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1. [bookmark: _Toc185185131]Introduction

This report aims to provide an overview of Computer Aided Engineering (CAE) and its applications in the engineering industry. A study will be conducted through Finite Element Analysis (FEA) with the aim of improving the structural performance of a component whilst reducing its overall mass. The component will be a member of an assembly undertaking kinematic studies and structural analysis. The assembly will represent the rotating components within an internal Combustion Engine (ICE), consisting of a crankshaft, connecting rod, gudgeon pin, and piston. Realistic materials and boundary conditions will be applied to emulate environments and scenarios found in engine testing. The primary study will be conducted on the piston specifically, retrieving results to gain an understanding of the pressures, stresses, and forces applied in modern day engines. Following testing, optimization of the pistons structural performance will be performed with deformation improvement and mass reduction being main considerations. 


2. [bookmark: _Toc185185132]Process of CAE

CAE or Computer Aided Engineering describes the use of software and digital tools used in the engineering industry to aid in product design and manufacturing. A standard practice in the majority of the industry, CAE allows for the development of products through simulations and virtual tests without needing physical prototypes (SIMSCALE, 2023). In the case of this report, creating prototypes of a piston would prove expensive and time consuming. To counter such issues, CAE software SolidWorks is used to design an assembly of the required parts of the ICE. Following the design process, the assembly is transferred to Ansys Workbench for testing. This software offers vast amounts of solver types specific to certain scenarios. For example, when tasked with calculating deformation, strain, and stresses, the static structural solver type would be most suitable.

[image: Ansys Mechanical Day 1, Intro | Fastway Engineering]
[bookmark: _Toc185185101]Figure 1ANSYS FEA Flowchart (FASTWAY ENGINEERING, 2015)

To carry out CAE effectively, the process of Finite Element Analysis (FEA) must be understood. In order to analyse structural behaviour under load, numerical techniques (Finite Element Method) are used to simulate physical and numerical phenomenon (SIMSCALE, 2024). Differential and partial-differential equations are solved to describe the encountered phenomenon, displaying the desired behaviour. As shown in Figure 1, the application of FEA involves three stages: Pre-processing, solving, and post-processing. Stage 1 consists of defining parameters, verifying solution types, assigning materials, mesh refinement, constraining of parts, and load applications. Stage 2 requires solving, a quick process depending on complexity of design and pre-processing. An increase in stage 1 parameters results in a longer solve time. The final stage allows the user to analyse solution results, where geometrical modifications are available post-processing. ANSYS software presents results in graphical and tubular formats, alongside 3D images with corresponding colour contours and legends. 


3. [bookmark: _Toc185185133]Validation Studies

Prior to conducting Finite Element Analysis studies, correct measures must be in place to ensure the software can accurately model the scenario at hand. Specific to this report, the solvers required are rigid dynamics, steady state thermal, and static structural. Therefore, simplistic cases must be evaluated to validate the ability of the system to conduct such solvers accurately. The cases described must have enough simplicity where analytical solutions can be performed. To carry out these validation cases, two example studies provided through Dlubal are analysed through FEA. Dlubal have delivered innovative structural analysis and design software for engineering for over 30 years (Dlubal, 2024).

3.1 [bookmark: _Toc185185134]Cantilever Beam

The first case under investigation is a cantilever beam (Figure 2), fixed at one end subjected to a uniform load. The beam will undergo a static structural study to determine deflection under load. Prior to performing this study, we must assume that the fixed support at one end is infinitely stiff. This implies that there is no deformation at the support, resulting in the deflection only occurring along the length of the beam.
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[bookmark: _Toc185185102]Figure 2 Cantilever Beam Diagram (Dlubal, 2016)
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[bookmark: _Toc185185103]Figure 3 Study Parameters for Cantilever Beam (Dlubal, 2016)

3.1.1 [bookmark: _Analytical_Solution][bookmark: _Toc185185135]Analytical Solution
As a precursor to FEA, results must be gained through analytical methods. Using the parameters provided in Figure 3, and appropriate equations, the maximum deflection can be calculated.


[bookmark: _Toc185185087]Equation 1 Euler-Bernoulli Theory

[bookmark: _Toc185185088]Equation 2 Quadratic moment of cross section with respect to y

[bookmark: _Toc185185089]Equation 3 Deflection at Free end (x)

[bookmark: _Toc185185090]Equation 4 Maximum Deflection of Beam

[bookmark: _Toc185185091]Equation 5 Maximum Deflection Result


3.1.2 [bookmark: _Toc185185136]ANSYS Results and Mesh Sizing

Table 1 shows the deformation of the cantilever beam with its corresponding mesh sizes and percentage error comparison with the analytical solution. Due to this being a simple case study, the mesh sizing appears to have no affect on the deformation value. This is illustrated in Figure 4, validating that a static structural solver is optimal when calculating simple cases.

[bookmark: _Toc185185096]Table 1Effect of Mesh Sizing on Deformation of Cantilever Beam
[image: A blue table with numbers and a white text
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[bookmark: _Toc185185104]Figure 4 Percentage Difference at Varying Mesh Sizes of Cantilever Beam
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[bookmark: _Toc185185105]Figure 5 Cantilever Beam Solution
Figure 5 displays the solved solution of the cantilever beam’s deformation in ANSYS. The values are represented by colours as seen in the figure’s legend.

3.2 [bookmark: _Toc185185137]Bimetallic Strip
The second validation case aims to evaluate the accuracy of the steady state thermal solver through the application of a bimetallic strip (Figure 6). This component is composed of two dissimilar metals in terms of coefficient of thermal expansion, when heated, results in expansion at varying rates (Axsom, 2023). When exposed to temperature changes, uneven expansion occurs resulting in bending. The same assumption as the cantilever beam must be made, where the fixed support is infinitely stiff.
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[bookmark: _Toc185185106]Figure 6 Diagram of Bimetallic Strip (Dlubal, 2018)
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[bookmark: _Toc185185107]Figure 7 Study Parameters for Bimetallic Strip (Dlubal, 2018)

3.2.1 [bookmark: _Toc185185138]Analytical Solution
Following the methodology of the cantilever beam Analytical Solution, study parameters found in figure 7 and equations will be used to calculate maximum deflection.

[bookmark: _Toc185185092]Equation 6 Dimensionless Constant K1


[bookmark: _Toc185185093]Equation 7 K1 Result

[bookmark: _Toc185185094]Equation 8 Maximum Deflection for Thermal Loading

[bookmark: _Toc185185095]Equation 9 Maximum Deflection for Bimetallic Strip Result

3.2.2 [bookmark: _Toc185185139]ANSYS Results and Mesh Sizing
Due to the growing complexity of the mathematical model used to calculate the deformation of the bimetallic strip, the mesh sizing displays an effect on results. Dissimilar to the static structural study, mesh density influences the deformation results, as demonstrated in Figure 8. It is apparent that the deformation result improves in accuracy with a decrease in mesh density. This could be a product of over-refined mesh, where the increased number of calculations can produce round-off errors further decreasing the accuracy. When calculating models of a higher complexity, the errors experienced in this study might not occur.
[bookmark: _Toc185185097]Table 2 Effect of Mesh Sizing on Deformation of Bimetallic Strip
[image: A table with numbers and a blue background
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[bookmark: _Toc185185108]Figure 8 Percentage Difference at Varying Mesh Sizes of Bimetallic Strip
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[bookmark: _Toc185185109]Figure 9 Bimetallic Strip Solution
The sheer complexity of the mesh’s density can be seen in Figure 9, represented by the wireframe. The density is comparably finer to that used in the cantilever beam study.


4. [bookmark: _Toc185185140]Multilinked System

CAE plays a critical role in the optimization of an internal combustion engine’s piston design, offering advantages over various stages of development. To simulate the high velocity motions experienced, a rigid dynamic solver will be of use. Following this study, steady state thermal will be utilized by applying varying temperatures at specific regions of the piston to examine material deformation. Results gained from these studies will be combined to perform a static structural study. This aims to address how the forces and thermal exposure applied in previous steps effects the structural integrity of the piston.

[image: ]
[bookmark: _Toc185185110]Figure 10 Assembly System in ANSYS


4.1 [bookmark: _Toc185185141]Material Selection

The two materials used in the system were structural steel and Aluminium 6061-T6. Majority of the components, excluding the piston, were assigned structural steel, the default material provided through ANSYS. Due to these components being excluded from structural testing, the material selection had no effect. As for the piston, Aluminium Alloy 6061-T6 was selected due to its high strength-to-weight ratio, thermal conductivity, and corrosion resistance. The alloy also performs well under cyclic loading, proving a great choice for an engine piston (Metalex, 2020). Material properties displayed in Figure 11 were gained through Granta edupak. It displays the young’s modulus of the material at corresponding temperatures.

[image: A graph of a temperature

Description automatically generated]
[bookmark: _Toc185185111]Figure 11 Material Properties of Aluminium 6061-T6

4.2 [bookmark: _Toc185185142]Boundary Conditions and Loadings
4.2.1 [bookmark: _Toc185185143]Rigid Dynamic Study
The rigid dynamic study consists of applying boundary conditions to rigid parts to simulate the motion of an engine. In this case, joints are applied to specific faces of components to replicate the moving system, shown in figure 12. A load of 4000RPM is then applied to emulate the mid-high range of rotational velocity of the crankshaft. 

[image: A black text on a white background
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[bookmark: _Toc185185112]Figure 12 Joints Applied in Rigid Dynamics
4.2.2 [bookmark: _Toc185185144]Steady-state Thermal
To carry out a steady-state thermal study, the solver requires temperatures and convection rates during the load cycle. Since the piston is not applied by the same boundary conditions throughout its geometry, the values must be set individually, as shown in Figure 13. Following the convection applications, mesh sizing was applied. For this study, a 4mm mesh density was chosen as it provides a high level of accuracy yet solves in an acceptable time. This is attributed to the directly proportional relationship between mesh density and solve time, where one variable increases in proportionality to the other.

[image: A drawing of a cylinder
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[bookmark: _Toc185185113]Figure 13 Convection and Ambient temperature values for Steady-State Thermal


4.2.3 [bookmark: _Toc185185145]Static Structural Study
Prior to this study, research was carried out to gain knowledge on pressures applied to a piston during cyclic loading. In a study by A.Kumar Soni and S.S.Godara, they stated that due to the combustion of gases in an ICE, the pressure load is induced on the head of the piston (Kumar Soni & Godara, 2022). This information was put into practice by applying a load of 10.5Mpa at the crown, displayed in Figure 14. As this report does not detail the type of vehicle it represents, a general approach has been taken while applying pressure. Additionally, further boundary conditions must be set, including supports. Frictionless supports are applied to the piston in areas where most contact is made with other components. Figure 15 displays the boundary conditions set at the skirt of the piston and the area of contact with the gudgeon pin.
[image: A 3d model of a piston

Description automatically generated]
[bookmark: _Toc185185114]Figure 14 Pressure Applied in Static Structural
[image: A blue and gold engine piston
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[bookmark: _Toc185185115]Figure 15 Frictionless Supports Applied in Static Structural
4.3 [bookmark: _Toc185185146]Initial Testing Analysis
4.3.1 [bookmark: _Toc185185147]Rigid Dynamics Results
Having undergone a rigid dynamic study, the results display the lateral forces and moments experienced by the piston at a rotational velocity of 4000RPM. The results gained are exported as motion loads, which contribute to further analysis in the static structural study. 
[image: A screenshot of a computer
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[bookmark: _Toc185185116]Figure 16 Results of Rigid Dynamics Study
4.3.2 [bookmark: _Toc185185148]Steady-State Thermal Results 
Through the application of temperature by convection, the results from the steady-state thermal show that the highest surface temperature is concentrated at the pistons crown (Figure17). This was expected due to it being the highest temperature contact region. To mitigate this, a redesign of the crown will be considered with a softened design, aiming to disperse the heat at higher efficiency.  
[image: A multicolored object with holes
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[bookmark: _Toc185185117]Figure 17 Results of Steady-State Thermal Study


4.3.3 [bookmark: _Toc185185149]Total Deformation

From Figure 18, it is apparent that the highest deformation values occur at where the gudgeon pin is held and the perimeter of the crown. The region at which the gudgeon pin sits show high deformity due to the cyclic loading applied. Like a pivot, connecting the piston to the connecting rod, it encounters rapid movement, creating cyclic forces. This leads to fatigue in the piston material and potentially deformation, although not represented in this study. Additionally, the external loads enforced on the piston from the pressurised gas will cause strain deformation to the localized area, as displayed in figure 18. Future design iterations will aim to reduce the deformation experienced by integrating material at required areas, gudgeon pin hole for example.

[image: A multicolored object with text
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[bookmark: _Toc185185118]Figure 18 Deformation Result from Static-Structural Study


4.3.4 [bookmark: _Toc185185150]Von-mises Stress

The highest stress concentrations shown in Figure 19 appear to occur around the pistons oil groove, with a maximum value of 361.63Mpa. This could be down to the contrasting thermal expansion experienced at the oil groove. To counter this, future designs may apply additional material in this area with the aim of dispersing temperatures more effectively. A study by R.D. Raut and S. Mishra, stated that to uniformly distribute stress caused by the high temperature gases, a flat or almost flat piston head is optimal (D.Raut & Mishra, 2013). This statement will be taken into consideration when designing future iterations.

[image: A multicolored object with holes
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[bookmark: _Toc185185119]Figure 19 Von-mises Stress Results from Static-Structural Study


[bookmark: _Toc185185151]5 Iterative Design Process
[bookmark: _Toc185185152]5.1 Rendition 1
The first redesign of the piston, informed by previous analysis, added material to the area below the gudgeon pin with the aim of reducing deformation in that region. The next step to improve the piston was slightly reducing the height of the oil groove, aiming to mitigate stresses applied in that area. Finally, a dome structure replaces the original piston head, objectively distributing pressures uniformly. All design changes are shown in Figures 20 and 21.
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[bookmark: _Toc185185120]Figure 20 Rendition 1 Deformation Results                                                                                  Figure 21 Rendition 1 Stress Results
[bookmark: _Toc185185098]Table 3 Result comparison for Design 1
	Rendition 1

	Tests
	Max Deflection
	Max Stress
	Max Temperature
	Mass

	Units
	mm
	Mpa
	°C
	g

	Original
	0.31913
	361.63
	299.3
	256

	Rendition
	0.31817
	361.07
	296.03
	274


 
Results gained through Ansys are provided in table 3, with the original design’s also included as a baseline comparison. Analysis of the table and figure 20, show that rendition 1 has successfully reduced deformation, especially in the area at which the gudgeon pin sits. The stress values found in the component have also reduced. Additionally, when comparing Figure 21 with the stresses of the original design, Figure 19, it seems that the stresses have been dispersed much more evenly. Although the results have positively improved, the mass has experienced a 7% increase. The next rendition will attempt to tackle this issue.

[bookmark: _Toc185185153]5.2 Rendition 2
Redesign 2 aimed to target the mass increase of the previous rendition, by creating a square recess at the pistons crown. This design was inspired by a study carried out by Z.R Lee and X.P Ku in 2021, where they attempted to optimize a pistons geometry by using a Finite Element Method. They stated that the rounded corners of the square bowl improve air-fuel mixing by creating turbulence (Lee & Ku, 2021). Modifications made in the previous redesign regarding the gudgeon pin hole and oil groove were carried over due to their success in reducing deformation, stress and temperature.
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[bookmark: _Toc185185121]Figure 22 Rendition 2 Deformation Results                                                                               Figure 23 Rendition 2 Stress Results
[bookmark: _Toc185185099]Table 4 Results Comparison for Design 2
	Rendition 2

	Tests
	Max Deflection
	Max Stress
	Max Temperature
	Mass

	Units
	mm
	Mpa
	°C
	g

	Original
	0.31913
	361.63
	299.3
	256

	Rendition
	0.12301
	359.67
	298.4
	256



Results for rendition 2, presented in Table 4, show slight reductions in both stress and temperature but most notably, the immense reduction in deformation. A decline in deformation of 159% shows that the square recess has proven successful. Z.R Lee and X.P Ku also experienced a reduction in deformation when using a similar design strategy compared to a standard flat top piston head (Lee & Ku, 2021). Figure 23 displays that the head encountered less stress than previous designs, suggesting that a square recess distributes stress effectively. Above all, rendition 2 has successfully reduced the mass gained in the previous design to the exact mass as the original design, proving a successful design overall. The next design will attempt to reduce the mass further through the application of topology optimization. 

[bookmark: _Toc185185154]5.3 Topology Optimization 
The next step in the iterative design process saw the utilization of the topology optimization solver. An efficient mathematical technique used to optimize a design for given loads and boundary conditions, aiming to increase the specified performance characteristics (Shanmugasundar, et al., 2021). In the case of this study, topology was used to decrease the overall mass of the piston, whilst maintaining structural integrity. To perform a topology optimization study, previous steps must be carried out effectively. As seen in Figure 24, familiar solvers used in this study are performed: Rigid Dynamics, Steady-State Thermal, and Static Structural. Following these studies, the relevant engineering data, geometry, model, and solution are applied to the structural optimization solver. This allows the solver to include results from previous studies to optimize the geometry.

[image: A screenshot of a computer
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[bookmark: _Toc185185122]Figure 24 Topology Schematic
[bookmark: _Toc185185155]5.3.1 Boundary Conditions
Prior to optimizing the pistons design, boundary conditions must be set. Initially, the number of iterations were set to 20, which proved to have a large solve time. Due to efficiency requirements, the number of iterations were reduced to 10. Stating the optimization region of the piston was next. As displayed in Figure 25, the regions excluded for the mass reduction were vital for the piston’s structural integrity. These regions were also subjected to loadings in the previous solver therefore were required to stay. The final condition set was the response constraint, this is where a mass percentage restraint of 85% was applied. 
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[bookmark: _Toc185185123]Figure 25 Optimization Region of Piston
[bookmark: _Toc185185156]5.3.2 Topology results
Iteration 10 shown in Figures 26 and 27 display the optimized piston geometry in terms of mass reduction. Following this study, a CAD model will be made representing the optimized design. 


[image: A low poly model of a round table
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[bookmark: _Toc185185124]Figure 26 Topology Optimized Piston (Isometric View)
[image: A wireframe of a machine
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[bookmark: _Toc185185125]Figure 27 Topology Optimized Piston (Underside View)

[bookmark: _Toc185185157]5.4 Rendition 3 (Topology Optimized)
The topology solver provided a guideline on where material could be lost, most notably at the underside of the piston. This was applied to rendition 3 alongside the added material under where the gudgeon pin is held.
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[bookmark: _Toc185185126]Figure 28 Deformation Result for rendition 3 (Iso View)       Figure 29 Deformation Result for Rendition 3 (Underside View)
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[bookmark: _Toc185185127]Figure 30 Stress Result for Rendition 3 (Iso View)                            Figure 31 Stress Result for Rendition 3 (Underside View)
[bookmark: _Toc185185100]Table 5 Results Comparison for Topology Design 3
	Rendition 3

	Tests
	Max Deflection
	Max Stress
	Max Temperature
	Mass

	Units
	mm
	Mpa
	°C
	g

	Original
	0.31913
	361.63
	299.3
	256

	Rendition
	0.39349
	361.56
	309.12
	249



Results for rendition 3, shown in Table 5, demonstrate that in the tests, excluding mass and stress, the topology designed piston has reduced in structural performance. Although a reduction in mass was the objective of this study, which has been accomplished, the piston has lost slight structural integrity. This is validated in a report by Dr. R. R. Navthar, where a piston was optimized regarding mass. The findings show that a reduction in weight caused an increase in deformation (Navthar, 2023).


[bookmark: _Toc185185158]6 Conclusion
To conclude, the advantages of performing an FEA study are apparent in terms of comparison to real world studies, yet limitations do arise. Through a comprehensive review of key methodologies, it has been demonstrated that software’s such as ANSYS workbench provide cost-effective, efficient, and time efficient solutions. The ability to simulate complex scenarios by redesigning and optimization techniques demonstrates its vitality in product design. Although challenges are expected throughout the process, the software can only provide results from boundary conditions of the same accuracy. 

The results of this study demonstrate the abilities and improvements of FEA through the redesigns of the piston. The multiple renditions analysed display that a refinement in mass contributes to modifications in the component’s structural integrity. Rendition 2 proves the most successful in reducing mass while improving structural performance, attributed to its square recess design. Whereas the optimized design demonstrates a worsening in deformation and maximum temperature, while improving slightly at stress distribution. This may be the consequence of a sudden mass decrease. 
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