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Structural problems are described by governing equations you can solve on paper to predict how a structure will behave. However, this can only be done for simple part shapes. Reality is never simple, and, in most cases, structural problems are too complex for closed-form solutions. FEA enables engineers to model highly complex structures by making realistic assumptions that can predict their behaviours with a certain level of accuracy. – Madier D, 2021

FEA (Finite Element Analysis) is helpful in structural analysis for all specialists involved in product development. FEA allows engineers to evaluate how a product will react to stresses and reduced the need for extensive prototyping, thus reducing cost and time spent during development.

When FEA is used since the early stages of the development process, it allows engineers to create a feasible design by helping to define the product, FEA can be used to validate the defined design and can be used to investigate product failures after the product is released.

Prior to the intensive usage of FEA, development of products in the mechanical structural industry was based on prototyping – Madier D. 2021

Prototypes were built at different key stages of the development process, these prototypes were then tested for their strength properties and evaluated to improve towards the next step of development. This provided added reliability throughout the process but increased cost compared to current methods. Today, prototyping is still used but less intensively, since prototypes are usually only built at the end of the development process, to validate the concept. 

The first traces of FEA date back to 1851 with the works of Schelbach. Since the mid 1950´s, The principles of FEA had been become advanced enough to be used in real-world applications. -Interesting Engineering, 2019

Engineers are able to use FEA to simulate all potential failure conditions and fatigue a structure will encounter during it’s life, enabling engineers to improve the life and service of complex products.

As soon as the FEA has been validated and calibrated by test, the engineers can run hundreds of tests under various scenarios on their computers. – FEA Academy, 2021

With the continuous search for more sustainable product designs, FEA helps improve the sustainability of product development by allowing products to be optimised before the prototyping stage, reducing material consumption due to less prototyping and product optimisation. FEA also ensures that a new design won’t compromise the quality and durability of the final product.

Modern FEA software can be used for iterative design, both manually and automated, the engineer can analyse the product after a certain test and decide in what way he ants to improve the product. Automated Iterative Design is where a certain geometry is given, with constraints and requirements, and the alternation, analysis and optimisation is automated, until the requirements are met.

The following technical report will be used as a case study to explain and analyse the Ansys R1 2021 FEA software package by means of carrying out a dynamics study on a partial combustion engine assembly.
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When using stress analysis software, validation is needed to prove that the Solver is solving the mathematical model correctly and results are representative of the reality. 

There are many factors influencing simulation results, such as the simulated geometry, Solver type, Discretisation, Boundary Conditions and Material properties. Because of these variables, it is important to ensure that the simulation is set in a way that is representative of the reality, so accurate results are generated during the design process. Validation across different software packages is equally important as different groups inside a project might be using different software, in this case, all the software packages must be validated against the standard examples to ensure accuracy when sharing files.

Validation is the assessment of the accuracy of a computational simulation, relative to real-world scenarios. This comparison can be done by comparing the simulation results to Hand calculations, standard results or physical experiments and data. 

Below, an example is shown of comparing simulation results of a Bending Cantilever with hand calculations, also called ‘Sanity Checks’. The method behind this is in instance, creating a simple part such as a beam in CAD software, then simulating a load on the part and comparing the deformation results to physical calculations, derived from the Base Mechanical Principles of Stress Analysis.
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Figure 2: Validation Example Cantilever Beam.
A standard example was used, provided by Dlubal Software GMBH. A simple Cantilever beam was constructed in SolidWorks (Figure 2), a Static Structural analysis was performed inside ANSYS Workbench 2021, simulating a Force on the free end of the beam. The Axial deformation results of the Simulation were then compared to the hand calculations of the standard example, shown below. An analysis of the Mesh independence was performed too. The validation example is shown below, figure 3 shows a sketch of the problem, table 1 provides the parameters needed for the analysis.
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Figure 3: Problem sketch (Dlubal Software, 2015)
Table 1: Problem parameters. (Dlubal Software, 2015)
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The calculations to determine the maximum deformation in the transversal and axial direction carried out using the following formulae.




[bookmark: _Toc122216791]Validation Results

Table 2 shows the results for the analytical and Simulated solution of the beam when only under Axial force of the X axis. The simulated result deemed very accurate with an accuracy difference of 0.83%. The simulation was carried out using a 32mm mesh size, the large mesh size wash chosen due to the large geometry of the object, in order to limit computing time.

Table 2: UxMax results
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Figure 4: UxMax Simulation Result. 
[bookmark: _Toc122216792]Geometrically Linear Analysis UzMax

Table 3 shows the calculated and simulated result for the Geometrically Linear Analysis of the Vertical Deformation (UzMax), an extra simulated result, is provided by Dlubal, Using their RFEM 5 solver as a comparison. 

Table 3: UzMax Results (Dlubal, Iatrakis, 2022)
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The Dlubal Simulation was carried out while discretised with 100mm meshes, it’s results are very accurate with a difference of 0.001% from the analytical result.

The Ansys R1 Static structural Solver could not complete the simulation with any meshing larger than 70mm. Using a 70mm mesh provided a result of 3554,6mm deflection, while using meshing elements smaller than 10mm provided a result of 3555,7mm failing away 0.050% from the analytical result. 
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Figure 5: Deflection result without Large Deflection.

In the UzMax calculations above, A geometrically Linear Analysis method has been used, in this method it is assumed that a linear relation is held between applied forces and displacements, this is used in structural problems where stresses remain in the linear elastic range of the used material. The solving time for this method is relatively short compared to a non linear analysis on the same model, the Linear Analysis is often used as a first estimate, prior to performing a full nonlinear analysis. Inside the Ansys Static Structural solver, the option “Large Deflection Off” in the analysis settings, means a Geometrically Linear Analysis is performed.
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Validation examples provided by Dlubal show results for a Large deformation analysis using their RFEM 5 Software. This is compared to the author’s results of a Large Deformation Analysis in Ansys R1. In the Large Deformation Analysis, Geometrical nonlinearity is allowed, where the deformation is in a non-linear relation to the applied stress. 

Table 4: Large Deformation Analysis (Glubal, Iatrakis 2022)
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Discretisation by Glubal was carried out using 100mm mesh elements. Ansys R1 was unable to solve with any mesh element sized larger than 70mm. The results vary by 0.134%, supplying accurate results.  Table 5 shows the impact of mesh sizing on the Large Deformation study.
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Figure 6: Large Deformation Analysis Carried out in Ansys R1
Results obtained from the carried out simulations are satisfactory in order to conclude both software packages provide realistic outcomes and can be used for more complex Stress Analysis situations.

Table 5: Mesh sizing impact on Large Deformation Study. 
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A fully linked dynamic study was carried out on a Crankshaft, Conrod, Gudgeon pin and Piston assembly. The assembly is constructed using SolidWorks 2022, a Dynamics study is carried out in Ansys R1 2021 Workbench, using Rigid Dynamics, Steady-state Thermal and Static Structural Analysis systems.
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Figure 7: Engine Assembly used in the Dynamics Study 
The dynamics of a rotating engine assembly is analysed, linked to thermal properties of the piston, the piston will be subjected to a pressure equivalent to real combustion circumstances in a Ford Sigma 1.6 engine. The stress and deformation in the piston caused by dynamic forces and combustion will be simulated in order to improve design of the piston, and analyse the Ansys R1 2021 package.
A custom material was created inside the Engineering Data Materials section. The material properties of 6061-T6 Aluminium were input to ensure accurate representation of the piston’s material properties during the FEA study. The remaining components of the assembly were kept in the default material that Ansys uses, called Structural steel, this will not have an impact on the results as they were kept as rigid bodies throughout the analysis, weight is deemed comparable. Figure 8 shows the used Material properties in the Ansys Engineering Data manager.
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Figure 8: 6061-T6 Aluminium Material Properties.

[bookmark: _Toc122216795]Rigid Dynamics Study

A rigid dynamics analysis was performed on the engine assembly, using the ANSYS Rigid Dynamics solver. 
This type of analysis is used to determine the kinematics and dynamic response of an assembly of rigid bodies linked by joints and springs. No stress and strain results are produced during this analysis, only forces, moments, displacements, velocities and accelerations. – ANSYS, 2021
These outputs can then be used in different type solvers to represent a certain moment of the dynamic study and perform a stress or temperature analysis.
The pre constructed assembly was imported into Ansys Workbench, where joints and constraints were placed in the required positions to be able to simulate realistic movement. The assembly was set-up to revolve the crankshaft at a rate of 4000RPM. The loading conditions generated around the gudgeon pin, are analysed and the maximum loading condition is exported to use in further analysis.
Assigning constraints and joints is relatively straight forward for simple assemblies, assigning connections to a more complex assembly will become increasingly time consuming, depending on user experience.
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Figure 9: Rigid Dynamics study results.

The graph on the bottom shows the forces on the gudgeon pin – piston joint, a moment in time where the total force is the largest, is chosen and exported. The parameters of the momentary forces are shown in the table on the left bottom of Figure 9.
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Figure 10: Misaligned assembly. 

The author has found that the assembly should be constructed in it’s geometric alignment in which the simulation will be performed (as shown in figure 7). In a first instance, the assembly was imported in a manner where the piston was out of alignment (Figure 9). It was found that the assembly cannot be realigned inside Ansys when creating joints, requiring the user to realign the part in SolidWorks, having to reload the assembly and reassign the joints.

Movement constraints are set by the user, counting on the level of understanding of the dynamics of the assembly, and knowledge of the different connections within Ansys.

When exporting the chosen time step out of the Rigid Dynamics study to the Static Structural study, the parameters of that chosen time step are saved in a .TXT file on your PC, which then needs to be loaded in to the static structural study. If a fatigue study is performed, the Minimum and Maximum values have to be exported and 2 separate studies would have to be performed. In the case of component iterations or for instance simulating a different RPM, you would have to redo the complete process since the timeframes can’t be linked and automatically updated inside the Static Structural study. This process takes a lot of time and is seen as a limitation in user experience, a proposed solution would be; being able to link the results from the chosen time step in to the static structural study so it can update the results.
Multiple Software Packages are required to be purchased in order to be able to construct the parts and assemblies, and perform the analysis correctly. This increases cost and decreases user experience due to the lack of interaction and convenience between the different packages. An added amount of User Training is needed to be proficient in the different software’s and maximise results and usage of the software packages, this again adds onto cost and time spent.
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The Piston was chosen to perform a Steady State Thermal analysis on. During this analysis, the thermal output of the bulk temperature of the material is calculated, this will give the temperature profile of the component. The solution of the Steady State Thermal study will be linked to the setup stage of the Static Structural study, where these results will be used as boundary conditions.
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Description automatically generated]Boundary Conditions of each area of the piston were provided (Appendix). These boundary conditions are acquired from experimental tests and are reliant on the accuracy of the data set. The results of the Thermal study are heavily reliant on the boundary conditions, meaning that it needs to be ensured these are correct to make certain the results are an accurate representation of the reality. 
 (
Figure 
11
: 0.5mm mesh (left) compared to a 2.5mm mesh (right)
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A Mesh Independence study was carried out during the Steady State Thermal study, in order to determine dependence of the results on the mesh density. (FEAtips.com, 2019)

A range of mesh sizes from 0.5 – 8mm was tested, the mesh shape was set on default and free to be determined by Ansys. The results in Figure 11 show that with the range of tested meshes, there is no absolute Mesh independence yet. But the Graph is flattening towards the end, a range of smaller meshes beyond 0.5mm are required to be tested.

[image: ]
Figure 12: Mesh Independence Study part 1 

From the results of the 2nd Mesh Independence study, where mesh sizes from 0.1-0.5mm were tested, no absolute Mesh Independence is reached, however from a minimum of 150 thousand nodes, a significant difference in nodes, does not result in a significant amount of Temperature change. 

[image: ]
Figure 13: Mesh Independence Study Part 2. 

It is important to note that the computing time displayed by the software does not account for the time spent generating the mesh. When calculating very small mesh sizes, this ends up being a significantly long time. The increased solve time outweighs the 0.01% increases in result accuracy.
It is important to note that computing power is a limiting factor in mesh sizing and accuracy, for the above example, the mesh is equally size over the complete part and a larger mesh size would have satisfied the accuracy needed. For more complicated parts, using different mesh sizes on different faces of the geometry is recommended to lower computing requirements.
A limitation in the previous analysis is, that the starting temperature of the piston is 22°c, which is room temperature. It doesn’t account for the temperature that the piston will be after the previous cycle, which is also dependant on engine speed, meaning the temperature results might not be accurate.
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A static structural analysis determines the displacements, stresses, strains, and forces in structures or components caused by loads that do not induce significant inertia and damping effects. (Ansys, 2021)
 (
Figure 
14
: Visual Representation of the Static Structural Solutions. Total Deformation (Left) and Equivalent Stress (Right) 
)[image: A picture containing shape

Description automatically generated][image: Chart

Description automatically generated]
 
Solutions from the previously mentioned solver types are imported in to the Static Structural study as boundary conditions and loading conditions. Inertial Forces and Moments from the Chosen Moment in the Rigid Dynamics study are implemented to represent the reciprocating motion, Temperatures from the Steady state thermal study are used for Thermal Strain, and an external pressure on the top of the piston is added to recreate the pressure inside a cylinder. The author has chosen to apply a Pressure of 67Bar on the Piston to recreate the Maximum pressure inside a Ford Sigma 1.6 engine. This data comes from a combustion simulator created by the author in Level 5. The data was validated with measured data provided by Ford. 

User Understanding of the pressure dynamics withing a combustion engine is required as correct assignment of the faces on which the pressure acts has significant impact on the results.

It is important to ensure the material settings of the parts are checked as they are prone to get lost when starting a Static Structural study. The Piston is required to be a Flexible object as it needs to be able to deform. If buckling or large bending is expected, large deformation must be turned on. Meaning that the accuracy of the results are dependant on the ability of the user to recognise the potential results. The remaining parts of the Assembly must be set to rigid and suppressed in the Geometry settings to ensure the piston can be analysed correctly. Weak springs are turned on as a constraint.

A limitation in the used analysis is, that the contact between the skirt and the cylinder is not simulated, thus the stress and deformation on the skirt might not be representative to real life application. 
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The Fully Linked Study is a combination of the previously discussed Study types, Combining the Thermal deformation with the loading deformation effects. 
Figure 9 shows the Fully linked Workflow diagram inside Ansys Workbench. The linked modules allow engineering data and results to be carried over into downstream study types. This function decreases user work but still requires the parameters such as materials and geometry to be checked in each Study to ensure they are carried over correctly.
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Figure 15: Fully Linked Ansys Workflow. 

The solution from the Steady-State Thermal can be linked directly to the Static structural Study, updating automatically when changes are made in the Thermal study, As mentioned before, The Rigid Dynamics Loading Moment needs to be imported manually.

Making changes to the Rigid Dynamics study deemed very difficult when linked as above, updating geometry or joint constraints caused multiple problems downstream, requiring the user to restart the complete analysis.

In each solver, you can’t undo the last steps you have executed, which means if a mistake is made, most likely the step has to be repeated from the beginning, which for example, reassigning temperature properties to complex geometries, costs a lot of time. 


[bookmark: _Toc122216800]Iterative Design
Using a Iterative Design approach, an engineer can quickly determine areas of improvement on a product, iterate the design and run a simulation again, over and over until the desired results are met. The following part will discuss the improvement of the Piston, using an iterative design approach.

[image: ]
Figure 16: Piston Iterations, Original, 1st iteration, 2nd Iteration respectively from left to right.
The goal of the iterative design approach, is to decrease the weight and temperature of the piston while decreasing or retaining the same amount of deformation resistance.

A lighter piston means les reciprocating weight, resulting in less inertia, allowing the engine to rev quicker, and decrease bearing loading due to inertial forces. (LH Pomeroy.) A colder piston can also withstand more stress.
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Figure 17: Thermal study original piston (Cox L. 2022)
Table 6: Study results Piston Iterations.
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Figure 18: Iteration 2, thermal study.
In the first iteration, material on the inside of the skirt was removed, the analysis showed positive results. More material is removed from the underside of the piston, decreasing weight, and increasing surface area with the goal to create a heatsink (Mehmedagic I. et al. 2015). The Delta percentage shown in Table 6, is the difference from the original piston. The changes made, resulted in significant positive results in all 3 aimed areas, decreasing weight by 6%, Max temperature by 17.64%, and Max Deformation by 20%.

[image: ]
Figure 19: Iteration 2, Total deformation


The added complexity of the shape on the underside of the piston means that selecting the faces to apply thermal properties needs to be done more carefully in order not to miss any faces, causing the results to be inaccurate.
A further iteration is proposed to shave more material off the inside area of the piston (Figure 20), in areas where stress and deformation is low, in order to decrease weight.

[image: ]
Figure 20: Proposed 3rd iteration.

Limitations: As the geometry cannot be changed in ansys itself, it is necessary to update the assembly inside SolidWorks with the new component, resave and reload it inside A duplicated Rigid Dynamics Study. The Joints related to the piston have to be reassigned. The Dynamics study needs to be reran and the maximal loading condition has to be exported. A new Steady State Thermal study has to be assigned to the Rigid Dynamics study. Thermal properties of the part are required to be reassigned. It is important to select all the faces of your geometry to assure accurate results. This requires accuracy and takes a longer time with more complex geometries. The dynamic loading condition will have to reloaded into the Static structural study which needs to be ran again.



[bookmark: _Toc122216801]Conclusion
FEA gives engineers a clearer picture of how a product will react to stresses and saves significant amounts of time and money by reducing the need for extensive prototyping. Sustainability can be improved by being able to determine or design the lifetime of a component more accurately. The accuracy of the results is largely dependent on the user’s ability to use the software and it’s functions, and on the accuracy and availability of realistic boundary conditions. The case study on the piston has shown positive results and invites for more development. The author found the past case study interesting and helpful in terms of discovering the subject of FEA and the Ansys software package.
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ORIGINAL PISTON PISTON ITERATION 1 A PISTON ITERATION 2 A
Weight (g)| 254.830! Weight (g)| 249.520 | 2.08% Weight (g)| 239.760 | 5.91%
Max. Temperature (°c) 345.070 Max. Temperature (°c)| 318.700 7.64% Max. Temperature (°c)| 284.200 | 17.64%
Max deformation (mm) 0.365 Max deformation (mm)| 0.349 4.38% Max deformation (mm)| 0.292 | 20.00%
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Thermal Study Boundary Conditions

Heat Transfer Coefficient Temperature (Celcius)
1 2 3 4 Average 1 2 3 4

Crown 600 350 500 540 497.5 928.5

Crown Side 500 540 350 400 447.5 250 650 500
Top Groove 300 650 200 600 437.5 180 150 180
Middle Groove 300 650 200 600 437.5 180 150 180
Oil Groove 260 520 175 400 338.75 165 150 170
Underside 1500 750 250 200 675 95 90 90
Skirt 1000 400 150 300 462.5 110 110 120

Structural Study Boundary Conditions

Pressure Inertia Side
Max P 10537060 11371.29 7440.469
Max | 304222.2 18089.83 -1.10E-12
Max S 8907806 6954.198 8707.43

6061-T6 Aluminium Material Properties

Young's Modulus Poisson's Ratio 0.33
Temp (°C) Value Unit Coefficient Thermal Expansion 22°C 2.36E-05 1/°C
22 67 Gpa Thermal Conductivity 167 W/m-K
100 70 Gpa Specific Heat Capacity 0.896 J/g-°C
150 68 Gpa
200 64 Gpa
250 56 Gpa
300 48 Gpa
350 41 Gpa
400 32 Gpa
450 21 Gpa

500 12 Gpa

300
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250
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90
90

Average

928.5
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190
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