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[bookmark: _Toc216291366]Introduction
Computer-Aided-Design (CAD) is an important part of modern engineering designs, allowing designers to study components characteristics and performance, predict failure patterns and optimise previous designs prior to prototyping a physical design. This report shows how a fully linked FEA system with a kinematic study, static structural study and a steady state thermal study can simulate how a piston performs under a set of boundary conditions by combining mechanical and thermal studies.
Aims:
1. Model an accurate assembly for the ANSYS simulations.
2. Perform kinematic study of the piston.
3. Perform a static structural study for the piston
4. Conduct a steady sate thermal study.
5. Assess how factors like mesh refinement and boundary condition effect the simulations.
6. Find weaknesses in the piston from the simulation data.

[bookmark: _Toc216291367]Literature Review/Background/Research
[bookmark: _Toc216291368]Modelling and Assembly
This section of the project involved modelling a detailed CAD model, this model is of a crankshaft with a connecting rod and a piston. This type of model was selected because it uses multiple components that all experience different loading conditions during operational conditions. The accuracy of the geometry also needs to be accurate as any deviation from them would directly influence the structural and thermal performance later in the simulation. Considerable time was place on ensuring the model parts were all consistent and the finished model represented the kinematic relationship found in real engine components.
[bookmark: _Toc216291369]Assembly overview
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Figure 1 piston
[image: A computer screen shot of a cylinder
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Figure 2 Gudgeon pin
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Figure 3 Connecting rod
[image: A computer screen shot of a crankshaft
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Figure 4 Crankshaft
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[bookmark: _Ref215071759]Figure 5 Full assembly
The components once assembled form a single cylinder engine system, when in an operating condition the piston goes in a linear motion, which is then translated into rotational motion by the crankshaft via the connecting rod and Gudgeon pin.
[bookmark: _Toc216291370]Component modelling 
The components above were made in SolidWorks as seen in Figure 5, the first component to be made was the crankshaft as the main body. The crankshaft geometry used a combination of rotational and extrusions to create an accurate model.
The next component to be made was the connecting rod, symmetrical extrusion was used to form realistic shapes for the big end as well as the small end. The big end diameter was the same as the crank pin allowing for smooth load transitioning, while the small end diameter was the same as the Gudgeon pin to hold the piston to connecting rod. Chamfers were used to smooth out the geometry of the connecting rod to help improve the mesh quality of the mesh during the simulation
The third component is the Gudgeon pin this component allows the piston to be attached to the connecting rod as well as helping turn the linear motion of the piston in rotational motion of the crankshaft, this component used a circle extrusion which creating a hollow tube with chamfers for the edges.
The final component to be created was the piston using a hollow cylindrical body and incorporating recess tools and ring grooves with additional chamfers for the underside allowing a more detailed mesh to be used for the underside of the piston. The Gudgeon pin was then incorporated into the piston allowing rotational movement between the piston and the connecting rod.
[bookmark: _Toc216291371]Preparing for simulation
As the assembly will go through structural and thermal analysis when put into ANSYS some steps were taken to ensure the model was simulation ready:
1. The components were checked for interferences, making sure no geometries overlap or go through other bodies especially between reciprocating parts.
2. Cosmetic feature like threads and small fillets were not modelled into the components to avoid excessive mesh refinements and simulation times.
3. All components and the assembly were exported to as STEP file to allow a smooth transition from SolidWorks to ANSYS and allow for component integrity.

[bookmark: _Toc216291372]Model summary
Now a realistic CAD model has been produced ensuring no misalignment and geometries overlaps it can now be imported into ANSYS. This assembly is now a good foundation to provide a system for meshing, structural loadings, dynamic analysis and thermal studies with ANSYS workbench.
[bookmark: _Toc216291373]Discussion
Validation is an important part of all FEA simulations because it changes how the output data is perceived and how it relates to real-world conditions and whether is supports the design choices and components. While ANSYS automate most of the computational processes, the solver is only as good as the model assumptions for example the mesh quality, boundary conditions and material properties provided by the user (Sankaranarayanan et al., 2015).
Validation must be used across all solver types used in the simulation such as linear mechanical, thermal and nonlinear when applicable. Mesh independence and boundary conditions must also be examined as they can have a large influence on the final solution output.
[bookmark: _Toc216291374]Linear mechanical deformation
Linear static structural analysis is usually a good starting point for an assembly study as the analytical solutions are already available for many geometries. Most studies that ANSYS produces will have an analytical displacement with less than 1-3% error discrepancies when a stable mesh is in place (Raju & Kumar, 2018).  If the error is higher than this tends to point towards a poor mesh resolution at the fixed constraints and wrong element type (tetrahedral with incorrect aspect ratios) or incorrect boundary conditions.
The linear validation for the piston is needed as the study relies on linear elastic assumptions for previous stages in the structural analysis. The piston will experience multiple loads (thermal and pressure) in the simulation and will have some elastic deformation under operating conditions that will be within the linear properties of aluminium.
[bookmark: _Toc216291375]Thermal validation
Another validation that is essential is the thermal validation that uses the thermomechanical and thermal solver to study the thermal characteristics of the piston. The thermal study must be validated individually because the temperature field change the material property and thermal stresses. Once the thermal solver has been validated individually the temperature field can then be Imported into the structural study to validate the thermomechanical characteristics of the piston.
Piston crowns often see temperature gradients of 150˚C-250˚C between the crown and skirt of the piston, with 30-50% of the yield stress for aluminium alloys. Ganesan, V. (2012)
[bookmark: _Toc216291376]Nonlinear deformation
Validating nonlinear characterises when possible is recommended, nonlinear validation is usually more complex as the analytical solutions are less common, but certain benchmark problems do exist such a cantilever beams. Many components including the piston have some nonlinearity such as contact between the piston and Gudgeon pin. Even if nonlinear effects are only for a small part case study validating this behaviour ensures that random stress peak or unstable numerical instabilities are not misread as physical phenomenon.
[bookmark: _Toc216291377]Role of validation in FEA
Validation has many roles in FEA for example:
1. Indicates that the solver is predictable and reliable.
2. Creates benchmarks for the simulation to evaluate.
3. Exposing weaknesses in the models like poor mesh, bad constraints, or inaccurate thermal loads.
4. Can help analysis the piston’s structural and thermal performance based on previously studied simulations and trends.


[bookmark: _Toc216291378]Stress and strain in FEA
Stress (σ) is the force per unit of area being applied internally within the material when it is being loaded.

Strain is like stress but measure the deformation per unit of length rather than uniter per area.

Stress and strain are linked together by Hooke’s Law for linear behaviour:



Combined stress:
Components in real-world situations rarely experiences singular stress types, FEA uses Von Mises equivalent stress to show yielding under multiple loads.
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This is the same data that is plotted in ANSYS allowing cross to analyse complex loadings with yield strength. 
 Boundary conditions:
The stress calculation cannot be completed without boundary conditions these can include supports/constraints (frictionless, fixed, pinned), loads (forces, inertia loads, pressure, thermal loads), contacts (sliding, frictionless, bonded).
FEA allows for more complex boundaries but can lead to inaccurate result if the boundary conditions are not applied correctly.


[bookmark: _Toc216291379]Engineering data
Engineering data as seen in Figure 6 is the first part of a fully linked system; this essentially stores material properties and data that can then be linked throughout the whole system for reference later in the simulation rather than filling each data set individually at every part of the system  
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[bookmark: _Ref216122789]Figure 6 FEA Material data 
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Figure 7 Material properties

[bookmark: _Toc216291380]Kinematic Analysis 
Kinematics analysis (rigid body) is used to produce a set of loading conditions for motion simulation of the engine mechanism. This allows deformation in the bodies to be ignored and only focuses on kinematics and dynamics of the bodies and how they transmit loads.
Rigid dynamic study uses the mass, forces, inertia, acceleration and contacts point to calculate the loads acting on the bodies, the main purpose being to determine what forces are acting within a moving mechanism that can then later be used to expand the detail of the structural analysis.
The rigid dynamics solver uses the equation of motion for calculation:



Steps for rigid study:
1. Import geometries (STEP file) and add the rigid dynamics module.
2. Define the components and give them masses/inertias to the components.
3. Define the joints (revolute) around the components (piston to connecting rod, connecting rod to crankshaft).
4. Apply a driving velocity (angular velocity) on the crankshaft in this case it was 4000 RPM and a time step of 0.0001 seconds. 
5. Create a joint probe on the piston to study the forces being applied through the material.
6. Solve rigid body simulation
7. Postprocessing: extract the maximum force that has been applied to the piston during the simulation.
8. Import the values into static study for the next part of the system.
[image: ]
Figure 8 Rigid Dynamics study


Useful equations:
Piston position (exact):

where = crank radius, = connecting rod length, = crank angle.
Velocity and acceleration followed by differentiating w.r.t. time:

Inertia force on piston: .



[bookmark: _Toc216291381]Structural study 

The static structural study is designed to determine the peak von-mises stress under the peak operating load using the data derived from the kinematic study. This type of solver evaluates how a component reacts to loads that are applied slowly and remain constant during operational conditions, calculating the stress, strains and deformation of the components with real-world boundary conditions.
ANSYS uses the equilibrium equation to solver this study:

Where:
 Global stiffness matrix.
 Displacement vector.
Applied loads.

Strain equation:

Hooke’s law:

These equations are used for the static structural solver to generate reliable and predictable data for elastic stresses. 


Structural setup:
1. Assign the material 6061-T6
2. Connections, as the piston is being the focus of the study remote force/ bearings at the piston hole should be used.
3. Set the boundary conditions for the pressure and thermal.
4. Mesh- hybrid/Tetra mesh for local refinement (0.3mm-1.0mm) and a main mesh sizing of 2mm-4mm. 
5. Solver type: If large deformations occur use a nonlinear solution otherwise linear solution would be more appropriate.
6. Get the derived results for von-mises, principal stresses and plastic strains.
7. Extract results: Maximum von-mises stress and total deformation.

The von-misses stress displayed in Figure 9 shows a non-uniform stress gradient with increased stresses at the lower ring and piston crown to skirt transition areas. These are shown in yellow bands with a peak stress reaching 2.13 × 10⁹ Pa.
The highest stresses happen at the lower ring groove where the crown meets the skirt wall, this is because that region of the piston carries both thermal expansion from the heated crown and the mechanical reaction from the combustion gases acting downwards from the crown’s surface. The smooth reduction in stress confirms realistic mechanical characteristics.
Literature:
1. Sankaranarayanan, G., Krishnamoorthy, A. & Senthilkumar, M., 2015- FEA study that couples steady thermal and structural analyses for pistons and identifies ring-land and pin-boss stress concentrations.
2. Kumar, R. & Tamilselvan, P., 2018.- Steady-state piston temperature distributions and discusses how the resulting thermal gradients influence the structural response in aluminium pistons.
3. Heywood, J.B., 1988.- Textbook providing authoritative data and discussion on piston crown temperatures, heat transfer mechanisms and how thermal gradients generate stresses in pistons.
4. Gadhave, A., Dhamande, S. & Deshmukh, S., 2020.- ANSYS based piston thermal/structural study reporting crown temperature and deformation magnitudes.
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[bookmark: _Ref216199759]Figure 9 Static structural stress gradient (von-Misses)
The deformation field in Figure 10 shows ranges from 2.62 × 10⁻⁶ m to a maximum of 3.41 × 10⁻⁴ m, meaning the piston goes through very little elastic deformation this type of deformation is expected with aluminium ally oy components when operating in its linear elastic range.
The maximum deformation happens at the centre of the crown where the combustion pressure and thermal loading are at their highest and is highlight in red at 0.00034m. 
These results show that the piston is operating within the expected elastic range with the deformation field being driven by thermal expansion at the crown and is constrained by the structural stiffness in the skirt and Gudgeon pin areas and the deformation field matches trends reported in previous studies. 
Literature:
1. Kumar, N., Satsangi, P.S. & Dahiya, R. (2014)- Demonstrates common temperature-induced stresses and deformation profiles like the deformation field seen in Figure 10 (high crown deformation decreasing towards skirt).
2. Raju, G.K. & Kumar, C.P. (2018)- Provides comparative assessment of deformation for different piston geometries and materials.
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[bookmark: _Ref216198223]Figure 10 Static structural deformation

[bookmark: _Toc216291382]Thermal study 
Thermal analysis shows high local temperatures, thermal gradients and thermal hotspots in the component forming bases for thermal stress analysis, the solver uses the heat conduction equation, thermal properties of the material, convective boundaries, temperature loads and heat fluxes to find an equilibrium solution.
ANSYS uses Fourier’s law of heat conduction to solve the thermal study:
[bookmark: _Hlk216021518]
Where:
 Heat flux vector 
Thermal conductivity  
Temperature Gradient

[bookmark: _Hlk216021822]3D heat conduction equation:

Convection equation: 

Thermal setup:
1. Link the temperature study to the static structural study. 
2. Enter temperature dependent properties using the convective tool and selecting the correct parts of the piston that correlate with the temperature map.
3. Enable thermal strain and import the temperature field.
4. Create a mesh, global mesh (2mm-4mm), localised mesh (0.3-1.0mm)
5. Select a linear solver type unless large thermal strains are expected and use a nonlinear solver type.
6. Now solve the thermal study and see where the most thermal strain will occur on the component.
As seen in Figure 11 the thermal results show an accurate temperature gradient starting from at the skirt 160.99 °C and increasing to 302.48 °C at the crown, the temperature gradient fall under normal thermal behaviour of a piston that is being subjected to combustion loading.
These results show a vertical temperature gradient from the skirt to the crown; this type of temperature gradient is typical of aluminium alloy pistons. The areas that should be prioritised for structural and fatigue evaluation are the crown, ring grooves and upper skirt transition due to thermal expansion and thermal cycling.
The temperature distribution gathered in the thermal study aligned with previous values gathers by researchers studying piston temperature gradients, for aluminium pistons the temperatures seen are between 280–350 °C for the crown and 120–200 °C for the skirt usually due to the combustion gases.
Literature:
1. Kumar & Tamilselvan (2018) reported peak crown temperatures gradient between 300–340 °C for aluminium pistons under full-load conditions.
2. Heywood (Internal Combustion Engine Fundamentals) found that aluminium pistons in engines commonly peak at 280–330 °C at the centre of the crown.
3. Gadhave et al. (2020) found crown temperatures in the range of 290–320 °C for a similar geometry and thermal boundary conditions.
[image: ]
[bookmark: _Ref216210178]Figure 11 Piston temperature gradient
[image: ]
Figure 12 piston temperature gradient after being imported into the static structural study.



[bookmark: _Toc216291383]Optimisation and Improvements
Design changes:
1. Remove any singularities/ model fixes.
2. Increase the fillet radius on the piston from 0.5 to 1.5mm as the increase fillets will reduce the stress concentration.
3. Radial thickness between the pin bore and the skirt.
4. Increase ring land thickness/ add chamfers to the grooves to reduce stress.
5. Smooth transition from the skirt to the crown to reduce bending stresses from pressure.
6. Introduce pockets in low-stress areas to decrease the mass of the piston.
7. Change the piston alloy to a material with better creep characteristics or add a thermal barrier to the piston.
Below in Figure 13 is the newly designed piston that prioritises mass reduction while keeping the integrity of the piston by removing material from areas that are under low stresses and low temperature gradients.
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[bookmark: _Ref216205511]Figure 13 Newly Optimised piston design.
[bookmark: _Toc216291384]Overview of Simulation tools
[bookmark: _Toc216291385]Benefits of FEA
Design iterations:
The main advantage of FEA is the ability to be able to do virtual prototyping, being able to analyse, test and redesign components without the need to manufacture physical components, for example the piston and crankshaft assembly would need significant time and money to test the parameter of the components physically where as in the ANSYS you can test for a wide plethora of conditions with minimal cost and time. This can help improve the design process letting the user iterate more effectively, test thermal and structural characteristics before continuing with a prototype design.
Interactions:
The piston will experience mechanical load from the combustion, inertia and thermal loads and should satisfy the material limits, fatigue life and mass constraints. The tools available with FEA allow for multiple interactions to be modelled in a virtual environment rather than relying on hand calculations alone.
FEA also enables fully linked systems between kinematic simulation (motion, inertia loads), steady state/transient analyse (temperature gradients) and structural analysis (material properties). This allows the user to see how different interactions could affect the assembly operation.


Material and mass efficiency:
FEA offers a flexible way to study the geometry changes, material choices and weight reduction strategies, while keeping the strength, fatigue and thermal performance in safe operational parameters, often using the topology to optimise the geometry mass without sacrificing strength of the component or manually removing material from area that have low stress impacts. In the case of the piston material was manually removed from low stress areas while keeping the rigidity of the piston.
Early failure detection:
FEA shows how the component handles stress concentration, areas with high fatigue and overheating zones early in the design process decreasing the components failure rate before a prototype is built and allows the component to be tested in worst case loading conditions (peak temperature, high pressure and peak constraints) without the physical danger.
[bookmark: _Toc216291386]Limitations of FEA
Data quality:
FEA is only good as the data it is supplied for example incorrect material properties, or unrealistic boundaries, wrong load values and poorly modelled geometries. All these will have a knock-on effect of what data the simulation will provide; these results will be impossible to cross reference with previous studies with similar objectives as the data will be too far outside normal spectrum of data.
Mesh accuracy:
The choice of mesh that is applied to the geometry will have a large influence on how the data is perceived for example the size of the mesh, quality of the mesh and the element type all change how to simulation applies the conditions to the geometry.
Course mesh-low resolution/temperature gradients with underestimated peaks.
Fine mesh-high computational loads with long solving times and an increase in numerical instabilities.
Poor elements- distorted shapes and high aspect ratio create inaccurate result or simulation failure.
The automatic/adaptive mesh tool does help with convenience it will cover singularities (stresses in corners) or refine area excessively, watching time while resulting in non-physical stress concentrations.
The piston in Figure 14 was separated into nodes using a tetrahedral mesh, this type of mesh is used for complex curved components such as the skirt of the piston, ring grooves and the crown. The mesh density on the piston varies according to the thermal and stress gradients, this helps maintain computational efficiency while maintaining accuracy on the parts of the piston that require a more in-depth analysis.
The mesh used on the piston is an unstructured tetrahedral mesh that is automatically generated by ANSYS to accommodate the geometry of the piston. Larger elements of the piston that are under less mechanical and thermal loads use a less course mesh, this element size help reduce computational cost without compromising the accuracy of the results.
Crown mesh:
Thermal gradient:
The crown of the piston is the part of the piston that experience the highest temperature at 302°C with a steep temperature gradient from the crown to the cooler piston skirt, a fine mesh in this area is recommended as the temperature changes quickly over a short distance, this type of mesh also provides a more accurate nodal temperatures gradient.

Mesh transition:
From the crown to the skirts of the piston a gradual transition mesh is applied, this type of mesh avoids the sudden changes in element size, which would lead to numerical errors or artificial stresses. This transition makes the load from the top of the crown to the skirt appears smooth.
Stress concentration:
The maximum von-mises stress is also located at the crown of the piston, a refined mesh ensures an accurate stress interpolation in the region that is under the most loads.


[image: ]
[bookmark: _Ref216210617]Figure 14 tetrahedral mesh of the piston.





Physical limitation:
FEA simulation usually simplified assumptions like perfect bonds, ideal contacts, linear elasticity isotropic materials and steady state thermal conditions. These are all assumption do not reflect real-world conditions fully. When real-world behaviours involve material nonlinearity (creep, fatigue), complex joint conditions (sliding, wear, friction), manufacturing imperfections (residual stresses, surface roughness) and Multiphysics couplings (combustion, transient heat transfer, fluid-structure interactions, thermal cycling). Single static and steady state simulations cannot gather all the data simultaneously the same problem occurs with thermal and structural couplings ignoring the transient effects, material creep and combustion dynamics within the piston.
Computational resources and constraints:
As the fidelity increases, the simulation will demand more computational power and solver time. The geometry also causes additional loads on the system especially if the geometry is complex and intricate, this makes FEA impractical for all interactions especially for users without available HPC (high-performance computing) resources, the trade-off being accuracy of the simulation vs practicality.
Experimental validation:
As FEA results are only an approximation it should be validated with physical experiments with real world testing before a final design choice is made, this is especially import for components with high safety requirements.

 	




[bookmark: _Toc216291387]Conclusion
The studies carried out in ANSYS have provided a reliable evaluation of how the piston will behave with the conditions applied to it.
The kinematic study created realistic reaction forces and deformations, making the structural loads reflect true operating condition rather than assumed values. The static structural study highlighted the stress paths and stress concentration regions, meaning that the piston operating conditions are withing the elastic range when under nominal loading and the peak loading was mostly driven by geometric and load points.
The steady state thermal study created the temperature field across the piston and identified the thermal gradients that influence the material stiffness and thermal strain. Validation checks show that both the mesh and boundary conditions a significant effect on the data accuracy showing the limitation of FEA tools. 
The result highlight that the piston design can have a more efficient geometry without compromising the structural integrity of the piston while decreases the total mass.
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2.3 Combined Stress — Von Mises Criterion

Real components rarely experience a single stress type. FEA and analytical methods.

commonly use Von Mises equivalent stress to predict yielding under multi-axial loads:

1

oy =4/ 3lle1 = 02)* + (02— 03)* + (05— 01)7]

Thi

It allows engineers to compare complex loading with material yield strength.

is the same value shown in your ANSYS results (the blue-red stress plots).

2.4 Boundary Conditions (BCs)
No stress calculation can be performed without boundary conditions:

« Supports / constraints (fixed, frictionless, pinned)
«  Loads (forces, pressure, inertial loads, thermal loads)

*  Contacts (bonded, frictionless, sliding)

Analytical work requires simplifying boundary conditions to make a solvable equation.

FEA allows far more realistic BCs — but incorrect BCs lead to meaningless results.

This principle came up directly in your project when an unrealistic constraint gave a false

213 GPa reading.

¥
3. How CAE Implements These Principles: The Finite
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Combined stress:
Components in real-world situations rarely experiences singular stress types, FEA uses Von Mises
equivalent stress to show yielding under multiple loads.
3.2 Engineering data
Engineering data is the first part of a fully linked system; this essentially stores material properties
and data that can then be linked throughout the whole system for reference later in the simulation
rather than filling each data set individually at every part of the system
v A
B8 . Engineering Data
2 @ engneeringData v ,—
Engineering Data
3.3 Kinematic Analysis
Kinematics analysis (ridged body) is used to produce a set of loading conditions for motion
simulation of the engine mechanism.
Steps for ridged study:
1. Import geometries (STEP file) and add the ridged dynamics module.
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