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[bookmark: _Toc185191164]Introduction
This is a report on using computer aided engineering (CAE) to model and evaluate an assembly when placed under various simulated loads and conditions, including: realistic boundary conditions, material properties, realistic thermal conditions and loading conditions.
The result of the analysis drawn from the above simulation will be used to optimize the design of the assembly. This will involve the use of CAE optimization tools such as a topology study to enhance structural performance and fatigue life whilst keeping the components mass low. 
Finally, a validation test case will be conducted. A simple loaded model will be simulated using CAE methods and also analytically calculate values to compare the effectiveness of CAE methods and how adjusting CAE settings can make the result more or less accurate such as mesh size and node density.
[bookmark: _Toc185191165]
Modelling and Assembly
The assembly being used for this report is the Piston-Crankshaft assembly and models supplied by the module lecturer.
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Figure 1 - Piston-Crankshaft Assembly
By using the supplied models and assembly we can be sure that the dimensions are accurate and the connections between the components will be possible and realistic, both important factors for accurate data and a successful study.
The next step after choosing the geometry of the study was to import the model into the main CAE being utilised for this project, ANSYS, a prominent simulation software. Ansys will be perfect to constrain our model realistically with all the important constraints and loads. This starts with generating a new Project Schematic and inserting an Engineering Data component.
The Engineering Data component is where we can begin to build our realistic simulation conditions by specifying the material properties of the model. For this specific study all components will be modelled with 6061 T6 Aluminium Alloy. (Akshay Gupta, 2023). 
The Engineering Data component was assigned the material properties for 6061 T6 Aluminium Alloy. The Isotropic Elasticity was derived from a Table of Properties of the Youngs Modulus and Poisson’s ratio in regard to different temperature conditions in order for accurate simulation of the material properties under accurate thermal conditions.
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Figure 2 - 6061 T6 Aluminium Alloy Material Properties
[image: A screenshot of a computer

Description automatically generated]
Figure 3 - Table derived Isometric Elasticity


[bookmark: _Toc185191166]Kinematic Simulation and Structural Analysis
[bookmark: _Toc185191167]Kinematic Simulation (Rigid Dynamics)

The kinematic simulation modelled the dynamic behaviour of the assembly under a load of  rotational velocity of 4000 RPM. Accurate revolute joints were manually created to replicate real movement. The maximum force of 2369.4 N at the Gudgeon pin joint was extracted for further structural analysis.
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Figure 4 - Dynamic Freedoms of Assembly
In this simulation the maximum Total force was at the 151th time step and was 2369.4 N. This time step will be retrieved for using this force data within other parts of the study. The reason its only a single time step is because the next part of the study, the Static Structural component is not a transient temporal study like the Rigid Dynamics study. This means it can only look at a single ‘moment’ / set of values. Thus in order to build up an accurate simulation and conditions for a Static Structural study, we needed to run a Rigid Dynamics  study first to obtain accurate data to populate the Static Structural.
[bookmark: _Toc185191168]Thermal Considerations (Steady-State Thermal)
Some more data required for an accurate simulation of a Static Structural  study is the output values of a Steady-State Thermal study. This is because some material properties are temperature dependent and so accurate simulation of the thermal environment is imperative to simulate the model correctly as the components will deform and break differently depending on the temperature of the material. 
By undergoing a Thermal study we can accurately model the temperature distribution over the Piston and this model will be propagated into the Static Structural study. The thermal study involves applying heat conditions onto the model. In this case we are applying convection heat conditions in various surface areas of the piston to recreate the accurate heat distribution across the piston. 
The accuracy of the temperature data is incredibly mesh dependant. Its imperative to have a relatively dense mesh for this study in order to simulate the spread of heat correctly. Once the Thermal study is concluded, and the temperature distribution has been mapped onto the model, the solution of the study, the temperature distribution map, will be exported in order to build accurate constraints in the Static Structural component. [image: A computer screen shot of a rainbow colored object
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Figure 5 - Heat Map of Temperature Distribution
[bookmark: _Toc185191169]Static Structural Setup
The focus of the Static Structural Analysis is to simulate the Total Deformation and the Equivalent Stress ( von-Mises) experienced across the model. Using this data and CAE, we can optimize and improve the geometry of the model using methods such as a Topology study and iterative redesign. Runing each redesign through the above 3 systems again and comparing the Stress and Deformation. 
At this point the simulation models are set up as seen in Figure 5 below, with the material properties constant throughout, the Rigid Dynamics study modelling the connections and material properties onto the assembly as well as outputting data about the maximum force experienced on the joint probe present on the connection between the Gudgeon pin and Piston head. This solution data is sent ‘down stream’ to the setup of the Static Structural as Motion-Loads data. 
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Figure 6 - Data Stream of Components
Also being sent to the setup of the Static Structural  study is the solution data of the Steady-State Thermal study. This is showing the temperature distribution over the body of the Piston will make the study accurate due to the varying thermal based material properties, which will directly affect the Deformation and Equivalent Stress result.
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Description automatically generated]Two more important setup steps worthy of note are the Pressure force exerted uniformly across the top face of the Piston, as it would experience in reality, and the use of the Weak Springs  function, which allows the model to be held still in space without exerting any meaningful force upon the body and thus not negatively affecting the study. Figure 7 - Setup Details of Static Structural Study

As seen in Figure 6 to the right, the setup tree of the Static Structural study includes all of the built up constraints and loads. Starting at the top there is: the suppression of the bodies minus the Piston head which is being studied, the 6061-T6 materials data, the accurate joints and contacts of the assembly to allow realistic kinematics, a relatively dense mesh with specific face sizing on the top face of the Piston, the imported loads from the Rigid Dynamics study, the pressure load, the temperature load, and finally the solution variables of Total Deformation and Equivalent Stress.
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[bookmark: _Toc185191171]Total Deformation Analysis 
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Description automatically generated]The first part of the study results analysis will focus on the Total Deformation solution and the second part of the study will focus on the Equivalent Stress solution. Below are figures 7a and 7b, these are the heat maps of the Total Deformation simulated across the Piston. The Maximum Deformation that occurred was 0.000344 m or 0.344 mm or 344 microns, a very small value. The greatest area of stress was on the top face of the piston in the centre, closely followed by the top face rim and edge. Another place of highlight in regards to high levels of deformation are the coupling rings on the bottom of the Piston which connect to the Gudgeon pin.









Figure 8a - Total Deformation Heat Map – Isometric
Figure 7b - Total Deformation Heat Map - Bottom
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Equivalent Stress (Von-Mises) Analysis
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Figure 9 - Equivalent Stress (von-Mises) Heat  Map
As can be seen in Figure 8, the greatest Equivalent Stress is around the bottom edge of the oil ring trench. This is equivalent to 2.08*10^9 Pa or 2,080,000 MPa, whereas the average Stress across the piston is closer to 2.2*10^8 Pa or 220,000 MPa. Much of the piston top surface and the flat sides of the piston didn’t experience a high level of stress and so there is room for deductive redesign and mass optimization In these areas. 
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[bookmark: _Toc185191175]Topology study Ansys - FAILED
Following the analysis of the Total Deformation and Equivalent Stress, we have areas to focus on for improving the design. Enhance structural performance and enhance the fatigue life of the model whilst keeping mass as low as possible. In terms of the enhancing the structural performance of the model, this means redesigning the model so that the Total Deformation and Equivalent Stress Maximum values are lower. In terms of fatigue, fatigue causes failure on components due to cyclic stress loads which over time develop cracks which widen and cause failure. The amount of stress cycles the component can take before failure can be increased through multiple methods such as material or manufacturing changes but for this project, we are going to focus on redesigning the areas surrounding the highest stress conditions to deal with stress better, this means less sharp angles and more curves in order to support the metallic structure which must dissipate the stress. Both objectives must be undergone whist keeping mass as low as possible.
Using a Structural Optimization study will allow Ansys to generate a set of redesigns of the model following constraints set upon it. By connecting the Optimization component setup to the solution of the Static Structural component means that the loads will be applied properly. Next an objective is selected, initially this is going to be stress, the objective is to minimalize the stress focussing on the previously found high stress regions such as the Oil Ring Trench. We also have to set certain parts of the Piston to be excluded from the study as these are imperative to the function of the model, such as the slots for the Gudgeon pin and the top face of the Piston. 
Once setup is populated the study can be solved. Unfortunately there was a persistent error with the Structural Optimization component where it would always fail 30% of the way through the iterations. After much testing it was deemed moving the topological study across to a SolidWorks simulation is the only option as Ansys wasn’t clear on the cause of the error and we were unable to solve the issue.
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Figure 10 - Topology Ansys Fail


[bookmark: _Toc185191176]Topology Study SolidWorks – FAILED
Due to the failure with Ansys the model was imported into a SolidWorks topology simulation, it was given the same objective, constraints and loads. The result was the same as Ansys, the generation of iterations would begin and fail, often just under 50% of the total iterations. Even setting for 1-3 iterations would result in failure.
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Figure 11 - Topology SolidWorks  Fail
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The first redesign of the iterative process focusses on filleting and rounding areas of high stress, this will dissipate the high stress due to stress being worse at sharp angles such as right angles, the first step is to redesign the Oil Ring Trench to be very slightly rounded. Not only will this increase fatigue life but also decrease the weight a small amount. Mass is 254.88 grams
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Figure 12 - Rounded Oil Ring Redesign
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Figure 13 - Redesign 1 Stress heat map
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Figure 14 - Redesign 1 Deformation heat map
Figure 13 is a Stress (von-Mises) heat map of the redesigned piston. By comparing maximum stress values with the original body, we can see a decrease in value of 10^1. This is a significant difference is maximum stress. 
[bookmark: _Toc185191179]Redesign 2
This redesign will focus on removing unneeded mass from the areas unaffected by deformation or high stress. Using the stress and deformation heat maps its clear the sides flanking the bolt holes don’t experience much stress or deformation and so these areas are the best place to remove material as they aren’t imperative for the function. Mass 245.55 grams.
It was important to round the edges on the redesign to avoid areas of high stress congregation which would be susceptible to fatigue over a large number of stress cycles.
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Figure 15 - Redesign 2 Stress heat map
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Figure 16 - Redesign 2 Deformation heat map
Results of Iterative Designs
	Iteration
	Maximum Stress (MPA)
	Maximum Deflection (mm)
	Mass (g)

	Original 
	2,080,000
	0.344
	256

	Oil Ring Fillet
	395,000
	0.021
	254.88

	Side Mass Removal
	387,900
	0.021
	245.55


Figure 17 - Results of Iterative Designs
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The test case we will use for validation of the CAE system will be a Cantilever with a uniform load. This is a simple test case with a basic analytical solution which can be derived from fundamental principles. In order to be consistent and valid, a validation example will be referenced for material properties and method. 
	Material
	Elastic-Plastic
	Modulus of Elasticity
	E
	210000
	MPa

	
	
	Poisson’s Ratio
	ѵ
	0
	

	
	
	Shear Modulus 
	G
	105000
	MPa

	Geometry
	Plate
	Length
	L
	1
	m 

	
	
	Width
	w
	0.05
	m 

	
	
	Thickness
	t
	0.005
	m

	Load
	
	Pressure
	p
	2750
	Pa


Figure 18 - Validation Example Values
Formulas-
  		 					

Solution-
  = 137.5 – Uniform Load along the beam
 – Moment of Inertia 
 Maximum deflection in metres 
Now we have a value for maximum deflection when the problem is solved analytically, we move onto using Ansys as a CAE method for solution and then compare results. 







[bookmark: _Toc185191182]Simplified Case CAE Solved
The first step of this study is to generate a new material on an Engineering Data component and assign the values of the above Elastic-Plastic Material, E = 210000 MPA and v = 0. Next we attach this to a Static Structural  study and import the cantilever geometry. Figure 9 is a diagram of the 3d geometry which has been designed in SOLIDWORKS and imported into Ansys for use as geometry in this study.
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Figure 19 - Model of Cantilever (m)
Once the geometry was imported into the Static Structural  study, we assigned the material of Elastic – Plastic to the model, applying the important property of Modulus of Elasticity. Next a mesh is generated. In this case an Element Size of 0.01m was used for a decently dense mesh. Next a fixed support was applied to once of the ends of the beam and a uniform pressure was applied along one face. The pressure was assigned the Magnitude of 2750 Pa. Finally in the solution section, Total Deformation was selected to be mapped onto the model.
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Figure 20 - Heat Map of Total Deformation
 As we can see from the heat map in figure 10, the maximum deflection on the beam was 0.15715 m. This value matches up perfectly with our analytical solution. Thus showing the CAE Static Structural method was just as accurate as the hand calculated values for the same problem.

[bookmark: _Toc185191183]Mesh Independence Study
This section of validation will focus on mesh resolution and its effect on the solution. In order to test this the previous CAE model will be resolved multiple times, each using a different mesh resolution and final results will be compared.
	Mesh Element Size
	Maximum Deflection

	0.1
	0.15715

	0.01
	0.15715

	0.001
	0.15715


The table above shows that for maximum deflection, because there will always be a node at the edges of the model, the number/density of nodes between them doesn’t have a meaningful effect. This is only the case for maximum values as when mapping properties like temperature or stress onto a body, a dense mesh will be more important as each node will be more accurate and there will be less rounding and propagated error.

[bookmark: _Toc185191184]Conclusion 
This study demonstrated the effectiveness of CAE tools in analysing and validating a piston-crankshaft assembly. The calculated Kinematic and thermal loads provided good inputs for structural analysis, while validation against analytical results confirmed simulation accuracy. The topology optimization efforts in ANSYS and SolidWorks encountered errors but iterative redesign highlighted potential improvements in stress distribution. Future work should explore alternative optimization techniques and refine the model for enhanced manufacturability and performance.
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