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[bookmark: _Toc216445267]Abstract 
This report highlights how to use CAE tools, describing any limitations and the application of the tools. It also displays an understanding of how to use FEA methods using validation methods to create for consistency and confidence in results when undergoing simulations and building a manageable workflow to go about the simulation method. Showcasing multiple studies into varying materials and a further optimisation study to showcase the understanding of the knowledge gained throughout the report. 
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1. [bookmark: _Toc216445268]Introduction
Computer Aided Engineering (CAE) techniques have become a significant tool over time within the engineering discipline. Using CAE tools helps to enhance the designing of models and components used within certain sectors of engineering, and also helps to provide more consistency and understanding, therefore boosting confidence when it comes to the testing stages of component development. Despite many positive comings from CAE tools, they do feature limitations within the software and the production of certain results. This study and report aims to evaluate the understanding of CAE tools and the processes involved, furthermore, understanding the practical application of these tools and discussing the software limitations and inaccuracies of results. Using an assembly of a crankshaft and piston CAD model, that had been created in SolidWorks. Particular Finite Element Analysis (FEA) based studies will be completed using an industry standard based process within ANSYS software, these consist of such tests like a static structural simulation and thermal simulations. Using the findings and results of these simulations conclusions will be drawn and a critical evaluation of the data gathered will be had, and how this backs up the reason for study. 

2. [bookmark: _Toc216445269]Literature Review 
2.1 [bookmark: _Toc216445270]Application of CAE 
Computer Aided Engineering (CAE) is when various types of computing software that is used across a wide range of industries, primarily used to simulate physics-based performance and for the improvement of component designs, or for assistance purposes. (Siemens, 2025)

A typical process of CAE consists of:
· Processing – Modelling of the geometry and design properties
· Solving – Model is solved using the appropriate analytical methods of the underlying physics 
· Post Processing – Results are presented for analysis 
(Siemens, 2025)

Various CAE methods that retain relevance to the report are stress analysis techniques to simulate and predict how a component or product will respond when put under particular physical forces, this can be used to further optimise or validate designs. Thermal Analysis is used to predict heat transfer effects on a component, the purpose of this is to determine how the component can perform under varying temperature conditions. CAE methods allow for more streamlined workflow, time saving and cost effectiveness, whilst maintaining the components are made to a high degree of fidelity by using results to optimise their efficiency and effectiveness in a range of scenarios. (AutoDesk, 2025)
2.2 [bookmark: _Toc216445271]Limitations of CAE Software 
Computer Aided engineering tools like ANSYS, despite many positives and influence in the industry can feature various limitations by assumptions, simplifications and the analytical methods used by the solver. A widely recognised limitation is the sensitivity to boundary conditions. Due to varied constraint types or load application areas, there can be significant disparities in the predicted stress fields especially when working with non-linear assemblies. (Cook et al, 2020). 
Mesh dependency limitations also arise, which can be a core problem particularly in FEA despite advances in adaptive meshing algorithms. Finer meshing increases accuracy but also computational cost and longer timeframes. Coarse meshes underestimate the stress concentration effects, particularly on complex elements. Convergence behaviour is highly dependent on element size, element type and transition zone quality (Zienkiewicz & Taylor, 2013). Therefore, mesh independence studies can be done to validate simulations. 
Model simplification creates another inaccuracy, as most simulations assume isotropic homogenous behaviour, unlike real components that show anisotropy, rate dependency and temperature dependent degradation. Under thermal loads materials may follow non-linear expansion behaviour or yield strength reduction, however material libraries used in FEA / CAE software relies on simplified temperature curves (Dowling, 2018). Therefore, this can lead to thermomechanical inaccuracies or imperfections. 
Numerical solvers also can limit CAE tools as they depend on convergence criteria or element formulation. Non-linear analysis that involves large contact or deformation can be prone to causing instabilities in the solver. As Belytschko et al. (2014) iterates, solver behaviour often dictates convergence more strongly than the real physics of the system. 
3. [bookmark: _Toc216445272]Methodology
Using various other sources’ results, validation methods were undertaken in order to ensure that the initial process of the simulations would be accurate enough to provide for confidence in results. These results would be used on a cantilever beam simulation based on tests done by other people, this would also provide as a mesh study, which will further increase the accuracy and gain an understanding of meshing sizes in future simulations. 
For the crankshaft and piston assembly, that had been provided as a SolidWorks model CAE/FEA software via ANSYS workbench starting with creating and/or gathering material data in order to later use the material on the piston head during simulations. 
Starting with a Rigid Dynamics study, used as the kinematics study in order to set the loading conditions for later simulations, and provide realistic movement to the simulation. 
Moving onto the Static Structural section, initially this is just for setup purposes, then a Steady-State Thermal study is conducted, providing necessary data of temperature distribution on the piston head and how the piston head deals with the temperatures. 
Using the Static Structural study, this will act as the final step of the study, providing for the deformation and equivalent stress values once simulated. 
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                        Figure 1- SolidWorks model of the Assembly

4. [bookmark: _Toc216445273]Validation 
For the validation method, simple cases that contained analytical solutions sourced from dlubal.com had been used for both Thermal and Structural studies. Dlubal provides numerous benchmark cases that come with documented processes and relevant data as well as results for the various simulations, . Following the dlubal recommended process from them and comparing the relevant results would help gain confidence in results and the simulation process going forward, as any deviations from the validation results can be decided as inconsistencies within the CAE software. Furthermore, mesh studies would be done to showcase the impact of mesh element size on result accuracy. 
4.1 [bookmark: _Toc216445274]Bimetallic Strip Validation method (Thermal)
Using a provided process and simulation results from dlubal.com, and initial validation study was done using a bimetallic strip that consists of a strip of copper and a strip of Invar. On the strip itself one of the ends of both strips is fixed into place, with the other end being free to move. Additionally, thermal load would be added as recommended by Dlubal and shown in Figure 2. The deflection (Uz max) of the free end of the bimetallic strip was also determined by the use of hand calculations to provide as a target to measure the accuracy of the simulations. 
[bookmark: _Ref216187538][image: A blue and white sheet with text

AI-generated content may be incorrect.]                                                                     Figure 2 - Dimensions of the strip and material data (Dlubal.com, 2018)
4.1.1 [bookmark: _Toc216445275]Bimetallic Strip hand calculation estimation
  
[bookmark: _Ref216185744][bookmark: _Ref216185766]                                                                                                  Equation 1 - Dimensionless coefficient (K1) equation
 = -7.049mm Deflection
[bookmark: _Ref216185830]                                                         Equation 2 - Maximum deflection equation

Using these hand calculations, it can give a rough estimate on what there is to be expected from the simulation itself, the simulation results being close to the hand calculations show that accuracy is achieved further boosting confidence from the results. Equation 1 shows how the dimensionless coefficient is calculated this is needed for the maximum deflection equation. The maximum deflection equation, shown in Equation 2 is the maximum deflection which has resulted to show 7.049mm of deflection of the bimetallic strip, this acts as a target for the simulation in order to ensure accuracy has been reached. 
4.1.2 [bookmark: _Toc216445276][image: A close-up of a chart

AI-generated content may be incorrect.]Bimetallic Strip results
[bookmark: _Ref216186664][bookmark: _Ref216186727]	                 Figure 3 - Dlubal Bimetallic beam results (Dlubal.com, 2018)
[image: ]Figure 3 shows the results from Dlubal.com, it can be seen that they have extremely accurate results showing that they have very good confidence in results. 
[bookmark: _Ref216187191]	     Figure 4 - Personal Bimetallic beam results
As can be shown in Figure 4, the max deflection recorded is 7.1213mm of deflection by following the exact process highlighted by Dlubal. By using the method, calculated deflection / Simulated deflection, it can be calculated that the results from the simulation are 98.98% accurate, this allows for a high level of confidence of the process that had been undertaken. The differentiation between the calculated result and the simulated result can be put down to some minor inaccuracies within the software, however it can be considered that there can be a number of variables that can be changed, ambient temperature, mesh sizes etc. Despite these variable changes that can be made they do not directly follow the method demonstrated by Dlubal, it does however act as refinement techniques. 
4.2 [bookmark: _Toc216445277]Cantilever Beam validation Method (Bending/Continuous load)
[image: A blue and white table with text

AI-generated content may be incorrect.]Much like the Bimetallic beam this study is of a single material beam, where the material details are provided by Dlubal.com, and it is fixed at one end of the beam during the study. It is then subjected to a uniform pressure force of 2750Pa. The validation method is again compared against Dlubal.com’s results as their exact process has been followed. This method is used to validate the static structural part of the workflow. 
	               Figure 5 - Material Values and Dimensions for the cantilever beam (Dlubal.com, 2016)
4.2.1 [bookmark: _Toc216445278]Cantilever Beam Hand Calculation


[bookmark: _Ref216259903]		                     Equation 3 - Equation for max deflection of the cantilever beam
Using the hand calculation shown in Equation 3 provides for the estimated result of 157.143mm of max deflection, this is the target for the simulations that will be completed. 
4.2.2 [bookmark: _Toc216445279]Cantilever Beam Validation Results
[image: ]
[bookmark: _Ref216260145]	                   Figure 6 - Dlubal.com Results of the Cantilever Beam test (Dlubal.com, 2016)
Shown in  Figure 6 is the results of maximum deflection gathered by Dlubal. As shown, they have a large quantity of accuracy within the results displayed. The mesh size that has been used for this study was set at 0.02m (20mm). 


[image: ]
[bookmark: _Ref216260549]	             Figure 7 – Personal Cantilever Beam results 
Following the simulation method that had been recommended by Dlubal, a personal Cantilever beam study had been conducted in order to be used for comparison and method validation. This is mainly used to prove the basic functionality of the solver as well as understanding deflection and stress when a pressure load is added. From the results exhibited in Figure 7 it can be seen that the max deflection that occurs from the personal study is 157.15mm of maximum deflection, which provides an accuracy value of 99.99%, showcasing that the process remains accurate for the Static Structural section of the workflow. 
4.3 [bookmark: _Toc216445280] Mesh Study
[bookmark: _Ref216266932]	                     Figure 8 - Change in mesh size graph
Figure 8 displays a graph that depicts the results from various mesh sizes used within the simulation of the Bimetallic beam. As is evident the trendline is an unexpected one showing a severe lack of linearity, like is there is expected to be. The cause of this irregular event can be put down to mesh sizes 4mm and 2.5mm of the study, however despite it being close to the target result that had been calculated previously in section 4.1.2, this does not mean that it is providing the relevant accuracy to the personal simulation. The true numerical behaviour of the simulation is somewhere more between the area where the data plot becomes more linear at the 1mm to 0.5mm element size region. Therefore, when looking at the linear pattern region it can be seen that as the mesh is refined the solution starts solving more true analytical results. This means that the finer mesh is showing more representative and relevant results to what the simulation is, while the correlation of the coarser mesh size being lower and therefore more ‘accurate’ to the calculated value is actually more coincidental than it is true to the simulation completed. 
5. [bookmark: _Toc216445281]Baseline Piston Head Analysis
[image: A 3d model of a car engine

AI-generated content may be incorrect.]Using the provided SolidWorks Assembly an initial baseline study, using validated simulation methods and meshing techniques of the piston head was conducted. Consisting of a Kinematics study, Thermal study and lastly a Static Structural study, where stress and deformation is measured and analysed. This uses 6061-T6 Aluminium as the material and its properties were set before undergoing the simulation. It is important to note that as other components are supressed within the model when undergoing simulation, they do not display their effect on the piston itself which limits how true to form the piston performance is. 
[bookmark: _Ref216273540]	              Figure 9 - Aluminium 6061-T6 Thermal Study
[image: A blue and green object with a circle
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AI-generated content may be incorrect.]Figure 9 shows the distribution of temperature across the piston head. It displays a uniform and predictable result as to what is most affected by thermal effects as it goes through the engine cycle, simulating the combustion moment. It can be seen how the temperature dissipates uniformly at each of the piston ring lands. The distribution will impact the thermal stresses that are on certain areas of the component, further having an impact on any degradation or component deformation. 
[bookmark: _Ref216275226] Figure 10 - Aluminium 6061-T6 Equivalent Stress	                                      Figure 11- Aluminium 6061-T6 equivalent stress top view
As shown within Figure 10, the equivalent stress distribution is displayed across the piston head. A lot of blue indicates that this piston is not under a lot of stress, particularly as exhibited around the crown of the piston. This could indicate that there is room to optimise this area of the component.


[bookmark: _Ref216340649][image: A colorful object with a hole

AI-generated content may be incorrect.]Figure 12 - Total deformation of Aluminium 6061-T6 piston (side view)[image: A yellow and red circle with a red center

AI-generated content may be incorrect.]             Figure 13 - Total deformation of Aluminium 6061-T6 piston (Top view)
As displayed in Figure 12 and Figure 13, total deformation can be visualised. From this it can be seen that the deformation isn’t overly high with a fairly low concentration of the maximum at the very top of the piston head, whilst the distribution starts to dissipate further towards the skirt. This indicates the material used on the component design is able to hold its structure very reasonably making it ideal for its operation. 
6. [bookmark: _Toc216445282]Alternative Material Piston Head Study
[bookmark: _Toc216445283]6.1 Aluminium 2618-T61
[image: A rainbow colored object on a grey background

AI-generated content may be incorrect.]The fist alternative material used for the piston is Aluminium 2618-T61, where the properties had been gathered from Granta I order to implement it onto the piston. The reason for selecting this alloy is due to its frequent application in high performance pistons thanks to its thermal resistance, high tensile strength and good fatigue performance under cyclic loading conditions (Haomei, N/a). 2618 has demonstrated favourable levels of deformation when under thermal load and experiencing high temperatures (~200-300 deg C), displaying capabilities of maintaining structural integrity when used in the engine environment. Various references note that 2618 is used widely within aerospace and motorsport components where temperatures and high stress loads are routine. (Elias Wakshume et al, 2025) (PerformanceMotorsport.Eu, 2019)
[bookmark: _Ref216353506]                                                             Figure 14 - Thermal study of 2618-T61
As shown within Figure 14 the crown of the piston head is under higher temps at the initial simulated combustion phase, however as can be seen it has a more rapid dissipation rate compared to 6061-T6 displaying how its able to withstand the environment more efficiently. 
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AI-generated content may be incorrect.]Figure 16 - Equivalent Stress 2618-T61[bookmark: _Ref216354319]Figure 15 - Total Deformation 2618-T61

It can be seen that the minimum value of the equivalent stress is lower than 6061-T6. Using this information, it displays how despite higher thermal loads and the added pressure the stresses the crown faces is much more favourable, this is further backed up by the reduced deformation value shown within Figure 15. This makes it more ideal for its purpose. 
[bookmark: _Toc216445284]6.2 Titanium Ti-6AI-4V
[image: A rainbow colored object with holes

AI-generated content may be incorrect.]Titanium components are usually found in motorsports and the aerospace field, however unlikely found as piston components. Titanium alloys feature high strength to weight ratios and are particularly good when dealing with high temperatures and thermal loads, especially when compared to aluminium alloys. However, Titanium alloys like the one used for this simulation, are very expensive and face difficulty in manufacturing. This makes it not the most ideal option when concerning mass produced engines. 
[bookmark: _Ref216365590]                                                                Figure 17 - Thermal study of Ti-6AI-4V
[image: A multicolored object with holes

AI-generated content may be incorrect.]





Figure 18 - Total deformation of Ti-6AI-4V study

The thermal study displayed in Figure 18 backs up further how well it can perform under extreme heats, as the dissipation rate of any thermal load is quickly dealt with. It can further be shown that I performs well under such load through Figure 17 where there is very little deformation. 
[bookmark: _Ref216430384]	              Figure 19 - Graph of max deformation for each material
[image: A graph of a number of bars

AI-generated content may be incorrect.]Figure 19 showcases which material performed better in the simulation. It further demonstrates how the Titanium alloy had more resistance to deformation. However, a test conducted by Elias Wakshume and Gadisa Sufe showed that this exact Titanium alloy did not perform well. 
	Figure 20 - Elias Wakshume and Gadisa Sufe's Study (Finite element analysis of engine pistons: comparative assessment of aluminium and titanium alloys under combined thermal-structural loading, 2025)
The reason for this may be due to their pistons overall shape or the different set of loading conditions the piston was put under. Therefore, this may show signs that the Titanium is not overly ideal when pushed to higher limits, especially when compared to the 2618 Aluminium. 






7. [bookmark: _Toc216445285]Piston head optimisation
Following on from the various simulations made it became evident from the results that there was room to further optimise the part. This can be seen through the fact that each piston simulation, despite the material, showed low or minor values of stress when under pressure, combined with the fact that deformation was not very high throughout the surface of the piston. 
[image: A drawing of a piston

AI-generated content may be incorrect.]The optimised piston will be based of the results from previous simulations. Using the Titanium alloy as from personal results it had seemingly performed the best out of the tested materials. Furthermore, excess material on the base piston design had been cut away as it was unnecessary to the components overall structure, but it still would remain structurally sound. The crown shape would be altered to resemble a bowl, similar to a design used in the paper ‘An FEA material strength modelling of a coated engine piston’ by Arka Roychoudhury, Ayan Banerjee and 2 more, In ‘Internal combustion engine fundamentals’ Heywood states that this design creates high turbulence and TDC increasing rate of fuel-air mixing, enabling more efficiency (Heywood, 1988). As well as these alterations the skirt was also cut down as being so under stressed and under deformed it meant some of the material could go and it would remain in shape.  
	                  Figure 21- Optimised piston design
7.1 [bookmark: _Toc216445286]Optimised Results
	                                      Table 1- Optimised Results
	Optimised using Ti-6AI-4V

	Total deformation
	Stress

	Min (mm)
	0.00058612
	Min (mm)
	2.7473

	Max (mm)
	0.253
	Max (mm)
	1982.2



From the table the max and min for both stress and deformation is shown, it displays that the minimum values have decreased, the minimum dominate the coverage of the component when simulated so this displays that the component is remaining structurally sound whilst featuring alteration to its design. 
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	                      Figure 22 - Optimised thermal study
From the thermal study it can be seen how the thermal load is more concentrated and contained within the bowl of the piston head and overall showcasing less thermal load at the crown, with a fairly comparable dissipation rate. 
8. [bookmark: _Toc216445287]Conclusion  
This study has successfully validated the FEA approach through the use of validation methods such as altering mesh sizes in order to gain confidence in results and improve numerical accuracy. Further investigating varying materials to improve the dataset and undergoing a consistent FEA process, studying thermal and mechanical loads on the component. Finally optimise the component using the relevant data gathered from the simulations. Overall, a demonstration of understanding and reliability in the workflow has been achieved.
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