Alex White                                                                                                                                                2204063

[bookmark: _Hlk216267355][image: ]







Application of CAE Processes
Structural and Fluid Analysis

Alex White
2204063

University of Wales Trinity Saint David
School of Engineering
BEng Automotive Engineering
13/12/2025




Contents
Introduction ……………………………………………………………………………………….. Page 3
Section 1 - Validation Studies ……………………………………………………………….. Page 4
1.1 - Thermal Validation: Bimetallic Strip Analysis ……………………………………. Page 4
	1.1.1 – Results …………………………………………………………………………. Page 5
1.2 - Structural Validation: Cantilever Beam Analysis ……………………………….. Page 6
1.2.1 - Linear Analysis ………………………………………………………………. Page 7
1.2.2 - Mesh Study …………………………………………………………………… Page 9
1.2.3 - Mesh Study Results ……………………………………………………….. Page 11
1.2.4 - Boundary Conditions ……………………………………………………… Page 15
Section 2 – Optimization and Improvement of a FEA Study ……………………….. Page 16
2.1 - Using CAE to Create Models and Assemblies ………………………………….. Page 16
2.2 - Piston Head Case Study: Assembly-Level CAE Application ……………….. Page 18
2.2.1 – Methodology ………………………………………………………………... Page 18
	2.2.2 - Kinematic Analysis ……………………………………………….……….. Page 18
	2.2.3 - Thermal Considerations …………………………………………….…… Page 19
	2.2.4 - Static Structural Setup …………………………………………….…….. Page 19
2.3 - Material Comparison Study …………………………………………………….……. Page 20
	2.3.1 - Aluminium 6061-T6 ………………………………………………….…….. Page 20
	2.3.2 - Aluminium 2618A-T6 ……………………………………………….…….. Page 20
	2.3.3 - Aluminium 4032-T6 ………………………………………………….……. Page 20
	2.3.4 - Material Parameters ………………………………………………….…… Page 20
	2.3.5 - Mesh Sensitivity Analysis of Piston Head (6061-T6) …………….. Page 22
2.3.6 - Three Material Study Results ……………………………………….….. Page 24
2.4 - Fatigue Analysis of Piston Head (6061-T6) ……………………………….……… Page 28
	2.4.1 – Setup …………………………………………………………………….……. Page 28
	2.4.2 - Fatigue Results - Safety Factor ………………………………….…….. Page 29
	2.4.3 - Fatigue Results – Life ……………………………………………….…….. Page 30
2.5 - Further Work ……………………………………………………………………….……... Page 31
Discussion and Conclusion …………………………………………………………….…… Page 32
References ………………………………………………………………………………….……. Page 33
Appendices ………………………………………………………………………………….…… Page 35
Introduction
This report investigates the use of ANSYS software to create and solve structural and fluid problems. This includes simulating the testing of a real-world system modelled in a computational environment, performing a kinematic analysis under realistic conditions. With an overall aim to improve the structural performance of the selected component, considering both structural loadings and fatigue life, while optimizing its mass if possible. This report will demonstrate how Computer Aided Engineering (CAE) tools are used in the engineering design process and highlight its limitations. There will also be a separate thermo and mechanical study to validate the accuracy of the software, comparing results to pre-calculated baselines. 
CAE tools have become crucial for modern engineering, especially in the automotive industry where safety, cost efficiency, and reducing development time are critical. CAE allows engineers to simulate structural, thermal, fatigue, and dynamic behaviour of components and assemblies before expensive physical versions are manufactured. ANSYS is one of the most widely used CAE platforms in the automotive industry, due to its ability to perform multiple analyses within one script. This allows accurate simulation of real-world conditions. 
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Section 1 - Validation Studies
Finite Element Analysis (FEA) involves breaking down complex scenarios into smaller, more manageable elements which can be solved more easily. Accuracy of the representation will affect the accuracy of the results. Influences on the solution output can include geometry, solver type, boundary conditions and material properties for example. Ensuring these are set up correctly is crucial before completing any solvers. Validation in ANSYS involves checking simulation results against known data like hand calculations and physical tests, and model accuracy like mesh properties to build confidence in the results (Ansys Learning, 2022).
[bookmark: _Hlk216203270]1.1 - Thermal Validation: Bimetallic Strip Analysis
[image: A screenshot of a computer

AI-generated content may be incorrect.]The first simplified test case is a thermal study on a bimetallic strip. The bimetallic strip is composed of Invar (very low coefficient of thermal expansion) and Copper. The left end of the bimetallic strip is fixed, and the right end is free, loaded by temperature difference Tc (Dlubal, 1, 2025). The parameters for this case study can be found in figure 1 in the appendices.

[image: A long grey and blue line

AI-generated content may be incorrect.]Figure 1: Image taken from Dlubal,1, 2025.
Figure 2: Bimetalic strip created in SolidWorks.
When the ambient temperature changes, the bimetallic strip bends. This bending is caused by the different elongations of the metals used. The maximum deflection of the bimetallic strip is defined by the following formula (Dlubal, 1, 2025):
[image: A math equation with black text
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Figure 3: Image taken from Dlubal,1, 2025.

[image: A close-up of a model

AI-generated content may be incorrect.][image: A table with numbers and symbols

AI-generated content may be incorrect.]Figure 4: Calculated results and what Dlubal measured in their analysis software.
Figure 5: Results from Dlubal, 1, 2025.

1.1.1 - Results
The results from ANSYS are very similar to what Dlubal calculated, but not quite the same, with a 1.08% difference. In the automotive industry generally a difference of 2-5% is acceptable (Pearson qualifications, 2025). Therefore, a difference of 1% is acceptable proving that the thermal element on ANSYS can provide reliable results which conclusions can be drawn from. 
[image: A blue and black striped object
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Figure 6 & 7: Deformation results.





[bookmark: _Hlk216538325][bookmark: _Hlk216203461]1.2 - Structural Validation: Cantilever Beam Analysis
Experimentally proven results that are repeatable can be used computationally, once methodology is proven, confidence in output rises (Andrew Noble, 2025). For the second simple case study a cantilever beam is loaded by a transversal and an axial force on one side and is fixed on the other. The parameters for this can be found on figure 2 in the appendices. 
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Figure 8: Image taken from Dlubal, 2, (2025).
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[bookmark: _Hlk216538345]Figure 9: Cantilever beam created in SolidWorks.





1.2.1 - Linear Analysis
Desired deformation can be found by means of Geometrically linear analysis very simply. The trans versal force and the axial force act independently and the force equilibrium is determined from the original geometry, because the expected deformations are small. The axial force causes only the axial deformation. Both deformations are defined by well-known formulae (Dlubal, 2, 2025).
These equations only consider load in one direction, either in the X-axis or the Z-axis. So, to get the correct result on ANSYS you can only apply one force at a time. This can easily be done by suppressing individual forces and re-solving the static structural, this shows how ANSYS allows lots of different data to be gathered quickly. 
[image: ]

Figure 10: Calculated deformation in X-axis, taken from Dlubal, 2, 2025.
[image: A yellow and black arrow
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Figure 11 & 12: ANSYS results.

The difference in the X-axis results is only 0.817%. 
[image: A mathematical equation with numbers and symbols
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Figure 13: Calculated deformation in Z-axis, taken from Dlubal, 2, 2025.

In the Z-axis, percentage difference is 0.058%. As both generated figures for max deformation in the axis are so accurate, this proves that ANSYS is capable of accurate structural studies. 
[image: A green and yellow object
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Figure 14 & 15: ANSYS results for Z-axis.

If both forces are applied at the same time, there is little to no difference in the Z-axis deformation. However, deformation in the X-axis increases from 0.011902mm to 21.349mm, an increase of 179,200%. This is because when you apply both loads together the problem is no longer purely linear, the axial load is now acting on a bent beam. Because of this bend, the axial extension of the beam produces a large change in the X-plane.

[image: A rainbow colored pencil
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Figure 16 & 17: ANSYS results X-axis deformation.









[bookmark: _Hlk216538377]1.2.2 - Mesh Study
Meshing is one of the most important steps in performing an accurate simulation using FEA. A mesh is made up of elements which contain nodes (coordinate locations in space that can vary by element type) that represent the shape of the geometry. An FEA solver cannot easily work with irregular shapes, but it is much happier with common shapes like cubes. Meshing is the process of turning irregular shapes into more recognizable volumes called “elements.” (ANSYS BLOG, 2021). 
A good quality mesh equals more precise results. A poor mesh can result in convergence difficulties, which can lead to incorrect results and false conclusions. However, the more complicated the mesh the more time you have to spend setting it up and the longer it takes to solve. So, it depends on if you are looking for a quick solution or a highly accurate result. 
Mesh act differently on different shape components. Using the cantilever beam as an example, three types of mesh types were tested. Automatic setting chooses what ANSYS thinks is the best type of mesh for the component, for the cantilever it chooses a Hex-Dominant mesh. Hex or “brick” elements generally result in more accurate results at lower element counts than Tetrahedron elements. If it is a complex geometry, Tetrahedron elements may be the best choice (ANSYS BLOG, 2021). Therefore, Hex-Dominant is the correct choice for the beam, this shows ANSYS is capable of automatically picking the correct type of mesh without needing any inputs.
 The other two meshes included Tetrahedral mesh, and the Cartesian mesh, each giving different results.

[image: A grey rectangular object with black squares
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AI-generated content may be incorrect.]                           Image 19: Tetrahedrons.
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Image 18: Hex Dominant.
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Image 22: 30mm.
Image 23: 60mm.
Image 21: 10mm. 



Finer meshes provide a better representation of the geometry of the component. However, a finer mesh is not always beneficial. Extremely fine meshes can introduce excessive stiffness or amplify local stress singularities reducing the accuracy of the solution. 
















[bookmark: _Hlk216538397][image: ]1.2.3 - Mesh Study Results
[image: ]Table 1: Hex-Dominant mesh study results for Z-axis.
Table 2: Hex-Dominant mesh study results for X-axis.
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Graph 1: Hex-Dominant mesh study for Z-axis. 


For Hex-Dominant mesh in the Z-axis you can see there is a clear correlation between the mesh and the accuracy. As the mesh size reduces, the more accurate it becomes. Z deformation is dominated by the bending of the cantilever. As the mesh is refined, the curvature is better calculated, and the strain energy converges more accurately, creating the results seen on graph 1. When it comes to sizing in the Z-axis, 10mm mesh gave the most accurate results to the calculated figure (3557.478mm) with a difference of 0.0524%. 
[image: ]





Graph 2: Hex Dominant mesh study for X-axis.


Unlike the Z-axis deformation, X-axis deformation stays relatively linear but then becomes less accurate at the finest mesh. This is because axial strain is not constant along the beam. Therefore, there are no strong gradients to resolve, a single element could represent it just as well as lots of elements. When the mesh becomes extremely fine, X-deflection is so small its proportionally less than the assumptions made by the software, so round off errors start to have a larger effect reducing the accuracy, hence the reduction at 10mm.
[image: ]
[image: ]Table 3: Tetrahedron mesh study results for Z-axis.
Table 4: Tetrahedron mesh study results for X-axis.


In cantilever beam example, Tetrahedrons mesh gave less accurate results than automatic, but not by much. At 10mm it is 0.0004% less accurate which is a negligible difference. There is however a bigger difference in accuracy as mesh sizing changes. 
[image: ]








Graph 3: Tetrahedron mesh study for Z-axis.
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Graph 4: Tetrahedron mesh study for X-axis.


Like Hex-Dominant, Tetrahedron is less accurate at the finer meshes in the X-axis compared to in the Z-axis. So, when it comes to the Z-axis, you would be better off using a 10mm mesh. However, this is not the case for the X-axis which is most accurate between 30 and 40mm. Therefore, you need to find a middle ground in which the most accurate results can be found in both planes, depending on what mesh type you choose.
[image: ][image: ]Table 5: Cartesian mesh study results for Z-axis.
Table 6: Cartesian mesh study results for X-axis.


As an example of how choosing the wrong mesh type can negatively affect results, the same test was conducted on a Cartesian mesh type. Cartesian mesh gave by far the most inaccurate results compared to the baseline with a 3.58% difference. This is because it generates a grid of cubical elements that do not conform to curved surfaces well. There is also no difference between mesh sizing, this is because refinement does not fix the fundamental misalignment between element orientation and the beam’s bending mode.
















[bookmark: _Hlk216538420]1.2.4 - Boundary Conditions
Boundary conditions in ANSYS Workbench define physical interactions on models which is crucial for accurate simulations. Applied by selecting geometry (edges and faces) and assigning types (fixed supports, forces, pressures) too them, can also include flexible and rigid bodies (Ansys Innovation, 2025). 
[image: ][image: ][image: ]Image 25: Force in Z-axis.
Image 26: Force in X-axis.
Image 24: Fixed. Support


Below are two different types of forces applied to the cantilever example. They do not give different results in Z-deformation, but this shows how different types of boundary conditions can be applied in ANSYS giving high customizability.


[image: A red arrow pointing to a square object
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Image 28: Remote Force.
Image 27: Standard Force.




Section 2 – Optimization and Improvement of a FEA Study 

[bookmark: _Hlk216538487]2.1 - Using CAE to Create Models and Assemblies 
Complex components and assemblies can be created on the software SolidWorks. This allows engineers to design/create components which they can use CAE tools to predict performance characteristics and optimise before production. An example of this is shown below, a crankshaft has been created for an Inline-4 internal combustion engine (ICE).
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Image 29: Piston Head.
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[image: A close-up of a screw
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Image 30: Gudgeon Pin.

Image 31: Conrod Bolt.

Image 32: Conrod.
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Image 33: Crankshaft.





[image: A drawing of a crankshaft
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[image: A 3d illustration of a crankshaft
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Image 34 & 35: Assembly.







2.2 - Piston Head Case Study: Assembly-Level CAE Application
Using ANSYS, a structural and thermal study has been conducted on the piston head of the assembly while under load. If reasonable parameters are used we know that this will be relatively reliable data due to the validation completed in section 1. This can then be used to optimise the piston head possibly improving its performance.
[bookmark: _Hlk216538532]
[image: A screenshot of a computer

AI-generated content may be incorrect.]2.2.1 - Methodology 
Image 36: Workbench setup.
Material parameters implemented include density, Young’s modulus, poissons ratio, Coefficient Thermal Expansion (CTE), and Thermal Conductivity. 


2.2.2 - Kinematic Analysis
A motion load is exported from the graph below. The lines represent the forces felt between the Gudgeon pin and the Piston head.
[image: A screenshot of a computer
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Graph 5: Forces between the Gudgeon pin and the Piston heads.


[bookmark: _Hlk216538574]

2.2.3 - Thermal Considerations
To simulate thermal conditions the piston would experience under load the following boundary conditions were applied (Piston Thermal Study Data, 2025).
[image: A table with numbers and text
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Image 37: Thermal Study Boundary Conditions.


2.2.4 - Static Structural Setup
As the piston goes through a compressions stroke, it experiences a large amount of pressure on the piston crown. To simulate this a pressure was applied (10.5 Mpa, pressure from V8 data), this is a necessary boundary condition to simulate real-world conditions to generate realistic results. 

[image: A red and brown cylinder with a circular top
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Image 38: Pressure applied to Piston crown.

All components except the piston head was suppressed as only the motion load on the piston head is off interest. Soft springs was turned on because the components fixed to ground in the boundary conditions are suppressed. Therefore, you need to restrain the model without adding more restraints, weak springs does this without massively affecting the output. 

2.3 - Material Comparison Study
To see if it possible to optimize the performance of the piston head, three materials were implemented into the FEA study. This gives you instant results that allow comparison. The same thermal conditions were applied to all three materials; this means you can compare how predicted material temperatures and stresses differ under the same thermal loading. 

2.3.1 - Aluminium 6061-T6
6061-T6 aluminium is one of the most popular aluminium alloys thanks to its weldability and formability, high strength and corrosion resistance. It is very common in frames, brackets and electronic parts (Metalex, 2020). 6061-T6 is not commonly used as a piston head material but gives a solid baseline to compare other possible materials against.
2.3.2 - Aluminium 2618A-T6
2618A-T6 is a very widely used forged piston alloy in motorsport, boosted engines, endurance racing and high-output road engines. With a silicon content of only 0.23%, 2618A-T6 has good hot strength, high ductility but high thermal expansion (Greg Acosta, 2021).
[bookmark: _Hlk216538727]2.3.3 - Aluminium 4032-T6
4032-T6 is a high silicon (12.2%) alloy specifically developed for more of an automotive application. It has a lower expansion than 2618A-T6, good wear, ring-groove life, and is quieter on cold start, making it ideal for general use (Greg Acosta, 2021)..
Therefore, we have a baseline material, a high-performance material, and a standard use material to compare results on. 

[bookmark: _Hlk216538748]2.3.4 - Material Parameters 

[image: ]Table 7: Material properties (ASM, Chalco Aluminium, MakeItFrom, 2025).

[image: ][image: ][image: ]Table 8, 9, & 10: Youngs Modulus at different temperatures.

[image: ]
Graph 6: Youngs Modulus at different temperatures.



6061-T6 has quite a different Young’s modulus vs temperature graph. This is because 6061-T6 losses stiffness much faster with temperature compared too the other two alloys. 6061-T6 is a low temperature structural alloy, designed to not have to go above 150-180 °C (ASM, 2025). Therefore, its mechanical properties degrade quickly above that threshold, as seen on graph 6. 4032-T6 and 2618A-T6 are specifically developed for the use in high temperature piston applications. 



2.3.5 - Mesh Sensitivity Analysis of Piston Head (6061-T6)
[image: ]As shown in validation, mesh sizing affects outputs from ANSYS. But just because one mesh size and type worked for the cantilever doesn’t mean the same set up will be the best for the piston head. Below on the table are some different mesh setups tried on the piston head, a Tetrahedron type was used due to the more complex shape. Mesh 3 was the finest mesh attempted, it calculated temperature readings, but ANSYS couldn’t calculate deformation and stress at this mesh size. Therefore mesh 2 is the finest possible and shows there is a limit on how detailed the software can go on complex shapes.Table 11: Mesh types and results.


[image: ][image: ]  
[image: ]                                                       Image 41: Mesh 2 zoomed in.

Image 39: Mesh 1.
Image 40: Mesh 2.



Mesh 1 is the simplest mesh tested. As you can see compared to mesh 2 it misses out on detail in the deformation of the crown. This proves that you need to have a detailed mesh if you are after accurate results. The following graphs shows how mesh sizing affected all the outputs of the solver, highlighting how much inputs can affect results on ANSYS. As there are no posted expected results it’s impossible to say which mesh gives the best values, but all three outputs change differently with different mesh setups.
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Graph 8, 9, & 10: Mesh sizing results on piston case study.

2.3.6 - Three Material Study Results
[image: ]Table 12: Material study results.
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Graph 11: Temperature results.


From graph 11 you can see all three aluminium’s perform similar when it comes to temperature under the same thermal load. 2618A-T6 has a slightly higher larger peak temperature while also having the lowest minimum, but the difference is marginal. However, when the thermal loading was applied it was relatively generalised to areas. In an actual piston there would be far more variation in temperatures experienced across the surface, therefore, the parameters are reducing accuracy. 
[image: A rainbow colored object with circles
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Image 42: Temperature results topside.
Image 43: Temperature results bottom side. 
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Table 12: Deformation results.



4032-T6 has by far the highest deformation. This is expected because of its high silicon content, giving it a low CTE and good wear resistance, making it quiet on startup (Metal Zenith, 2025). Deformation tends to localise, producing larger peak displacements. 2618A-T6 is more ductile distributing thermal strain more uniformly, resulting in lower maximum deformation. This is ideal for performance engines as the piston can expand more in a predictable way (MakeItFrom, 2025). This shows ANSYS is correctly capturing material behaviour differences. However, parameters like clearance, plasticity, and creep are not considered. It is only measuring instantaneous elastic and thermal deformation, limiting its accuracy. 
[image: A colorful object with a white background
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AI-generated content may be incorrect.]Image 45: Deformation results bottom side.
Image 44: Deformation results topside.
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Table 13: Stress results.


As stated earlier, strain in 4032-T6 is distributed locally, and 2618A-T6 is much stiffer and more ductile at high temperature, this is further supported by the stress results. 4032-T6 unloads stress by deforming more while 2618A-T6 carries stress without deforming as much. This suggests that the material data and boundary conditions are reasonable and ANSYS has created realistic outputs. 


[image: A blue and green circular object
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	Image 47: Stress results bottom side.
Image 46: Stress results topside.
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Table 14: Mass results.


2618A-T6 is the densest material, it is therefore the heaviest. However, as it is so much stiffer than 4032-T6, you could possibly take away more material in the underneath and in the skirts to optimise its weight without negatively effecting the performance. This can easily be done on SolidWorks before being re-tested. 













2.4 - Fatigue Analysis of Piston Head (6061-T6)
A useful tool in ANSYS for automotive applications is the fatigue tool. This allows engineers to predict how long their piston may last and where the weak points are. Allowing them to improve the design before expensive physical testing.

2.4.1 - Setup
Two motion loads were taken on the baseline material. One at TDC, and one at max pressure at 4000 RPM (17 degrees after TDC) based on data from a Ford Sigma 1.6L engine. 
[image: A screenshot of a computer
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Rotational velocity: 4000 RPM
Step End Time: 0.014999 s
Time Step: 0.00004166 s
Step end time was calculated by 1/ (4000/60). Time step is the step end time divided by 360. In this setting every row of forces data recorded is equivalent to one degree of crankshaft rotation.





2.4.2 - Fatigue Results - Safety Factor
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Image 50: Bottom side view.
Image 49: Topside view.
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Image 51: Results.


Image 52: Bottom side view zoomed.



Fatigue safety factor lets you evaluate fatigue strength and predict whether any part of the structure will ever fail in the design life due to cyclic loading in an event (RECURDYN, 2025). In image 52 failure is predicted where stress peaks next to the gudgeon pin hole. 






2.4.3 - Fatigue Results - Life
[image: A blue and red object with holes

AI-generated content may be incorrect.]Image 54: Bottom side view.
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Image 55: Results.
Image 56: Bottom side view zoomed.



Overall, the fatigue results are not reliable, to get the correct material fatigue parameters you need to retrieve the material data from Granta Edupack. However, ANSYS won’t let you run the static structural runs for deformation and stress unless you supress Multilinear Isotropic Hardening in the materials data. This means that the material inputs are reduced in accuracy showing a clear limitation to ANSYS. According to ANSYS, the piston skirts would fail after less than one full revolution, which is not correct. However, it does not tell you what exactly is causing this, like if you have made a mistake in the setup and where it is. This leaves you as the engineer second guessing your work and can reduce confidence in the software. 


[bookmark: _Hlk216538881]2.5 - Further Work
Another important tool in ANSYS for engineers is topology. Topology optimization is a methodology for determining an object's optimal design to achieve a specific goal, given a set of constraints, loads, and boundary conditions, by adding or removing geometric features and adjusting their size (ANSYS, 2025). However, this tool can be very time consuming. It needs to be run multiple times with very specific boundary conditions to make sure the software does not remove material in a way that will make the component, like a piston, fail under load. 
























Discussion and Conclusion 
Overall, ANSYS is a very powerful software. Simulation accuracy is heavily affected by the quality of data input and assumptions made while making the model. There are many factors when simulating real-world conditions which can be difficult to cover without simplification being involved. This is the case for the piston study. There are much more parameters that need to be implemented to truly get realistic data. Software like Granta Edupack can be utilised to enter materials which has a large library of materials with good material detail. 
In the piston study, only the piston head is unsuppressed, and there are no cylinder walls which would affect the piston. As a result, there is a large lack of inputs which limits the results quality. You would need to spend a large amount of time implementing data to get truly reliable results, and the more completed the system the longer it takes to solve. So, a balance must be found of how realistic you need the data and how much time you can spend on it.
While ANSYS does allow you to evaluate design changes in short amounts of time, its standard structural solvers assume elastic behaviour unless detailed material parameters are added. In high temperature piston applications, this limits the accuracy of stress and deformation predictions unless creep, plasticity, and contact non-linearities are specifically modelled. Inputting too much detail can over complicate the software inputs. This is shown when a too fine mesh is attempted on the piston head mesh study causing an error.
ANSYS was however capable of picking the correct mesh type when set on automatic for both the cantilever beam and piston head study, showing how advanced the software is. 
When it comes to optimizing the piston head in terms of structural performance, it completely depends on what application the piston is intended for. If you want a reliable workhorse, 4032-T6 would be the best choice with its low density and high fatigue resistant thanks to its deformation characteristics. If you are designing a high-performance race car, 2618A-T6 would be the best thanks to its predictability and strength at high temperatures. 
Based on the identified peak stress near the gudgeon pin boss, material should be added to redistribute stress and improve fatigue life, although this was not tested. 
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Figure 1 - Bimetallic Strip
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Figure 2 - Cantilever Beam
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Figure 2: RFEM 5 results - Plate model
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