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1. [bookmark: _Toc216621939]Introduction
This study applies finite element analysis to assess the thermomechanical behaviour of a piston assembly, with the aim of supporting design decisions through structural and thermal data. For reliability of the analysis, the study begins with validation using simplified benchmark problems with known analytical solutions. These steps confirm that the chosen boundary conditions and solver provide sufficient accuracy before being applied to the more complex piston geometry. Following validation, detailed structural, thermal, and thermomechanical simulations are performed, allowing properties such as stress distribution, deformation and temperature gradients to be evaluated. The results will be used to make design changes to benefit fatigue and mass reduction.  The study concludes by interpreting these results by identifying limitations of both the assumptions and the finite element solver. 


2 [bookmark: _Toc216621940]Methodology
[bookmark: _Toc216621941]2.1  Mesh Study
A mesh independence study was carried out using a cantilever beam with combined axial and transverse loading as a benchmark problem, with analytical results available from Dlubal. The model was solved with progressively refined element sizes, and the resulting maximum axial and transverse deflections were compared against the reference solutions. For each refinement step, the percentage difference in  and  values were evaluated. Once further mesh refinement produced changes in displacement of an acceptable amount, the solution was deemed mesh-independent, and the corresponding element size was adopted for the initial analysis of the assembly (Cook et al, 2007).
The test beam adopted the following dimensions, material properties and loads:Figure 1 Specification for cantilever beam in axial and transversal force (Dlubal, 2024)


[image: A long green and black stick

AI-generated content may be incorrect.]Both quadratic and linear mesh types were tested using identical sizes. Quadratic proved to produce the more accurate results at a larger mesh size, however with longer time to solve and mesh. Figure 2 Cantilever beam Total deformation Ansys

Figure 3 Mesh size accuracy in comparison to Dlubal software

Figure 3 shows the quadratic mesh to reach mesh independency at 0.005m as further reducing size does not affect the deformation seen. The initial size was determined as the largest size possible due to the dimensions of the beam as a 0.08m width and height means to gain 2 cells (minimum required to run) on each plane, therefore 0.04 is the largest allowable size. This is more refined than the value of 0.01m used by Dlubal.
A maximum deflection in z axis at the final mesh size was 3.5558m.
[bookmark: _Toc216621942]2.2 Application of Mesh to Study
When applicating the mesh sizes to new geometry the same sizes cannot be presumed to produce accurate results but can be used as a baseline. When analysing the accuracy and quality of the mesh various metrics can be compared such as skewness and element quality. Both of which are measured between 0-1. 
Skewness determines how close to ideal (equilateral or equiangular) a face or cell is (Ansys, 2025). A value greater than 0.5 is fair but careful considerations should be taken with the results, 0.75 and greater is too highly skewed to produce accurate results. 
Element quality is a metric based on the ratio of the volume to the square root of the cube of the sum of the square of the edge lengths for 3D elements (Ansys, 2025). Therefore, the more cells the better the quality due to the increase in length of edges. A value of 1 indicates a perfect cube or square while a value of 0 indicates that the element has a volume ≤0. For accurate resolution a minimum value of 0.5 is acceptable if not in high stress regions however 0.6-0.8 is more desirable for accurate structural FEA.

Figure 4 displays the element quality for the final implemented mesh, next to a coarse mesh, with size controls in critical areas: crown surface, gudgeon pin bore and ring grooves. Most elements fall within 0.6-1 displaying a reasonable accurate mesh quality. When analysing the areas of poor mesh quality this is typically occurring around the pin bore so a refinement should be applied in this region. In the initial mesh using sizes dictated by the beam study the quality was within an acceptable region, however figure 4 displays the benefits of improving mesh sizing for accurate modelling. Figure 4 Element quality with 10mm mesh applied and refined mesh

2.3 [bookmark: _Toc216621943]Analytical linear analysis
Analytical analysis can be used to predict theoretical solutions to compare to FEA. The cantilever beam can be modelled using beam theory where both axial and transverse loads are applied. This is used as a benchmark for the accuracy of a computational model.
Linear analysis for maximum deflection:



Where: 
L = Beam Length (m)
E = Youngs Modulus (Pa)
A = Cross sectional area ()
 = second moment of area around the y axis (for rectangle )
 / = Force axial/Force transversal at the free end

For cantilever beam case, axial force:



For cantilever beam case, transverse force:





A deformation 3.571m shows a discrepancy of 0.43% to the computational analysis showing the analytical and computational modelling to be within an acceptable region. A tolerance of up to 8% deviation would have been acceptable (Cook et al, 2007). 
Euler–Bernoulli bending stress formula for a beam:

Where:
M = bending moment 
y = distance to stress point from neutral axis




In finite analysis the beam has an equivalent maximum stress of 1.14GPa – a 1.75% deviation to Euler–Bernoulli bending stress. 
2.4 [bookmark: _Toc216621944]Analytical Thermal Analysis
The thermal model validation was conducted using a bimetallic strip model from Dlubal to set a benchmark for accurate deformation. The strip was composed of 1:1 copper to invar with a bonded contact applied. As both metals have different coefficients of thermal expansion, they will deform at different rates causing deformation.
All mechanical deformation occurs from thermal loading. In this case, the load is of 100°C, so when applying this to the magnitude of temperature applied the ambient temperature (22°C) must be added to simulate the full thermal loading. Figure 5 Bimetallic strip properties (Dlubal, 2024)

Thermal loading analytical analysis:


Where:
= Coefficient thermal expansion
= thicknesses of the layers
= total thickness
= applied temperature
= stiffness ratio (defined below)
L = Length of strip/bar

Where:
 = Youngs Modulus 

The study conducted in Ansys showed a maximum deformation of 7.121mm of deformation, a 0.98% deviation to the analytical benchmark. This small discrepancy is consistent with analytical approximation demonstrating that the thermal model and boundary conditions have been accurately implemented. Providing validated basis for thermal analysis. Figure 6 Bimetallic strip in Ansys FEA total deformation

2.5 [bookmark: _Toc216621945]Finite Element Analysis Method
The FEA model was constructed using aluminium alloy material properties sourced from Granta to ensure consistency. Joints and constraints were applied subject to their purpose, with a revolute connection at the gudgeon pin to represent piston to conrod interaction while allowing realistic rotational freedom. Mechanical loading was introduced through a uniform pressure applied to the crown to simulate peak combustion forces, alongside motion loads simulated at 7250RPM. Thermal boundary conditions included crown combustion temperatures, skirt and pin boss oil cooling convection, and temperature inputs to replicate realistic heat on the piston.  These conditions can all be applied to the piston in one static structural simulation to combine the total stress and strain values for estimation. 
Together, these boundary conditions provide a simplified but representative model of the piston’s thermomechanical environment, allowing evaluation of deformation, stress, and temperature distribution.
3 [bookmark: _Toc216621946]Piston Finite Analysis
[bookmark: _Toc216621947]3.1 Baseline Piston Analysis
When analysing piston design there are many metrics that can be used. Total deformation is particularly important around oil rings to prevent blow by as well as reduce NVH. On the gudgeon pin bore minimal deformation is key for efficiency and piston life. Being the only connection between piston and con-rod it experiences high load both in compression and expansion. When analysing the piston crown maximum deflection as well as Von Mises stress distribution are important metrics to consider for piston performance and life cycle. To aid the understanding of piston life, a fatigue analysis study can be conducted indicating the number of iterations the part can undergo before failure. This can also provide a factor of safety showing areas that may need improvements for longevity. Figure 7 Baseline Piston Total Deformation

Figure 7 shows a peak deformation value of 0.342mm. (Havale ,2017) and (Baharudin et al, 2025) find piston deformation below 0.5mm and of 0.385mm, respectively to be acceptable for an aluminium piston. Using a probe, it can be found the maximum deformation around the gudgeon pin bore is 0.277mm. (Wang and Gao, 2011) the deformation of the pin itself was 0.837mm so for the bore to deform less, it will be less likely to be the failure point assuming the materials have identical elastic behaviours. There is little fatigue seen around the piston ring grooves for a high tolerance during combustion. 

Maximum temperature and gradient are used to study thermal fatigue, as well as expansion. Thermal fatigue is important to study to understand where and why the piston experiences wear to increase piston life and reliability. In IC engines thermal expansion is a key metric to understand and quantify as small tolerances are need for efficiency and wear. Figure 8 Baseline Piston Design Temperature Distribution

Figure 8 shows the peak temperature of 304.7°C occurring at the piston crown with the minimum of 161.3°C occurring around the bottom of the skirt and piston bore.  This produces a thermal gradient of ~140°C from the combustion cycle exposed crown, where there are little heat dissipation effects, down to the oil cooled underside and skirt. Such gradients are typical for aluminium pistons and align with other research where crown temperatures of 280–350 °C and skirt temperatures of 120–180 °C are consistently reported (Heywood, 2018). Thermal fatigue is likely to occur at places of high thermal loads, specifically on sharp edges or machining marks. In this design there are few sharp edges, the valve cuts are of likely exposure to high thermal fatigue so use large fillets.Figure 9 Baseline Piston Design Fatigue Analysis - life

The fatigue life results show most of the piston experiences a predicted life of 10⁸ cycles. The regions with the lowest life values are located around the gudgeon pin boss, where combined mechanical and thermal loads create local stress concentrations. These areas display significantly shorter fatigue life, dropping toward 0–100 cycles, indicating that the transitions represent the primary fatigue-critical zones of the piston. This does not appear realistic for the boss region as absolute values indicate failure. This can be due to the way the load cycle is applied with a maximum and a median load. A simplification of the cycle will not accurately simulate the experienced loads of a piston in a typical life cycle. 

[bookmark: _Toc216621948]3.2 Piston Iterative design
When redesigning the piston the purpose of current geometry needs to be considered to retain piston performance. To retain the valve clearance and compression ratio the crown shape and volume must remain the same as well as the gudgeon pin bore. Clearance is needed for the connecting rod and gudgeon pin movement as well as the assembly. The main aims for redesign is to improve fatigue life and mass reduction. Current mass of piston = 0.255kg. 
The first design removed material in low deformation regions around the supports of the gudgeon pin bore and piston base. This lack of deformation shows low stress and the surrounding structure provides sufficient support. A mass reduction of 5g was made with these changes ~2%. Figure 10 Piston 1 total deformation
Figure 11 Piston redesign with reduced support and excess material removed from bottom of the crown dubbed ‘Piston 1’

Figure 10 shows piston 1 to experience a reduced total deformation of ~10%. The crown experiences this maximum value over the entire surface unlike the baseline design where this is concentrated in the centre. A more evenly spread deformation can reduce localised stresses improving fatigue performance.
The areas of reduction under the crown still display the minimum deflection but with greater magnitude. A deflection of 2.69 × 10¯⁶mm is of little significance so it is reasonable for more material reduction in this area. Figure 12 Piston 1 Stress contours


For a significant mass reduction, material can be removed from the underside of the crown. Figure 12 supports this as this is a large region of low stress. For further iterations the piston skirt thickness can be reduced as it shows low stress magnitude and deformation. Figure 13 Piston 1 thermal gradient

Figure 13 shows piston 1 to have a lower temperature with peak on the crown reduced by 8°C and the minimum temperature seen around the base of the skirt and bore is 7.5°C lower. This decrease will allow for lower thermal stresses, decreased risk of ring groove failure and lower oil consumption. 
Overall, ‘piston 1’ delivers a lighter and greater thermally efficient design while maintaining structural integrity. The model shows lower peak deformation and distributes strain more uniformly across the crown. These improvements support reduced thermal stress and enhanced fatigue resistance, particularly in the ring belt and crown regions. The pin boss behaviour remains consistent, showing that stiffness in critical load paths is preserved despite the mass reduction.
Further optimisation will focus on refining the pin boss region for improved fatigue life and exploring additional lightweighting in low stress regions.Figure 14 'Piston 2', design based on results from piston 1 FEA. Mass = 0.157kg

This new design has a reduced thickness of the piston crown to 6.55mm. There is increase support over the top of the pin bore to reduce deformation. To account for additional mass, extra material was removed from the sides of the bore where less deformation and stress was predicted. The skirt thickness is reduced from 3mm to 1mm. Figure 15 Piston 2 total deformation

Piston Design 2 shows a maximum deformation of 2.73×10⁻⁴ m on the crown - an improvement over the original design (3.42×10⁻⁴ m) and ‘piston 1’ (3.09×10⁻⁴ m), 20% and 12% respectively, indicating a noticeably stiffer structural response. The reduced thickness in the skirt has made no significant impact on its deformation however with loads not applied directly, deformation won’t be seen in this region for this FEA study.
The base of the crown shows a significant increase in deformation caused by the large decrease in material thickness around this region. During a fatigue study this may prove to show a reduced lifetime and safety factor as less support is given to the crown. The pin bore deformation has decreased from 2.72×10⁻⁴mm to 2.11×10⁻⁴mm showing the addition support over the top has provided greater stiffness and side supports are not critical.Figure 16 'Piston 2' Stress contours

The greatest magnitude of stress remains in the oil ring groove along the bottom edge but with a reduce value by 0.8×10⁹ Pa to piston 1. However, the spread of the stresses on piston 2 concentrate is less consistent with variations around the skirt which can lead to increased fatigue. 
Figure 17 predicts a lower peak temperature on the crown with a significant reduction of 14°C which will greatly reduce thermal fatigue, however due to the decreased thickness in the crown this high temperate is reflected in the underside of the piston where cooler temperatures are targeted. This can indicate too much material was removed and the next design should be more conservative. The piston shows to be cooler, which is unexpected with less material, as there is a reduced thermal conduction capacity, between the crown and the underside/pin bore. Figure 17 Piston 2 Thermal Gradient study

[bookmark: _Toc216621949]3.3 Piston Topology Study
A topology study is an automated optimisation where the FEA software removes material from a defined design space while maintaining stiffness or strength targets. A solid model with applied loads, supports, and a target (minimise mass with >x% of original stiffness), then the solver iteratively reduces material density in low stress regions. The result is a rough structure that shows where material is needed for load paths and where it can be removed (Bendsøe, 2003). This optimised topology can then be used to influence a manufacturable geometry, giving a lighter design that still meets the required performance. Figure 18 Piston design after topology study Mass = 0.172kg

Figure 18 shows how the topology study has removed material from areas of low stress and deformation. 30% mass reduction was used to achieve similar values to the previous designs.
Although this design cannot be machined in this condition it gives solutions for new designs such as less material within the underside of the crown as well as reduced skirt sizes. Although these skirts are not needed for piston integrity, they are for increased guidance and stability during the combustion process.
The crown, ring groove and pin bore surfaces were all set to be retained as they are vital for correct operation in a specified engine.
A pressure identical to the previous FE studies was applied to the crown surface as well as forces on the pin bore. The same motion and thermal loads previously applied could not be replicated due to the simplification needed for a topology study. 

4 [bookmark: _Toc216621950]Conclusion and Limitations
[bookmark: _Toc216621951]4.1 Limitations 
The results taken from FEA must be taken as estimates as there are limitations and simplifications made in simulations. 
The model includes several simplifications that limit the validity of the results. Lacking piston rings or cylinder walls removes critical heat transfer paths as well as removing any ring to groove forces that with impact local deformation and stress. Furthermore, this contact between wall and ring will induce a friction that will further impact thermal loads. The bore to skirt and pin bore interactions were simplified so no thermal impacts were seen despite these contacts producing significant heat during operation. The oil cooling was represented in fixed unnatural coefficient reducing the effect of oil ‘splash’ rather than a multiphase thermal model where oil fluid behaviour including thickness and convection are modelled (Versteeg & Malalasekera, 2007).
Thermal loading was applied as a steady state condition therefore the model does not represent temperature changes that occur with each combustion cycle. This will produce inaccurate results for thermal fatigue and deformation. The mechanical loading was applied as a single static pressure on the crown surface with an even distribution representing peak combustion load without accounting for dynamic effects, combustion variation or pressure asymmetry present in real engine operation.
Mesh size was selected through a simplified convergence check, but finer refinement in the ring belt, pin bosses, and crown bowl would further improve accuracy. Geometry was idealised, with no manufacturing features such as surface roughness, oil galleries or residual stresses included. 
[bookmark: _Toc216621952]4.2 Conclusion 
This study demonstrated how finite element analysis can be used to evaluate and optimise a piston assembly through structured validation and iterative redesign. Benchmark analytical models for linear bending and thermal deformation confirmed that the meshing strategy, boundary conditions, and solver configuration were sufficiently accurate for use on the piston geometry. The baseline piston analysis highlighted key behaviours including thermal gradients, localised stresses at the ring belt and pin boss, and deformation magnitudes consistent with published data.
Two redesigned pistons were then assessed, each achieving reductions in mass while aiming to retain structural integrity. Piston 1 delivered lower peak deformation, a more uniform crown strain distribution, and an 8°C reduction in temperature, demonstrating that targeted material removal can enhance thermomechanical behaviour. Piston 2 further reduced deformation and improved stiffness around the pin boss, although increased crown underside temperatures indicated that excessive thinning can compromise thermal performance. The topology study reinforced these observations by identifying low load regions suitable for future optimisation.
While the FEA provided meaningful comparative insights, the simplifications used limit the ability of the model to represent real engine operation fully. These constraints mean results should be interpreted qualitatively rather than as predictions of quantitative behaviour.
Overall, the analysis shows that performance gains can be achieved through controlled geometric refinement, but future work should incorporate transient combustion loading, more refined geometry and improved thermal fluid interaction to produce a more complete representation of piston behaviour. This approach would enable a more robust design iteration loop and support decisions with greater accuracy.
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