Toc153733128]2.2 Computational Method. 
The computational analysis of the strip was conducted using Finite Element Analysis (FEA) in Ansys. This method divides the part into smaller solvable elements, allowing for a detailed examination of the component's behaviour under various conditions like load and temperature. The accuracy of these elements is important for reliable results to be produced. [image: A long straight line with a blue background
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Figure 2.2.1 – Bimetallic strip stress analysis.
The image above has been taken from the stress with temperature simulation within Ansys. It displays the deformation gradient across the length of the beam. This particular test used a mesh size of 2.5mm, which is fairly large when it comes to meshing a component of this size as it may not provide as accurate results as the finite elements as they do not cover as large of an area in comparison to a 1mm or 0.5mm mesh. 
As can be seen in the image, red areas indicate zones of maximum deformation, and blue areas show where there is minimal or no deformation.



[bookmark: _Toc153733129]2.2.1 Mesh Sizing and Independence Analysis 
Coarse Mesh (2.5mm): The first generated mesh has a relatively large element size, so a baseline for comparison can be established. This method gave quick results but with the lowest accuracy. Although this size mesh provides fast results it sacrifices detail for the speed in which it completes the mesh generation, resulting in it overlooking small stress gradients and localized deformations.
By reducing the mesh sizing each time the results will become more accurate, up until the point where the computational resources are not powerful enough to run the extremely fine mesh size.
The results can also be checked for accuracy by comparing them to the original deflection measured on the source used for the analytical method.

This shows just over a 1 percent deviation from the analytical result. This could be down to the mesh sizing, as well as the way that the solver is applying the maths and then generating a minor amount of compounded error at each iteration.
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Medium Mesh (1mm): The density of the mesh has been increased to have a moderate element size. This is significantly finer than the coarse mesh but not the finest that can be achieved. This mesh is finer than the first coarse mesh, resulting in more detail while keeping the computer load manageable. This medium mesh is an important stage that balances the need for detail against the need to keep the simulation from being too demanding on the computer. 

This result is slightly less accurate than last time, but the reason for it not being 100 percent accurate still stands, as mentioned previously.
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Fine Mesh (0.45mm): This is a more refined mesh with smaller elements. This gave more detailed results and higher accuracy. By using smaller elements this mesh picked up on finer changes that the previous meshes have missed, leading to a higher accuracy in the simulation results. This simulation took a little longer to generate in comparison to the other meshes, but this time it was a compromise to produce a higher-quality mesh.

This result displays a slightly more accurate result using that smaller mesh, which goes to show the benefit of having a finer mesh.
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Very Fine Mesh (0.1mm): 
The final simulation used a very fine mesh of 0.1mm. This was the most accurate result, taking about five to ten minutes to complete, a mesh generation any finer than this resulted in the computer not being able to handle the load. Again, this shows that it is beneficial to use a finer mesh to produce more accurate results, without compromising the computational efficiency.
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Description automatically generated with medium confidence]Figure 2.2.1.4 - Bimetallic strip static structural deformation results.




[bookmark: _Toc153733130]2.3 Numerical Implementation in Ansys 
Ansys performs well when it comes to changing mathematical models into computational simulations through algorithms and numerical methods. By turning complex physical systems into finite elements, Ansys uses a numerical technique such as the Galerkin method to approximate solutions to differential equations that manage the system's behaviour through the simulation. 
This process involves Ansys generating a mesh that divides the model into smaller elements so that the equations can be solved. Ansys's numerical integration technique also calculates variables across each element, ensuring a realistic representation of the model's physical properties. (Li, Qiao, and Tang, 2017)

[bookmark: _Toc153733131]2.4 Element Type Selection
Element type selection is an important step in finite element analysis (FEA). Tetrahedral elements are good for complex shapes and are easy to make with software, but they might need more elements to get accurate results, which can take more computer power. Hexahedral elements are great for their accuracy and efficiency, especially for simple shapes, but they're harder to make and fit into complex models. (Schneider et al., 2022)
Prismatic elements are useful for models with layers and work well in fluid flow simulations near walls, but they're not as versatile for odd shapes. Pyramidal elements are useful for connecting different kinds of elements in a mesh but aren't often used because they can make the mesh more complex. (Wang, Danilov, and Schröter, 2008)


[bookmark: _Toc153733132]3.0 CAD Models 
The model used for the simulation was created within SolidWorks, the model was created by Andrew Noble and uses a rotating assembly with five moving components. The piston is the part that was concentrated on when it came to conducting the kinematic simulation, thermal influence, and structural analysis. 
For this analysis, the piston used a type of aluminium known as 6061. This alloy is a common choice when it comes to pistons due to its balanced properties, it is a heat-treated alloy consisting of magnesium and silicon, which forms magnesium silicide (Mg2Si). This improves its fatigue strength and makes it suitable for a range of different applications. (World Material, 2020). This is an important part to consider as the piston will undergo repetitive loading cycles meaning the alloy's fatigue strength plays an important role in determining the lifespan of the piston within the engine's cyclic environment. 6061 aluminium also has a fatigue strength of 96.5 MPa under continuous loading below the yield point, meaning it can withstand the cyclic demands within the engine. (Budinski, 1979).
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Figure 3.1 – rotating assembly model used for simulation.


[bookmark: _Toc153733133]4.0 Kinematic Simulation, Thermal Influence, and Structural Analysis.
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Figure 4.1 – Ansys workbench simulation setups
The following section shows how the piston would experience forces and temperature within the engine. The rigid dynamics section shows how the piston moves within the cylinder, using what's called kinematic simulation, and shows how different forces act on it. Following on from this the next section is the steady state thermal analysis and calculates how heat affects the piston by looking at temperature patterns. The last step comes under static structural, and this analyses the movements and the heat within the engine and how the piston might bend or stress when the engine is running. The image from the Ansys Workbench shows the steps taken, one after the other, making sure that what's learned in one step helps with the next. 
[bookmark: _Toc153733134]

4.1 Kinematic Simulation.
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Figure 4.1.1 – Ansys rigid dynamic simulation.
The image above shows the rigid dynamics simulation, it depicts the engine's moving parts including the pistons and crankshaft. The graph at the bottom tracks the forces over time displaying the engine cycles. This outlines the specific forces acting on the assembly, which helps understand the mechanical stresses involved. 
This Rigid Dynamics section within Ansys has been connected to the steady-state thermal and static structural setups so that it can pass the analysis data across, meaning all the setups can work together.



[bookmark: _Toc153733135]4.2 Thermal Influence.
Thermal influence in CAE examines how temperature changes affect materials particularly the expansion, contraction, and durability of a piston. During combustion, a piston expands due to heat, with its expansion rate determined by the material's thermal expansion coefficient. (James et al., 2001). Operating in tight cylinder spaces, this expansion can induce thermal stress, especially at the piston top where temperatures peak. Repeated heating and cooling cycles can cause thermal fatigue, risking material degradation and potential piston failure.
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Figure 4.2.1 – Ansys steady-state thermal analysis.
The image above displays the results of the first steady-state thermal analysis of the piston, using a coarse mesh of 0.02m. This analysis shows how the temperature distributes across the piston from the crown to the skirt, with the colour gradient showing areas of heat exposure. The red zone at the top indicates the region of highest temperature, which is to be expected as the crown of the piston is in direct contact with the combustion gases. As the colours shift towards blue, they indicate a decrease in temperature towards the skirt which is further from the combustion zone and as a result is cooler.
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Figure 4.2.2 – Ansys steady-state thermal analysis.
This simulation image shows the thermal state of a piston using a finer mesh resolution of 0.0005 meters, resulting in a highly detailed view of the temperature distribution over the piston.
The use of a finer mesh here shows a more granular temperature analysis, resulting in subtle thermal variations that a coarser mesh might miss. This level of detail is important for accurately assessing thermal expansion, as even slight temperature differences can lead to significant changes in the piston's dimensions due to the material's thermal expansion coefficient. It also provides a clearer picture of where thermal stresses might concentrate. 





[bookmark: _Toc153733136]4.3 Structural Analysis.
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Figure 4.3.1 – Ansys static structural analysis, total deformation.
 The image shows a static structural analysis of a piston in Ansys, with a 0.02-meter mesh size. It shows the piston's deformation in response to operational stresses, particularly around the crown where combustion forces are highest. The red zones indicate where deformation peaks, this suggests these areas might need strengthening. This coarser mesh provides a broad view of stress distribution, which is a practical choice for balancing detail with computational efficiency. The results are ideal for determining how the piston will hold up under repetitive loads and show how improvements in design can be made for better performance and durability.
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Figure 4.3.2 – Ansys static structural analysis, equivalent stress.
This image shows a stress analysis of a piston in Ansys, mapping out stress with colours where red marks the highest stress areas. The chosen mesh size displays a balance between showing enough detail and saving on computing power. It's detailed enough to pinpoint potential failure spots. This stress data can be used to enhance the piston's design, choose the different materials, and ensure it withstands engine pressures.











4.4 Forces and Moments.
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Figure 4.4.1 – Remote force 1.
The image shows how ANSYS simulates the impact of indirect forces on the piston, like combustion gas pressure, using a remote force indicated by the red arrow. The graph details how the piston deforms in response, this shows how such forces affect piston durability. 
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Figure 4.4.2 – Moment 1.
The image shows a moment applied to the piston, showing how it responds to forces like those from crankshaft rotation. The reaction of the piston to these forces is critical for assessing how torsional stress affects its structure. The graph below shows the effect of the moment over time, which is essential for checking the piston's ability to handle repetitive loads. This data can be used to make enhancements in the piston's design to prevent twisting or bending that could lead to failure during operation.
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Figure 4.4.3 – Remote force 2.
This image shows the static structural analysis where a remote force is applied to a piston, represented by the red-shaded area and arrow. This remote force is used to simulate the effect of external loads that act on the piston from a distance, such as the force exerted through the connecting rod by the combustion process.
The remote force is focused on the gudgeon pin bore area which is a critical point where the piston experiences high load transfer from the connecting rod during engine operation. The graph displayed at the bottom of the image shows the magnitude of the remote force over time, showing the variation in pressures during the engine's cycle.
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Figure 4.4.4 – Moment 2.
This image shows a moment applied to a piston in the static structural analysis. Here, the moment is represented by the curved arrow, which is a measure of rotational force acting upon the piston. These moments are commonly experienced by the piston because of the engine's rotation, which includes the crankshaft's rotation and the oscillating motion of the connecting rod.
The red-shaded area on the piston shows the area subjected to this moment, which is likely to experience torsional stress. This helps to identify how these stresses distribute across the piston, particularly at points of mechanical leverage such as the pin bosses. The graph below the piston image shows the response over time and shows how the piston's material and structure react to these rotational forces, this can be used to evaluate the piston's ability to withstand operational conditions without yielding or failing.



[bookmark: _Toc153733137]5.0 Piston Design Improvement.
In this section, some design parameters have been considered to refine the piston's design without changing its current geometry. The section will also consider how selecting different materials and optimizing the piston's shape could potentially improve its performance.

Alternative materials for 6061 aluminium pistons include forged steel which offers greater strength and fatigue resistance and is suitable for high-performance engines, but it is heavier (Totten, 2007). Titanium is another option as it has a high strength-to-weight ratio and high heat resistance, although it’s more expensive and complex to machine (C Leyens and M Peters, 2003). Carbon fibre-reinforced polymers (CFRP) are also used especially in specialized engines, usually for their customizable properties and lighter weight (Hollaway, 2012).
Addressing stress concentration in pistons, especially around the skirt and pin bosses, is important. Using FEA, modifications like rounding edges or adding fillets can redistribute stress which will enhance durability (Silva, 2005).
For thermal performance, geometric changes like adding cooling fins or thinning wall sections can improve heat dissipation from the piston, especially from the crown. (Heywood, 1988).

[bookmark: _Toc153733138]6.0 Conclusion.
In conclusion this investigation has shown the important role that CAE tools have when it comes to enhancing the engineering design process, despite their limitations. FEA has proven to be a powerful method for simulating real-world conditions and improving component designs. The analysis has successfully validated Ansys against traditional analytical methods, comparing the component's structural integrity under operational stresses. However, areas for improvement include improving mesh sizing for computational efficiency, and altering the CAD model for an improved design, so that the new design can be compared to the original. As well as exploring alternative materials for better performance under thermal and mechanical loads. Future work should focus on increasing the precision of simulations and expanding the material database for design optimization.

[bookmark: _Toc153733140]7.0 References
Bi, Z. (2017). Finite Element Analysis Applications: a Systematic and Practical Approach. Saint Louis: Elsevier Science & Technology.
Budinski, K.G. (1979). Engineering materials, properties, and selection. Solutions manual. Reston, Va: Reston.
‌C Leyens and M Peters (2003). Titanium and titanium alloys: fundamentals and applications. Weinheim: Wiley-Vch; [Chichester].
Heywood, J.B. (1988). Internal combustion engine fundamentals. New York: McGraw-Hill.
‌Hollaway, L. (2012). Polymer Composites for Civil and Structural Engineering. Springer Science & Business Media.
‌James, J.D., Spittle, J.A., Brown, S.G.R. and Evans, R.W., 2001. A review of measurement techniques for the thermal expansion coefficient of metals and alloys at elevated temperatures. Measurement science and technology, 12(3), p.R1.
‌Knotek, S., Schmelter, S. and Olbrich, M., 2021. Assessment of different parameters used in mesh independence studies in two-phase slug flow simulations. Measurement: Sensors, 18, p.100317.
Li, Z., Qiao, Z. and Tang, T., 2017. Numerical solution of differential equations: introduction to finite difference and finite element methods. Cambridge University Press.
Schneider, T., Hu, Y., Gao, X., Dumas, J., Zorin, D. and Panozzo, D., 2022. A large-scale comparison of tetrahedral and hexahedral elements for finite element analysis. ACM transactions on graphics.
‌Silva, F.S. (2005). 'Fatigue on engine pistons – A compendium of case studies', Journal of Engineering Failure Analysis, 13, pp. 480-492.
Software, D. (2018). Bimetallic Strip. [online] Dlubal. Available at: https://www.dlubal.com/en/downloads-and-information/examples-and-tutorials/verification-examples/000078 [Accessed 13th Dec. 2023]. 
Totten, G.E. (2007). Steel heat treatment handbook. Boca Raton, Flor.: Taylor & Francis.
Wang, Q., Danilov, S. and Schröter, J., 2008. Finite element ocean circulation model based on triangular prismatic elements, with application in studying the effect of topography representation. Journal of Geophysical Research: Oceans, 113(C5).
World Material (2020). AL 6061-T6 Aluminium Alloy Properties, Density, Tensile & Yield Strength, Thermal Conductivity, Modulus of Elasticity, Welding. [online] The World Material. Available at: https://www.theworldmaterial.com/al-6061-t6-aluminum-alloy/.
Xiaolin Chen, Yijun Liu and CRC Press (1973-2004 (2019). Finite element modeling and simulation with ANSYS Workbench. Boca Raton; London; New York: CRC Press/Taylor & Francis Group.
Zienkiewicz, O.C., Taylor, R.L. and Zhu, J.Z. (2005). The finite element method: its basis and fundamentals. Amsterdam Pays-Bas: Elsevier Butterworth Heinemann.
‌


image1.png
Prifysgol Cymru
% Y Drindod Dewi Sant

. University of Wales
Trinity Saint David

»




image2.png
Material Invar Modulusof | 137000000 | MPa
Elasticity
Poisson’s
Ratio v 0.280| —
Coefficient of
Thermal a 1200x107¢ [°C”
Expansion
2ee el - 130000.000 | MPa
Elasticity
Poisson’s
o Ve 0354 | —
Coefficient of
Thermal a. 2.000x107° | °C!
Expansion
Geometry Cross-section
Width w 5.000 | mm
Layer
Thickness 1000 mm
Length L 100.000 | mm
Load Thermal
T, 100.000 | °C

Loading





image3.png
A:Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 15

13122023 17:54

71219 Max
63306
55303
478
39566
31653
2374
15827
079133

B o

0000

7500

15,000

22500

30,000 (i)




image4.png
A:Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 15
1312/20317:56

71233 Max
63718
55404
47489
39574
31650
2374
158
079148

B o

0000

7500

15,000

22500

30,000 (i)




image5.png
A:Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 15
13/12/202318:08

71223 Max
63300
55305
4748
39568
31655
23741
15827
079136

B owin

0000

7500

15,000

22500

30,000 (i)




image6.png
A:Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 15
1312120231741

71203 Max
6329
5538
47469
39557
31646
23734
15823
079115

u,

0000 15,000 30,000 (i)
[ Aaaa— SSSS——

7500 22500




image7.png
000 a0 0300(m)
[ e S—

0075 025




image8.png




image9.png
a0 0200 0400(m) o~
S Eaa——
0100 0300
X
< 80X TbularData
st b 3 Time 5|7 Jont roe Tta Force 1 [ Jint e ot orce 4|7 Joint Proe (Tt Force 24 [[7 it roe 1
= il P72 70128 “15ae013 758
14e2 2 Jteoos 2354 16815 “is753e01 23655
3 J2eoos 2354 3575 136616013 23457
i jreon 2368 7455 155240013 23284
- — —E— =& e B EETH 25018
5 |seons 222 g 151216013 258
Te2 2e2 3e2 2e2 se2 7 [eeos 22205 23081 14856013 2325
I 5 [reos 2ms a2 asse0ns 2199
T |3 [seans zmo3 128 142040013 222
0 |9.e006 20601 34861 3820013 20894





image10.jpeg
:Steady-State Thermal
Temperature
Type: Tempersture
Une"C
Time 12
151272023 17:20

303,38 Max

w157

mn

559

012

243

20849

61
"R
16104100

0000 ooss 0070(r

aore aesy




image11.jpeg
G Steady-State Thermal
Temperature
Type: Temperature
UnieC
Time: 15
1501272003 1722

305.14Max

216

nay

25719

12

s

w023

1935

1726
B 1612800

000 003

0070

oore 0053




image12.jpeg
Type:Tota Deformation
Unitm

Tome 13

TSP 72
000030267 Max
o)
precee
con
aooirst
coe
ooz
7ar35es

oo
P

o000

00%0(m)

o068




image13.jpeg
D:Statc Structural
Equnalent Suess
Type:Equivalent von-Mises) Sess
UnitPa
Tme: 15
1512120031731

1876369 Max

1.6626

1459768

1251460

1043163

au77es

6amees

476158

200048

1.5306¢6 Min

0000 ooss 00%0(m)
S Eaa—

002 068




image14.png
“a O -t QARAQ st kMot TRBODMBBE P S < EClpbord- [Empty) brtend~

Select By~ @ Comvert~

Neme - v.
DSt Stuctrst.
B rropeat e Force
5 Model 84,09 S
© B G TS
1 s D oot Frce 4 0
Bk Comanse sy Components ST, S167 24560
-7 Comecions Locsnan 1440606262677, 047760 m

B |

b
£ 7 Transent 09
I b s
75w
578 Sohman )
78 s btamon
7% sonie
&/ st s 55)

9 reare
5 U8 e iont 09
Solution (06).

Dt e Frce ~aox
<lscone
stopmg etnoa [ Geomey seion v
Geomen 4t
Cooaate e cloom Coranat o ; °
Veomranse ozerrm oy =3
2comanwe arom X
wcston awat crnoe Gorh < HOX GO ~aox
- veetton v s [rmen [ 100 |7 v 7
e semote e 708 — il fo wo I=o -0
Denasy componets - T we e s
s Componek {7004 (ampea o0
Tl e ee——— |





image15.jpeg
Qa0 e

FEERARRE TR < ECpbond- [Empty] Dhtend- 9 SeectBy BComet-

DSt Structrst
Vot

Tt
5w 145
B0 Vomert 13482603

Components. 3 5250147140081 216 D14

o tasvseniswens

Detts o “Moment -10x

scone .
e
e = L
T
Cooranate Srten G Coarits Srten X
S383 0t peeged] | G < B0 i ~aox
1347100 pampes s T [ x| 4 200
12564 vampes rames e T i S vmmict
Swopeieeho - Szccos 13ericon 1asiseds
o e et ) =





image16.png
Qa(ew - [Empty] @etend~ 9, Select By~ @ Convert-

Fomfoe

BRE PR

e e

B o foczann
823000, 026761, 047408 m

B reaime

S maon
70 To ceormann
0t svess

" Scopmoviias Gevmty Seiion v
Cooranate Sytem Gioba Cooramate System 000 (17 agsoem) L
»Comranse 1 75e00tm ]
Veomanse oz67e1m =
totion o crange Gosh - 40X Tl ~aox
- veteiton 4 [ e 7 ] vo 7
s Samte o st il
) i s s Tonseans
Componert | 18457 oo 0 -
2 Companent1018¢ 12N ranped) .





image17.jpeg
[Empty] @xtend~ 9, SelectBy- W Comert-

QQQQAQ sdect kMede IT BB B

o400 Yot
/B Geoneryimoors /2y 1747

B Vo1 1237 0em
Companérts: 005063 111041 AGE N

7o s
I8 trostesions 05

0 sk
@ Towioctomeion
oty

Detds o Moment

eomaiin oo
o e | oo o o O
s | i
T — o e

»comoonet | 23502 4 vanpe Goph S LR ~aox
| v s [Tme [ x0ue 7 viv [7 200

2 Companert | 14406 om 3n | e, - il o
o Aorces | s





