Application of CAE Processes

University of Wales Trinity St David
School of Engineering

[image: ]



Efa Glyn Jones
2306114
BEng Motorsport Engineering
Date: 14th December 2025
Structural & Fluid Analysis
ACHA6010
Word Count: 3108







[bookmark: _Toc1149872171]Contents
Contents	1
Introduction	2
1.	Literature Review	2
2. Methodology	3
3. Model Results	6
3.1 - Steady-State Thermal Study	6
3.2 - Static Structural Simulation	8
4. Optimization and Improvement	12
5. Validation	22
5.1 Test Case	23
5.2 Mesh Independence Study	25
5.3 Boundary Condition Influence	27
Conclusion	29
References	30











[bookmark: _Toc1173131030]Introduction
This document applies CAE processes to a piston assembly by conducting kinematic, static structural and thermal simulation studies to assess their performance. Iterative design ideas will also be studied to enhance fatigue life as well as for mass optimization. By conducting a simplified test case, using a bimetallic strip a comparison will be made between the ANSYS software results and hand calculations to analyse and validate the results, which will also include a mesh independence study and a boundary condition study. 



1. [bookmark: _Toc365406851]Literature Review
 Existing studies prove that the key to accurate results for maximum deformation, stress (von misses) and elastic strain along with thermal study results is the careful consideration and implementation of material properties, thermal involvement and boundary conditions hence the reason why a thermal study is often performed alongside a kinematic and structural study (Boley and Weiner, 1960). 
A key consideration in motorsport is the need to save weight. Alongside this, the results of these studies allow for areas of improvement. Previous studies, such as those by Zheng et al. (2025) have proven that numerical analysis results can identify areas in which the piston design can be optimized, without compromising on structural stability or thermal performance. This can also result in mass reduction. 
Classical analytical methods such as those by Timoshenko (1925), and equations by (Roark et al. 2011) provide the benchmark for validating the results from software such as Ansys, as proven in section 5.1. where a bimetallic strip exposed to a changing thermal load results in the strip bending and deflecting due to different coefficients of thermal efficiency. The importance of validating models such as those produced in this document, considering mesh convergence and boundary condition sensitivity ensures that numerical results represent the underlying physical behaviour, and are not heavily skewed by assumptions (Cook et al. 2007).




[bookmark: _Toc1430038660]2. Methodology
Ansys was used to model the deformation, stress, and thermal loading on a piston. Building a fully linked system, starting with outlining the material properties (an ‘Engineering Data’ section) of 6061-T6 aluminium to ensure accurate results that are as realistic as possible. 
Table 2.1 - Table displaying the material properties of 6061-T6 Aluminium for use in Ansys Engineering Data.
	Poisson's ratio
	0.33

	Coefficient of thermal expansion (22 )
	2.36E-05 1/

	Thermal conductivity
	167 W/m-k

	Specific heat capacity
	0.896 J/g-



Table 2.2 - Table containing Young’s Modulus Values for different temperatures.
	Temperature (degrees C)
	Youngs Modulus Value (GPa)

	22
	67

	100
	70

	150
	68

	200
	64

	250
	56

	300
	48

	350
	41

	400
	32

	450
	21

	500
	12



Once the material was correctly specified, a rigid dynamics section could be brought into the fully linked system to outline the kinematics of the piston assembly. Doing this involved assigning the piston with the 6061-T6 aluminium, then applying the following joints to specify what degrees of freedom they have and the translations of their movements.
 
Table 2.3 - Table showing the components and the joint types required between them.
	Components
	Joint Type

	Crankshaft – connecting rod
	Revolute

	Connecting rod – gudgeon pin
	Revolute

	Gudgeon pin – piston
	Revolute

	Crankshaft
	Body-ground revolute

	Piston
	Body-ground general (freedom in Z axis)



Then the step end time and time step were specified as 0.05s and 0.001s, and the crankshaft rotational velocity was specified as 4000RPM by dragging the body-ground revolute crankshaft joint into the transient section of the solver. Then, to be able to extract the maximum load between the gudgeon pin and the piston, that revolute joint was dragged into the solution section before the system could be solved for results. By finding the maximum loads as represented by the peaks on the graph below, the motion load could then be exported ready for a static structural and thermal study. 
[image: A computer screen shot of a machine

AI-generated content may be incorrect.]Figure 2.1.1 - Example of a kinematics study in Ansys (rigid dynamics).
A static structural study could then be brought into workbench, transferring the same engineering data and geometry sections. All bodies were then suppressed apart from the piston as this was the part being focused on in terms of deformation and thermal loadings. The motion load from the rigid dynamics model could then be imported into the analysis section, where the remote forces and moments became visible. Moving from the static structural study temporarily, focus was then bought upon the steady state thermal model. Here, a mesh size must be specified which can be pivotal to determine the overall accuracy of the results (see section 5.2).
[bookmark: _Int_7z3N6vFP]After generating a 4mm mesh across the piston, convections were added to specify what thermal loads were distributed across the different parts of the piston, which was key to identifying which sections were under increased loads. The following loads were applied, before solving for temperature:
Table 2.4 - Table displaying different average heat transfer coefficients and average temperatures of various parts of the piston.
	Region
	Average Heat Transfer Coefficient (W/m²·K)
	Average Temperature (°C)

	Crown
	497.5
	928.5

	Crown Side
	447.5
	425

	Top Groove
	437.5
	190

	Middle Groove
	437.5
	190

	Oil Groove
	338.75
	163.75

	Underside
	675
	91.25

	Skirt
	462.5
	107.5



The solution from the steady state thermal could then be linked to the setup of the static structural, which later allows for the addition of total deformation and elastic strain to the solution section. To simulate what the piston would experience in an internal combustion engine, I added pressure on the crown totalling              Pa. Then the fully linked system could be solved for deformation and stress.
[bookmark: _Toc402032594]3. Model Results
[bookmark: _Toc1907461432]3.1 - Steady-State Thermal Study 
As visible below through the contours over the piston, it is clear which parts of the piston are subjected to the highest temperatures, and those who experience the least temperature. The crown, as expected, experiences the maximum temperatures of 308.03,     this area is directly subjected to the heat from combustion as well as the pressures during each stroke hence the reason for this. The areas protected by the piston skirts and that are furthest from the crown are the areas experiencing the lowest temperatures of around 163  . Temperature can affect the deformation and stress on a component, as explained by Boley and Weiner (1960) “a rise in temperature generally increases thermal strain, which induces accompanying deformation and can influence structural integrity if not properly accounted for” and “thermal stresses develop in a body when it is restrained from freely expanding or contracting as its temperature changes” (Hetnarski and Eslami, 2009). These quotes prove why it was important in the methodology above that the thermal results were linked to the static structural setup, as otherwise the thermal considerations would not have been considered, providing results that would not reflect a piston in a realistic engine application.
[image: ]Figure 3.1.1 - Contour plot results for a steady-state thermal study.
[image: ]Figure 3.1.2 - Contour plot results for a steady-state thermal study (piston underside).

[bookmark: _Toc1399107777]3.2 - Static Structural Simulation
Below are the results for total deformation, with the maximum values seen in the centre of the crown (0.34858 mm), suggesting the component can retain its stiffness under the thermo-mechanical loading that it is subjected to in this case. As mentioned previously, the thermal loading has contributed to the reason the piston crown experiences the greatest deformation, whereas the pin boss also experiences some deformation, this is from the loading specified from the motion loads in the initial kinematics study. A smooth variation in deformation suggests an appropriate mesh size and indicates stable numerical behaviour. 
[image: A colorful object with a hole

AI-generated content may be incorrect.]
Figure 3.2.1 - Contour plot result for a static structural study (total deformation).
[image: A yellow circle with a red circle

AI-generated content may be incorrect.]Figure 3.2.2 - Contour plot result for a static structural study (total deformation).


[image: A blue and green object with black text

AI-generated content may be incorrect.]Figure 3.2.3 - Contour plot result for a static structural study (total deformation).

Below are the equivalent elastic strain results which highlight the areas with recoverable deformation. A maximum value of 0.03897mm can be seen; this seems to occur around the oil scraper's ring groove. The lowest values are then seen across the crown and pin boss at the bottom for the piston, suggesting the area has minimal recoverable deformation. 
[image: ]Figure 3.2.4 - Contour plot result for a static structural study (elastic strain).


[image: ]Figure 3.2.5 - Contour plot result for a static structural study (elastic strain).
[image: A blue and black object

AI-generated content may be incorrect.]Figure 3.2.6 - Contour plot result for a static structural study (elastic strain).
[bookmark: _Int_hVlkBrFK]Below are the results for equivalent stress which shares extremely similar contours to the equivalent stress results. This is because Hooke’s law applies, where stress and elastic strain are directly related, and the Young’s Modulus (0.33) is constant throughout the material. A reason why the areas subjected to higher temperatures are at the lower end of the stress and strain scale is due to thermal stresses only being generated when thermal expansion is constrained, meaning the piston can expand under higher temperatures in a way that does not generate high levels of stress or strain (Boley and Weiner, 1960). 
[image: A blue and green object with a hole

AI-generated content may be incorrect.]Figure 3.2.7 - Contour plot result for a static structural study (stress).
[image: A blue and black cup

AI-generated content may be incorrect.]Figure 3.2.7 - Contour plot result for a static structural study (stress).




[bookmark: _Toc1739803112]4. Optimization and Improvement
By increasing the thickness of the crown by 1mm, adding 0.3mm chamfers to the top of each piston ring groove and a 0.3mm fillet to the bottom of the oil ring and on the edges of the gudgeon pin clearance slot at the bottom of the piston, the same simulations were ran again to see what effect they would have on the result, also taking into account stress to see where mass can be saved.
As shown below, the thermal solution remains that same as each region still has its assigned average temperatures and heat transfer coefficients.

[image: ]Figure 4.1.1 - Contour plot of a steady-state thermal study on an optimised piston.
[image: ]Figure 4.1.2 - Contour plot of a steady-state thermal study on an optimised piston.
In terms of deformation, the maximum still occurs in the same areas as before, which is to be expected due to the nature of the purpose of the component; however, the maximum value has decreased slightly to 0.33868mm from 0.34858mm. This suggests that increasing thickness can reduce deformation, and this is due to a variety of factors. Increased material thickness results in better structural stiffness, making it more resistant to deformation. It also reduces elastic stress and can help with distributing thermal stresses (Boley and Weiner, 1960), something this component is subjected to a lot of. 
This, however, in the context of motorsport can be seen as a trade-off. Increasing the thickness of the material makes the component heavier, which in turn adds to the overall mass of the car, and this investigation was only conducted on a single piston, therefore the mass increase would be greater for a complete engine. Increasing piston mass (albeit minutely in this case) can lead to reduced engine efficiency and an increased chance of fatigue failure due to increased inertial forces (Indonesian Journal of Advanced Research, 2024). These factors need to be considered when designing and iterating these kinds of components as this then affects the life expectancy of the engine, and its efficiency. 

[image: A rainbow colored object with holes

AI-generated content may be incorrect.]Figure 4.1.3 - Contour plot result for a static structural study on an optimised piston (total deformation).
[image: A blue and green object with black lines

AI-generated content may be incorrect.]Figure 4.1.4 - Contour plot result for a static structural study on an optimised piston (total deformation).
It is in the stress contours that we begin to see the effects of the changes made to the piston. The fillet and chamfers have decreased the area of high stress around the oil ring groove and has created an area of minimal stress just beneath it which can be seen in figure 4.1.6. One of the reasons why the oil ring groove was experiencing higher stress than elsewhere on the component was due to its clean and sharp corners. Sharp corners such as these are prone to stress concentrations, as explained by Pilkey (2008), “Stress concentrations occur at locations where there is an abrupt change in geometry, such as sharp corners, holes, or notches, causing a localised increase in stress.” Creating a radius around this allows stress to be distributed across a larger surface area, reducing its concentration. A reduced peak stress is also observed here; this is highly beneficial for fatigue life, especially for a component subjected to repetitive cyclic loading under different temperatures and pressures at different RPMs.
[image: A blue object with black lines

AI-generated content may be incorrect.]Figure 4.1.5 - Contour plot results from a static structural study on an optimised piston (stress).
[image: A blue and black object

AI-generated content may be incorrect.]Figure 4.1.6 - Contour plot results from a static structural study on an optimised piston (stress).
[bookmark: _Int_1pX00B9K]To take the optimisation further, an investigation was made into mass reduction. From the contours above, the piston skirts are areas of relatively low stress and therefore the next iteration has been modified by removing two symmetrical rectangular slots on each side of the piston skirt. Keeping the symmetry allowed the maintenance of mass balance as well as preserving the areas of the piston that are more directly subjected to loads. This led to slight changes in the thermal loading results, with less minimum temperatures visible along the base of the skirt. [image: ]Figure 4.1.7 - Contour plot of a steady-state thermal study on an optimised piston inspired by topology. 
[bookmark: _Int_lysTRemq][bookmark: _Int_pLFGP2vb]In terms of deformation, focusing on the skirts we see that the blue is lighter and therefore deformation has increased slightly, however by very little and the removal of material has had overall very little effect on the total deformation of the piston.

[image: A yellow circle with a red circle in the middle

AI-generated content may be incorrect.]Figure 4.1.8 - Contour plot result for a static structural study on an optimised piston inspired by topology (total deformation).
[image: A rainbow colored object with lines and dots

AI-generated content may be incorrect.]Figure 4.1.9 - Contour plot result for a static structural study on an optimised piston inspired by topology (total deformation).
[image: A blue and green circle with a black background

AI-generated content may be incorrect.]
Figure 4.2 - Contour plot result for a static structural study on an optimised piston inspired by topology (total deformation).
The stress and strain contour plots show similar results, with the removal of material also having minimal effect, and the maximum stress value was slightly lower (2.123 e^9 Pa) in comparison to the original (2.153e^9 Pa), which was also the case with strain.

[image: A blue and black circular object with blue straps

AI-generated content may be incorrect.]Figure 4.2.1 - Contour plot results from a static structural study on an optimised piston inspired by topology (stress).

[image: A blue and green object

AI-generated content may be incorrect.]Figure 4.2.2 - Contour plot results from a static structural study on an optimised piston inspired by topology (stress).


[image: A blue and green object

AI-generated content may be incorrect.]Figure 4.2.3 - Contour plot results from a static structural study on an optimised piston inspired by topology (stress).

[image: A blue and green object with a circle

AI-generated content may be incorrect.]Figure 4.2.4 - Contour plot results from a static structural study on an optimised piston inspired by topology (strain).

[image: A blue circle with black straps

AI-generated content may be incorrect.]Figure 4.2.5 - Contour plot results from a static structural study on an optimised piston inspired by topology (strain).




[bookmark: _Toc1617335466]5. Validation
[bookmark: _Toc1071971170]5.1 Test Case
A simplified verification study was carried out on a bimetallic strip to compare analytical hand calculations with a static structural simulation performed in ANSYS. The analytical solution, based on a bimetallic strip theory, using parameters outlined by Dlubal Software (2018) predicted a maximum free-end deflection of approximately 7.049 mm under a uniform temperature increase of 100 °C. This was done to help ensure that the studies conducted later in Ansys were validated and accurate, as “closed-form solutions provide valuable benchmarks for assessing numerical and finite element results” according to Roark et al. (2011).
[image: ]Figure 5.1.1 - Parameters for analytical solution (Dublal Software, 2018).
Using these parameters, K1 (dimensionless stiffness coefficient) was calculated as shown below: 



With a value for K1, the maximum free end deflection could then be calculated, as shown below. 



With a negative deflection, it can be concluded that the deflection occurring at the free end is bending in towards the material with the lower coefficient of thermal expansion, as explained by Timoshenko (1925) “the curvature of a bimetallic strip subjected to a temperature change is caused by the difference in coefficients of thermal expansion of the two bonded materials.”
The same geometry, with matching material properties and thermal loads, was then modelled in Ansys using a static structural study. From the results below, we can see that the software predicts a maximum deflection of 0.0071219m (7.1219mm), which equates to a difference of     1% showing a good agreement between both techniques, hence validating my results, and proving the minute difference between both techniques.[image: A rainbow colored stick on a grey background

AI-generated content may be incorrect.]Figure 5.1.2 - Contour plot results for bimetallic strip (total deformation).



[bookmark: _Toc813663376]5.2 Mesh Independence Study
The accuracy of solutions is often influenced by the mesh size used on the component, as can be seen below.
Table 5.2.1 - Table comparing the mesh sizes, their deformation results, and the deviation from the analytical solution.
	Mesh Size (mm)
	Result (mm)
	Deviation (from 7.049mm)

	0.1
	7.1203
	0.98999%

	0.5
	7.123
	0.98961%

	4
	7.1219
	0.98976%



From these results we can see that all the mesh sizes result in deflections within <1% of the analytical solution, meaning that using any finer mesh sizes would unlikely result in greater accuracy. This validates the Ansys software, as well as the implementation of the correct material properties and boundary conditions. The solver results for each mesh can be seen below. 

[image: A computer screen shot of a black screen

AI-generated content may be incorrect.]Figure 5.2.1 - Total deformation contour plot with 0.5mm mesh.
[image: A rainbow colored stick on a grey background

AI-generated content may be incorrect.]Figure 5.2.2 - Total deformation contour plot with 4mm mesh.
[image: A black and white image of a black object

AI-generated content may be incorrect.]Figure 5.2.3 - Total deformation contour plot with 0.1mm mesh.
[bookmark: _Toc1183761403]5.3 Boundary Condition Influence
To further validate the software, a boundary condition investigation was conducted to see whether the solver was responding correctly to thermal load changes, proving whether the results remain accurate (or as anticipated) with a range of temperatures.
Table 5.3.1 - Table showing thermal loads and their total deflection.
	Thermal Load (C)
	Deflection (mm)

	39
	2.778

	100
	7.1219

	200
	14.246



As anticipated, elevating the thermal loads result in greater deflection. This is because of both materials having different coefficients of thermal expansion, and with both metals bonded together they are unable to independently expand leading to a deformation as shown in the figures below. The deflection results for 100      can be seen in figure 5.2.2.
[image: A rainbow colored pencil

AI-generated content may be incorrect.]Figure 5.3.1 - Total deflection contour plot for 39 degrees Celsius.
[image: A colorful object with a black background

AI-generated content may be incorrect.]Figure 5.3.2- Total deflection contour plot for 200 degrees Celsius.



[bookmark: _Toc357607351]Conclusion
This study used fully linked systems (kinematic, static structural and thermal) analyses to evaluate the forces that a piston made of 6062-T6 aluminium is subjected to, and how these loads (including thermal loads) affect deformation, stress and strain. By validating the software with a bimetallic strip investigation, there was a deviation of below 1%, demonstrating a strong agreement between both analytical results and Ansys. A further boundary condition and mesh study also validated the numerical stability and behaviour of the solver, ensuring reliable results.
Thermal results indicated that the area subjected to the highest temperature was the piston crown, with maximum deformation being shown in the same area due to the combined thermal and pressure loading it was subjected to. Geometric constraints were the key to why some areas were subjected to more stress and strain than others, with different types of edges, chamfers and coefficients of thermal expansion across different parts of the piston.
Optimising the piston by increasing material thickness, adding chamfers and fillets improved stress distribution, having a positive impact on fatigue life. Reducing the mass of the piston by removing sections of the skirt in a topology-style test achieved weight-saving without compromising on structural integrity or mass balance due to its symmetry and location in an area of low stress. 
[bookmark: _Int_ZDbL8LVy]There are limitations to this investigation, and those are down to assumptions such as linear elasticity, simplified loading and using steady-state thermal analyses which may not reflect the operating conditions of a piston in reality, the trends match those found in literature and the validation, proving that Ansys can provide a reliable framework for the piston in this case.
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