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1. [bookmark: _Toc185169508]
Introduction 
The field of engineering has experienced a transformative shift with the integration of Computer-Aided Engineering (CAE) tools, revolutionizing design, analysis, and optimization processes. CAE applications allow engineers to simulate and evaluate real-world conditions in virtual environments, leading to cost-effective and innovative solutions. However, despite their benefits, these tools have limitations, necessitating critical assessment and strategic application. 
This assignment focuses on the practical application of CAE processes to address structural and fluid analysis challenges. Through the modelling, simulation, and optimization of an assembly, the assignment aims to evaluate the proficiency in employing CAE software, particularly ANSYS, to improve component performance under realistic conditions, by exploring factors such as kinematic and static structural analyses. The usage of ANSYS to solve structural and fluid analysis problems is the main emphasis of this assignment. The assignment is to assess the ability to use ANSYS to enhance component performance under realistic circumstances by modelling, simulating, and optimising an assembly. 


2. [bookmark: _Toc185169509]Validating Testing 
[bookmark: _Toc185169510]2.1 Simplified Test Case 
[bookmark: _Toc185169511]2.1.1 Static Structural Analysis 
Static structural analysis is a fundamental branch of engineering analysis that determines with quantitative numerical results and computer graphics output the behaviour of a structure and components under static loading conditions. The primary goal of static structural analysis is to evaluate how applied forces, pressures, or thermal effects influence a structure's response, including displacements, stresses, strains, and reaction forces. By studying and analysing the distribution of stresses and strains, engineers can identify weak spots before construction begins, allowing them to make the required corrections to improve the strength and longevity of the building by optimizing the design to enhance performance and safety. (neuralconcept, 2023).
The two methods of analysis that can be used for static structural analysis is Analytical Method and Numerical method. The analytical method in static structural analysis involves using mathematical equations and principles of mechanics to evaluate the behaviour of structures under static loads. This approach is typically applied to simple structures and loading conditions where exact solutions can be derived. Analytical method is derived from several key concepts being one, Equilibrium Equations where, a structure is in equilibrium when the sum of all forces and moments acting on it is zero. Examples of these equations are:
∑F = 0 (Force equilibrium)
∑M = 0 (Moment equilibrium)
Another key concept that analytical method focuses on is Stress-Strain Relationships. This relates internal stresses within a material to the strains caused by external loads. The Stress-Strain Relationship is governed by Hooke’s Law: σ=E⋅ε. The last two concepts that the analytical method focuses on are compatibility conditions and boundary conditions (Hanandita, 2023). 



Analytical vs Software Comparison 
Bending Cantilever with Axial Force
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                                                          Figure 1: The values used to Run the Simulation
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                          Figure 2: The max Deformation Value of Cantilever Beam with Axial Force applied to it
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                                                                     Figure 3: Cantilever Beam after Deformation

From figure 2 and 3 it can be seen the deformation value calculated by analytical method is 3.557m and the total deformation value produced by using ANSYS is 3.555m thus showing the accuracy of the simulation to be 99.9% accurate. This is sufficient evidence to validate the usage of ANSYS in Static Structural Study. 


[bookmark: _Toc185169512]
2.1.2 Mesh Independence Study 
Meshing is a crucial step in the finite element method, involving the division of a three-dimensional object into thousands of cells to accurately define its physical shape. In the meshing process, the quality of the mesh used in the analysis directly influences the accuracy of the obtained values and the CPU time required to complete the analysis (Hanandita, 2023).  The mesh structure is the subdivision of the mathematical model which has a simple geometric form, and does not overlap, called a finite element. The answer to each finite element simulation is expressed on a finite number of freedom degrees that represent the values of unknown function (movement function) in several crucial points. Thus, the mathematical model will result in an approximation of the response obtained by assembling a discrete model with all other model elements. The size, density, and quality of the mesh significantly impact the accuracy and computational cost of the solution. A finer mesh typically provides more accurate results but at the expense of increased computational effort. Conversely, a coarse mesh may lead to faster simulations but with less precision and potentially erroneous results (Baroiu, 2020). 
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                                                                Figure 4: Mesh Selection Process in ANSYS
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                                                                Figure 5: Bimetallic Strip with Large Mesh Dimension
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                                                          Figure 6: Bimetallic Strip with Smaller/Finer Mesh Dimension








                                                    Figure 7: Graph of Max Deformation vs Mesh Sizes

This graph in figure 7 presents the relationship between maximum deformation and element size in a finite element analysis, emphasizing the importance of mesh refinement. The blue line represents the maximum deformation obtained from the numerical simulation, while the orange dashed line shows the analytical solution, which provides a constant benchmark value of approximately 7.049 mm. The results indicate that as the element size decreases, the numerical deformation approaches the analytical solution, demonstrating the convergence of the finite element method. For larger element sizes, the deformation deviates significantly from the analytical value, revealing reduced accuracy and over-refinement due to the coarse discretization of the model. This behaviour underscores the necessity of refining the mesh to achieve reliable results.
As the mesh becomes finer (smaller element size), the results become increasingly accurate, with the deformation values closely matching the analytical solution. However, the graph also reveals a sharp drop in deformation at a very small element size (around 0.001 m), which may indicate numerical instability, over-refinement, or issues such as ill-conditioned matrices or excessive rounding errors in the simulation. This suggests that while mesh refinement improves accuracy up to a point, excessively fine meshes can introduce computational challenges without yielding meaningful improvements in results.


[bookmark: _Toc185169513]2.1.3 Boundary Condition 
Boundary conditions are a fundamental concept in engineering analysis and computational modelling. They define how a system interacts with its environment and play a crucial role in solving mathematical models that describe physical phenomena. In numerical simulations, such as Finite Element Analysis (FEA) or Computational Fluid Dynamics (CFD), boundary conditions specify constraints, forces, or environmental influences that determine the behaviour of the system under study. The two types of boundary conditions in a continuous system are Geometric (Essential) Boundary Conditions and Force (Natural) Boundary Conditions (Baroiu, 2020). 
Geometric (Essential) Boundary Conditions must be satisfied according to geometric constraints. An example of this type of boundary condition is a fixed load, such as a fixed load at the end of a cantilever beam. Force (Natural) Boundary Conditions can be described as load acting on a surface or component. An example of this is point load on the end of a cantilever beam (jousefmurad, 2022). 
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                                                                  Figure 8: Forces being applied to Cantilever Beam
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                                                                 Figure 9: Fixed Support added to Cantilever Beam

[image: A computer screen shot of a person holding a stick

Description automatically generated]
                                                              Figure 10: Force Load added to Cantilever Beam




[bookmark: _Toc185169514]2.1.4 Steady State Thermal 
Steady-state thermal analysis is a fundamental aspect of thermal engineering that focuses on understanding the distribution of temperature in a system under constant loading conditions over time. Steady State thermal is performed by analysing the equilibrium state of a system subjected to a constant heat loading as well as environmental conditions. This makes it an essential tool for designing and evaluating components where steady operational conditions are assumed. It enables engineers to assess heat transfer through conduction, convection, and radiation, ensuring the thermal performance of materials and components while maintaining safety and functionality. The simplest form of steady-state analysis is linear steady-state analysis in which input parameters, such as material properties, are prescribed independent variables (cadence, 2020). 
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                                            Figure 11: Bimetallic Strip Subjected to 122°C Thermal Condition
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                                                       Figure 12: Max Deformation of Bimetallic Strip
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                                                                 Figure 13: Deformation of Bimetallic Strip
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                                          Figure 14: Deformation of Bimetallic Strip Shown in ANSYS

As it can be seen from figures 11, the max deformation of the bimetallic strip is valued at 7.049mm. The value for the max deformation of bimetallic strip in ANSYS is valued at 7.123mm. This shows the simulation being 98.96% accurate. The percentage difference validates the ability of ANSYS to produce close to accurate result, thus making ANSYS a viable software to perform validations. 


3. [bookmark: _Toc185169515]Modelling and Assembly 
The assembly chosen for this assignment is an engine assembly. The assembly will be modelled in SolidWorks and then further tested in ANSYS. The tests that will be done to the assembly is putting in through Kinematic Analysis to produce the necessary motion loads needed to further analyse the assembly. 
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                                                                   Figure 15: Engine Assembly Used
 






[bookmark: _Toc185169516]Kinematic Analysis 
Kinematic analysis is an essential tool in understanding and designing the motion of systems and mechanisms. By focusing on position, velocity, and acceleration, it provides the foundation for creating efficient, functional, and innovative designs. The testing that will be done to the assembly is putting in through Kinematic Analysis to produce the necessary motion loads needed to further analyse the assembly (sciencedirect, 2018).  
The Kinematic Analysis was conducted in ANSYS Rigid Dynamics. The engine was set to run at 4000RPM. After the rigid dynamics process was completed, the data point was selected as seen in figure 17. The reasons for the selection of that particular data point is because we aim to investigate the deformation of the piston, hence selected the data point where the most loads is applied to the piston. 
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                                                      Figure 16: Kinematic Analysis done via Rigid Dynamics
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                                                        Figure 17: Data Point Selected for Motion Load

4. [bookmark: _Toc185169517]Optimization and Improvement 
From the assembly above, the parts chosen to be further analysed and improved is the Piston. The piston is a critical component of an internal combustion engine, responsible for converting the energy produced during combustion into mechanical work. It operates under extreme conditions, including high temperatures, pressures, and repetitive mechanical loads, making material selection a key factor in its performance, durability, and efficiency. This assignment aims to explore the materials used in pistons, focusing on their properties, advantages, and limitations. 
Piston material can be affected by different engine loading. The engine loadings that will be studied in this investigation are thermal loading and mechanical loading. The thermal load from the gas temperatures in the combustion process is also a cyclic load on the piston. It acts primarily during the expansion stroke on the combustion chamber side of the piston. Additional knowledge about heat transfer that are dependent on the contact pressure allows suitable heat transfer coefficients to be defined for all relevant surfaces and contact areas of the piston. In combination with the corresponding ambient temperatures, they can be used to describe the local heat flow (MAHLE, 2016). 
The mechanical force that we will be investigating are the gas force from combustion pressure, the inertia force from the oscillating motion of the piston and the lateral force from the support of the gas force. Simulation of the gas force is intended to represent the effect of gas pressure on a piston at operating temperature. The gas pressure is applied to the simulation model over the entire piston crown, down to the lower flank of the top ring groove. The inertia force on a piston is a reaction force caused by the resistance of the piston to changes in its motion due to its mass and the acceleration it experiences. These variations in acceleration give rise to inertia forces that act on the piston. One of the factors that influence inertia on the piston is the mass of piston. The mass of piston can be changed by manipulating its material. The role inertia forces play on a piston is affecting its structural stress. Other forces acting on the piston are lateral force. This is the sideward force exerted on the piston by the connecting rod during its reciprocating motion in an engine or compressor. The inclination of the connecting rod generates a horizontal component of force, causing the piston to press against the cylinder wall. Effects of lateral force on the piston are thermal and mechanical stress with can cause deformation (MAHLE, 2016).

4.1 [bookmark: _Toc185169518]Material Selection Discussion and Analysis 
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                                                   Figure 18: List of Materials used for this Investigation
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                                                              Figure 19: Forces Acting on Aluminium Piston
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                                                                       Figure 20: Forces Acting on Cast Iron Piston
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                                                                     Figure 21: Forces Acting on Stainless Steel Piston

From figures 19 the force applied onto the aluminium piston is 2378.5N. In figure 20, the forces applied onto the cast iron piston is 6750N and lastly in figure 21 the force applied to the stainless-steel piston is 7010.4N. By conducting this analysis, it can be validated that forces applied onto a piston is affected by its material. This is because the materials vary in mass and density. A piston’s mass contributes directly to its inertia, meaning heavier pistons resist changes in motion more than lighter pistons. Heavier piston experiences greater forces during motion, increasing the overall load applied during operation. In high-speed engines, lighter pistons such aluminium are advantageous because they reduce the inertial forces generated during rapid acceleration and deceleration cycles. Heavier piston such as cast iron and stainless steel increase these forces, potentially requiring stronger components to handle the stresses thus incurring more expenses to engine assembly. 







[bookmark: _Toc185169520]Thermal Loading 
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                                                   Figure 22: Steady State Thermal Values for Aluminium Piston
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                                                          Figure 23: Steady State Thermal Values for Cast Iron Piston
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                                                      Figure 24: Steady State Thermal Values for Stainless Steel Piston
	Material Type 
	Maximum Temperature Value (°C)


	Aluminium 

	299.89

	Cast Iron

	478.48

	Stainless Steel 

	599.22



From figure 22,23,24 it is discussed how the thermal conductivity of the material significantly affects the temperature level. As a rule, high thermal conductivity is advantageous, because it leads to a uniform temperature distribution within the piston. Low temperatures allow for greater material loading in the piston crown. The steady-state thermal analysis of pistons made from aluminium, cast iron, and stainless-steel reveals significant differences in thermal behaviour due to material properties. Aluminium has the lowest maximum heat temperate. This indicates an excellent thermal conductivity and demonstrates rapid heat dissipation. However, its lower melting point and susceptibility to wear are drawbacks under extreme conditions. Cast iron dissipates heat more slowly and has a greater maximum temperature of 478.48°C. Although its weight and ineffective heat management are drawbacks, this offers improved thermal stability and endurance, making it appropriate for heavy-duty applications. 
Stainless steel is the ideal material choice for tough settings since it has the greatest maximum temperature (559.22°C) and the steepest temperature gradient. However, because of its low thermal conductivity and large weight, it requires sophisticated cooling techniques. 
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                                                                     Figure 25: Total Deformation of Aluminium Piston
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                                                                          Figure 26: Total Deformation of Cast Iron Piston
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                                                                     Figure 27: Total Deformation of Stainless-Steel Piston
	Material Type 

	Maximum Deformation (m)

	Aluminium

	0.00029393 

	Cast Iron

	0.00017733 

	Stainless Steel 

	0.00024844 



The total deformation analysis of pistons reveals distinct differences based on material properties. Aluminium exhibits the highest deformation (0.00029393 m) due to its lower modulus of elasticity, making it suitable for lightweight, high-speed engines where its thermal conductivity and low weight improve efficiency, though it may deform under heavy loads. In the aluminium piston it can be seen the deformation is more evenly distributed, reflecting aluminium’s good thermal conductivity and uniform load-handling characteristics. Cast iron shows the least deformation (0.00017733 m), due to its higher stiffness and modulus of elasticity, reflecting its high rigidity and durability, from figure 26 it can be seen the deformation is more concentrated in areas of higher stress, such as the piston head and skirt, indicating its rigidity under load. 
Stainless steel demonstrates moderate deformation (0.00024844 m), balancing strength and flexibility, showing moderate deformation, higher than cast iron but less than aluminium. This reflects its balance of strength and flexibility, making it well-suited for extreme environments with high pressures and temperatures, though its higher weight and thermal retention may limit efficiency. The material choice depends on application-specific needs, with aluminium excelling in lightweight performance, cast iron in durability, and stainless steel in extreme condition resilience.
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                                                                        Figure 28: Equivalent Stress on Aluminium Piston
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                                                                      Figure 29: Equivalent Stress on Cast Iron Piston
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                                                                  Figure 30: Equivalent Stress on Stainless Steel Piston
	Material Type 

	Max Equivalent Stress (Pa)

	Aluminium 
	3.614 × 10⁸ 


	Cast Iron
	3.704 × 10⁸


	Stainless Steel 

	3.753 × 10⁸



Figure 28,29,30 analyses the equivalent stresses of aluminium, cast iron, and stainless-steel the aluminium piston, with a maximum stress of 3.614 × 10⁸ Pa, exhibits the highest stress due to its lower strength and higher deformation under load. Its stress is more evenly distributed across the piston, The cast iron piston, with a slightly higher maximum stress of 3.704 × 10⁸ Pa, demonstrates superior stiffness and strength, resulting in reduced deformation and a better ability to handle heavy loads. However, the stress is more localized, particularly at the crown and skirt, which could lead to crack propagation over time. The stainless-steel piston, with the highest maximum stress of 3.753 × 10⁸ Pa, reflects its high rigidity and resistance to deformation, allowing it to perform well under extreme pressure and temperature conditions. 


5. [bookmark: _Toc185169523]Advantages and Limitations 
After rigorous use of the ANSYS software to validate the case study conducted for this assignment, there are several noticeable advantages as well as limitations of this software. To begin, the ANSYS has a wide collection of Multiphysics Capability. ANSYS has the extensive capability of simulating multiple physics domains, such as structural, thermal, fluid dynamics (CFD), electromagnetics, and their interactions with each other. Next, ANSYS has a high level of accuracy and reliability when it comes to its solvers. ANSYS has the capability of producing results close to 99% accuracy as it can be seen from the validation testing in the segment above. From the usage of ANSYS throughout his assignment, it can be seen that ANSYS has are very user-friendly interface. ANSYS has a very modern and simple interface that makes it easier to navigate and set up simulations. Lastly, with the usage of ANSYS this reduces the need for physical prototypes by enabling virtual testing and optimization. Additionally, ANSYS helps refine designs early in the development process, saving time and costs (gmtrubber, 2020).
With the mentioned advantages, there are also several limitations that follow. ANSYS is a software that has high computational requirements. This can hinder users with less advanced computers from fully utilizing the software. Another limitation of ANSYS is modelling approximations and precise boundary conditions. Simulations heavily rely on accurate assumptions, simplifications, or idealizations that may not fully capture real-world behaviour. Additionally, the accuracy of results depends heavily on correctly defining boundary conditions, which can be challenging. In some cases, this information might not be easily accessible hence making the solving process in ANSYS more difficult and less accurate. ANSYS also experiences some solver limitations. For example, solvers can encounter numerical instabilities or divergence, especially for complex nonlinear problems. Lastly, ANSYS is a very generalized software and might not be applicable for niche applications (nkuleon, 2021).




6. [bookmark: _Toc185169524]Conclusion 
To conclude, various materials play a large role in how a parts performs. After the extensive use of ANSYS software and research, the preferred material that should be used in piston the construction is the 6061, T6, Aluminium. With the selection of material being made via ANSYS, this showcases ANSYS ability to run simulation in and producing valid results in an engineering industry. To summarize, ANSYS is a powerful and versatile engineering simulation software widely used across industries for its ability to analyse and optimize product designs efficiently. It offers a comprehensive range of capabilities, including structural analysis, fluid dynamics, thermal simulations, and electromagnetic modelling, enabling engineers to address complex, real-world problems with high accuracy. However, ANSYS has limitations, including a steep learning curve for beginners, high computational requirements for complex simulations, and the potential for lengthy setup times. By addressing these limitations, ANSYS remains a highly effective tool to be used in the engineering industry. 
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0042 - Bending Cantilever with Axial Force

Description

A cantilever is loaded by a transversal and an axial force on the right end and it is fully fixed on the
leftend (u, = u, = u, = ¢, = p, = p, = 0) according to the Figure 1. The problem is described
by the following set of parameters.

Material Steel o 210000.000 | MPa
Elasticity
Poisson’s
0.300 | —
Ratio v
Geometry Cantilever Length L 10.000 | m
Cross-section
width v ooso|m
Load Transversal F, 7650 | kN
Force
Axial Force | F, 1600 [ kN





