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[bookmark: _Toc197892435]1.0 Introduction:
Computer Aided Engineering (CAE) tools have become a fundamental part of the modern engineering design process, having replaced various older systems in some areas. Whilst the usage of CAE tools proves to be highly beneficial, it is not without limitations, which will be explored in this assignment.
The intention of this assignment is to highlight the importance of using CAE tools by highlighting their advantages compared to the previous system(s), alongside the drawbacks of CAE tools, in particular how they affected by limitations, simplifications and assumptions influencing the accuracy of their solutions and the information that can be inferred from them. 
In this assignment, a test case of a finite element method (FEM) simulation will be supplied with data that may have been subject to simplification, rounding, and assumptions. These factors will aid to assess the usefulness of CAE tools through analytical validation but also assessing limitations, which would affect the efficacy of solution accuracy. And how by referring to literature, inferring ideas and using one’s intuition, the usage of CAE tools can be considered for their viability as a part of the modern engineering design process.
[bookmark: _Toc197892436]2.0 Simplified Test Case – 155mm Impact
	For this assignment, to assess the efficacy of CAE Tools, a simplified test case is performed in order to understand the core ideas of designing, modelling and testing, through a digital format. In this case study through an explicit dynamic finite element method (FIM) simulation, instead of performing the calculations by hand as they would have been done prior to the invention of the CAE process. 
The test case for this assignment details the scenario in which; a 155mm projectile impacts a metal plate, and the resulting damage is to be calculated as the outcome of the simulation. This case study was chosen due to its relation to the study of OME, whilst still being a relatively simple simulation, it aims to highlight how the usage of CAE tools is beneficial to many areas of engineering, including that of OME.
[bookmark: _Toc197892437]2.1 Test Case without using CAE Tools
	To consider completing this test case without the usage of a computer aided engineering process is to perform the finite element method, and all its calculations, by hand, taking a considerable amount of time. 
A simple one-dimensional beam, with a load at one end would take hours, whereas a full three-dimensional beam would take weeks of calculations, growing in time exponentially as the simulation grows in difficulty as the number of elements increases and the geometry becomes more complex, or as you move away from stresses on a beam, to fluid flow and ballistic impacts.
Regardless each node will need to be calculated as they move, are influenced and influence each other. Calculations to find stresses, strain and deformation are done through the equations for; impact force, elastic deformation, plastic deformation require using material models like Johnson-Cook and other solver methods like a matrix assembly. When this gargantuan task has been completed, the data should be graphed, to construct it into a more digestible format. 
To summarise, calculating a finite element analysis for a complex geometry is simply impractical. Whereas a CAE process, like an explicit dynamic simulation, will do these calculations for the engineer based off of constructed geometry, and the results can be displayed as a three-dimensional model, which can be rotated, sectioned, and colour-coded to show stresses and deformation. The simulation will also create time steps creating snapshots of the simulation that can be played back as a video to show the stresses through time. There is very little good reason to complete a finite element analysis by hand without usage of a CAE program, it may even be advisable to test the scenario physically instead of doing the calculations by hand.
[bookmark: _Toc197892438]2.2 Analysis of Test Case using CAE Tools
	To conduct an explicit dynamic simulation of a 155mm shell impacting a metal plate, the first step is to find a reference to create the geometry. 
The 155mm artillery shell will be constructed out of three separate geometries created to achieve the complex internal and external shape of the projectile and allow for different regions to be assigned as different materials. These three geometries are the fill, the metal casing, and the fuze. These separate parts are assembled in SolidWorks to create a single geometry with individual selectable portions.
This complete 155mm shell is then put into an assembly with the target, which is a 300x300mm plate, with a thickness of 10mm.
[image: A screenshot of a computer
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Figure 1 - A sectioned view of the final assembly in SolidWorks, across the X-Z plane.
The advantage of creating the geometry in a modelling software, like SolidWorks, is that designs can be changed easily allowing for rapid prototyping. The thickness of the target can be adjusted, and the geometry of the shell can be changed to test other designs. However, there are limitations, the fidelity of the model can only be as high as the skill level of the person(s) making the geometry, this is the first limitation of using CAE during the Engineering Process the ‘quality of the model’.
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Figure 2 – A screenshot of the assembly of the of 155mm artillery shell and the target plate, made in SolidWorks.
[bookmark: _Toc197892439]2.3 Material Limitations with CAE Tools
	Once the geometry has been constructed it is imported into ANSYS Workbench, this is a separate software than the software that was used to create the geometry. 
Before this can be imported however, the first step is to assign the solver type. In this case study as the wanted is a ballistic simulation, the solver choice needed is an “Explicit Dynamic”, in order for this to work, it must pull from “Engineering Data” or put simply material properties that will be assigned to geometry in order for the calculations to be made to run the simulation.
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Figure 3 - A screenshot taken inside ANSYS Workbench, Showing the steps list for the simulation.
The material data provided for this assignment can prove to be the second limitation with CAE processes. Providing material data that is not 100% accurate could result in simulations with widely different outcomes compared to if the simulation was done for real. And in the event the exact material data exists, validating this data is difficult without finding multiple correlating sources or performing your own tests.
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Figure 4 - A screenshot taken inside ANSYS Workbench, showing the material properties for ‘Structural Steel’.
The simulation for this CAE process pulls engineering data from four different materials for the four different elements of the geometry. A ‘Steel 1006’ for the body of the 155mm shell, with an AL (Aluminium) 7039 fuze on the front, as well as having a ‘Comp B’ (a type of explosive) filling or core. 
Also, the armour plate that this projectile will be impacting has the material properties of a Tungsten Alloy. These four material data sets should be accurate or as close as possible to have a high amount of confidence in the final result. As they interact with each other directly. As a result, this assumption, that the material data set will reflect reality is a limitation.
Once sourced, these material data sets are assigned to sets of geometry in ANSYS Workbench.
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Figure 5 - A screenshot taken inside ANSYS Workbench, Showing the material data assignments onto the separate portions of the geometry during a section plane.
[bookmark: _Toc197892440]2.4 Meshing Limitations with CAE Tools
	The finite element method (FEM) solver requires the geometry to be broken down into small sections called elements. This is done by a meshing solver, which breaks down the geometry to a changeable element size, by seeding it linearly or quadratically across the surface of the geometry, creating a Mesh in which each element is unique where they can all influence other. This mesh of elements is how the Explicit Dynamic Simulation calculates the simulation.
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Figure 6 - A screenshot inside of ANSYS Workbench, showing the element size, and seeding pattern.
The element size of the mesh assigned to the model, defines how many finite elements are created, the smaller the element size, the more elements are created to be used in each calculation, increasing the fidelity of the simulation. Simulations with fewer, larger elements end up with a ‘blocky’ appearance and show deformation more of as a crumbling of elements instead of a bending, twisting fluid motion that a simulation with smaller elements with a higher density would show instead.
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Figure 7 – A Low-Density Mesh of a 9mm bullet	Figure 8 – A High-Density Mesh of a 9mm bullet
As seen above in the Figures 6 and 7, The element density of the mesh can show or hide details. Both meshes have lost their true shape, as they have been replaced with the seeded elements (triangular prisms), but the mesh with a higher density reflects the true shape closer, but to achieve a perfect mesh on a geometry with complex shapes, is impossible as you look closer. A simplification has to be made; a density must be chosen that is “good enough”.
This simplification of the geometry to make the mesh is a limitation of the software. The hardware may also prove to be a limitation, as computers with less computational power will not achieve ultra-dense meshes.
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Figure 9 - A screenshot inside ANSYS Workbench, Showing the meshing of the 155mm Shell, with an element size of 5x10^-3m, or each element is approximately 5mm in size.
Another limitation of the solver mesh relates to interactions between elements that can cause inaccuracies. Elements coming into contact with each other when they have opposing forces such as our 155mm shell colliding with the armour plate, will result in element interactions of different sizes or shape. This phenomenon is exaggerated further if the element size is different between the two geometries. 
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Figure 10 - A screenshot inside ANSYS Workbench, showing the size difference of elements.
Two or more different sized elements interacting with each other creates a numerical instability, the solver struggles to calculate interactions that could be two or more smaller elements against a single larger element. These unequal forces of these elements interacting with each other causes stresses to be lost or multiplied, distorting the mesh and deforming incorrectly, more so if the simulation has to deform elements drastically such as in a ballistic impact. 
[bookmark: _Toc197892441]2.5 Boundary Conditions Limitations with CAE Tools
	Boundary conditions are imposed onto CAE simulations to guide the simulation to create a desired outcome. Some of the ways these constraints can be applied is deciding whether to fix boundaries, semi-fix boundaries, or leave boundaries as free.
To fix a boundary means to lock a face of the geometry as completely stationary in its position in the cartesian-coordinate system. That face of the geometry is now unable to move, other parts of the geometry are still able to move around that geometry.
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Figure 11 - A screenshot inside ANSYS Workbench, showing the fixed supports on the armour plate.
Choosing to fix boundaries or leave them as free depends on the scenario in which the simulation is being run to mimic. In this particular scenario, the armour plate in which the shell is impacting is going to be part of a larger system, such as a vehicle.
The way these boundary conditions are applied affect the result of the finite element method simulation, adding constraints holds the geometry as rigid, unmoveable. Significantly increasing the stresses, as the boundary conditions are pulled against, they prevent some deformation from occurring. Whereas not defining every radial surface as fixed, allows for some deformation to occur, and stresses to distribute freely.
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Figure 12 - View of an impact from a 155mm Shell against an armour plate with no constraints.
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Figure 13 - Section view of an impact from a 155mm Shell against an armour plate with no constraints.
This simulation, quickly run to show how an armour plate might react when it has no constraints locking its position, ended up getting penetrated during the initial shock, but got stuck and quickly accelerated, travelling with the projectile, an unwanted scenario.
In reality no surface is perfectly free to move in a frictionless environment or held so that it is completely unmovable. Reality is usually a mix of the two.
[bookmark: _Toc197892442]3.0 – Results of the Computational Simulation
For context, the simulation is 155mm artillery projectile made out of hollow 1006 Steel with a solid Aluminium 7039 Fuze as a penetrator. It is impacting a 10mm thick Tungsten Alloy amour plate at a relatively slow velocity of 200m/s.
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Figure 14 - A screenshot taken inside of ANSYS Workbench, detailing the velocity assigned to the geometries of the155mm projectile.
The results of the simulation are provided as a several images taken at each time step of the simulation that could be arranged and sequenced to create video of simulation.
[image: ]
Figure 15 - The default state of the simulation, no movement has occurred at the first-time step.
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Figure 16 - The Aluminium Fuze has contacted the armour plate, the boundary conditions imposed on the plate are preventing it from moving despite the force applied by the 155mm projectile. The fuze has dented the plate and is pushing material backwards.
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Figure 17 - View of the stresses on the back face of the plate. Stresses tend to radiate out away from the source in rings. The portion of the face, coloured red to emphasise its high concentration of stresses is around where fuze has bulged the armour plate. Because of the rigid boundary conditions, stresses have collected around the edges of the plate, currently coloured orange, this is unnatural as the stresses are unable to act on any material. This would not occur in reality and is because of limitations placed on the simulation.
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Figure 18 - The stresses have exceeded the material strength and elasticity of the target material, which was a Tungsten Alloy, a part of the armour plate has broken away, and has been ejected at speed. This broken piece will be pushed aside by the fuze as it continues to penetrate the armour plate.
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Figure 19 - The forces continue to build as the hole created by the fuze is forced to a larger diameter. The area of high stress has increased as the fuze continues to apply force to the armour plate. The hole now in the armour plate is now forcing stresses around the armour plate to redirect around the hole as the hole enlargens.
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Figure 20 - Enough time-steps have occurred for the diameter of the hole to enlarge to allow for the entire fuze to penetrate. As the fuze is solid Aluminium, very little deformation has been observed in the fuze itself.
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Figure 21 - A sectioned view of the same time-step, note the total deformation of the plate is now evident between where the plate was originally and where it has deformed to. The stresses are beginning to buildup in the metal walls of the hollow 155mm shell. As the shell continues to penetrate it will start to deform gradually.
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Figure 22 - The Steel 1006 walls of the 155mm shell are starting to deform as they pass through the hole, both the thicknesses of the armour plate and the shell walls are similar to each other, though the steel is softer than the Tungsten Alloy of the armour plate. As a result less deformation is now being noticed in the armour plate and more is being noticed in the 155mm shell walls.
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Figure 23 - The hole created in the armour plate has almost been enlarged now to its maximum size as the remaining material is not strong enough to enlarge the hole further. The parts of the 155mm shell that have already passed through the plate no longer have their smooth rounded shape, but have buckled under the stresses reflected back into the 155mm shell by the Tunsten Alloy armour plate.
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Figure 24 - The hole in the armour plate has been enlarged to allow for the nose of the 155mm shell to pass through and it is currently deforming the straight walled section of the 155mm shell for it to fit through the same hole.
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Figure 25 – The solid base of the 155mm shell is solid and will not be deformed by the Tungsten Alloy armour plate.
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Figure 26 - The base of the 155mm shell is forcing its way through the hole in the armour plate.
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Figure 27 - The Tungsten Alloy armour plate has now been fully deformed as the base of the 155mm shell is forcing its way through the hole in the armour plate.
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Figure 28 - The 155mm shell has now fully penetrated the armour plate. Maximum deformation has been achieved in both the plate and the shell.
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Figure 29 - The total deformation of both the 155mm artillery shell and the plate are distinct. The Shell has lost its uniform shape and is bent and buckled where it was hollow. And the armour plate has been completely perforated.
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Figure 30 - End of simulation, Equivalent Stresses Shown.
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Figure 31 - End of simulation, Total Deformation Shown.
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Figure 32 - Perspective view of the Total Deformation.
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Figure 33 - Perspective view of the Equivalent Stresses left in the perforated armour plate.
[bookmark: _Toc197892443]3.1 – Validating the results of the Computational Simulation
	Now that the simulation has been conducted, the results that have been acquired are of questionable usefulness. The results whilst pretty to look at require validation as the solution that the solver made might not be true to life. The solver’s data should be compared to any predictions or hypotheses that were made at the beginning through one’s intuition or experience. But more importantly, compared to a literature or a report on the matter. It does not have to be a one for one exact match as for niche scenarios such as this. An exact match of literature to the simulation that was run will be low to none.
A somewhat similar piece of literature chosen to compare and ideally validate the results of the above computational simulation could be one of two formats: either a similar real world study or a similar study also made in a CAE software. 
Picking a similar study means that exact numbers or stress patterns, if present, cannot be correlated due to differences in geometry, meshing and the limitations placed upon the simulation like boundary conditions. But the general thesis of the study can be used and compared to the above computational simulation made on ANSYS, to try and see if a similar pattern emerges.
First, the hypothesis. At the beginning of this assignment the understanding of a large heavy projectile impacting a comparitively thin plate would lead to the assumption that it would penetrate through the plate and thus the simulation showing just that gives some confidence to the simulations efficacy.
The piece of literature used to help assess the validity of the computational simulation, is that detailing a 9mm bullet impacting an aluminium plate [1].
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Figure 34 - A screenshot of the title page of the piece of literature used to validate. The writers of this report are visible in the screenshot or in the references at the back of this assignment. [1]
The differences between the the simulation and the reference literature is apparent, There is a significant difference in the sizes of the two. A 9mm bullet is approximately 19mm long and weighs 7.5 grams [1]. Whereas an 155 artillery shell is over seventeen times the diameter and almost six-thousand times heavier as they can weigh upto 45 kilograms. There is significantly more energy moving with an artillery shell, from this evaluation if the 9mm bullet can penetrate its 2mm thick plate, it would be a safe assumption to say that the 155 artillery shell can penetrate its plate that’s only five times as thick.
Looking at the literature, it shows an example where they demonstate the penetrative power of a 9 mm bullet impacting a plate two millimeters thick, at lower velocities the damage occuring to the plate is small, and localised around the perforation site. At higher velocities the damage is more severe, the damage is the most severe when the bullet has just sufficient energy when travelling at 500m/s where it maximizes deformation. At 600m/s the impact force is too high, and the bullet seems to over penetrate the aluminium plate causing a section of the plate to break off as spall. This was seen in the 155mm artillery simulation, the impact force was too high for the thin 10mm plate to withstand, stress concentated and instead of causing maximum deformation, a portion(s) broke off spalling, throwing fragmentation.
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Figure 35 - A screenshot of the literature review belonging to the citation owner, showing the damage to the 2mm Aluminium plate when struck by a 9mm bullet travelling at various velocities. [1]
To conclude, based off of intuition and more importantly a consultation of reference geometry, the simulation result of the 155mm artillery shell penetrating completely through the 10 mm Tungsten Alloy plate, is a realistic outcome from the scenario presented based off of a similar result from the literature review.
[bookmark: _Toc197892444]3.2 – Influencing the results by changing Simulation Parameters.
The CAE simulation is that of an isolated environment without taking time to create external factors, which are difficult to model, the results may differ to that if the scenario was to be carried out in the real world. Not to say that suddenly the 155mm artillery shell would no longer penetrate a 10mm armour plate, but the differences that could be expected would be a change in ambient temperature varies affects the material properties making them more ductile, changing or removing the spalling pattern found when the forces break off a portion of the Tungsten Alloy armour plate.
Real world manufacturing errors such as internal voids or surface defects cannot be modelled into a simulation one for one without extensive examination of real-world materials, potentially for little to no difference. It is a simplication of the data worth make as a time saving measure.
Refining the mesh to create a higher density or a graded density to increase the number of elements in the contact region would improve the accuracy of the simulation but at an increased computational cost, taking more time to solve. And the amount of additional information that could be learned from the more accurate simulation might be lost due to the external factors that would cause a natural deviation in the results.

As mentioned previously in the assignment changing the boundary conditions of the armour plate such as by removing them entirely changes the result given, and this is in line with what would be expected, an unsupported armour plate that is not being supported would catch on the projectile that pierces it, unfortunately further deformation was not seen due to the crashing of the software and its subsequent corruption. But further deformation to that of a “U” shape could be expected.
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Figure 36 - View of an impact from a 155mm Shell against an armour plate with no constraints.
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Figure 37 - Section view of an impact from a 155mm Shell against an armour plate with no constraints.

[bookmark: _Toc197892445]4.0 – Conclusion on the usage of CAE Tooling
	To conclude, while the usage of CAE tools, such as ANSYS, pose a learning curve to pick up and understand the software for beginners, the advantage of using CAE tools becomes extremely clear once the limitations are understood and used to smooth the engineering design process. 
CAE Tools pose too great a benefit to their fast rapid prototyping for changing designs and features, such as those mentioned prior in section “3.2” like editing boundary conditions, material data assignments and geometry. These tools facilitate a more efficient design process compared to that of manual tools and calculations.
It is important to know the limitations of CAE tools, specifically simulations which were covered in this assignment. Niche problem solvers may behave unexpectedly, particularly if the user is unfamiliar with them. Finding reference literature or reports may not be sufficient with niche issues either. Or in scenarios where not all the data is accounted for.
Despite that accounting for every variable is impractical as properties change slightly due to ambient conditions and manufacturing errors. Assumptions have to be made to limit variables being needed to be added to address every possible circumstance. 
Even then practicality of physically performing these tests is limited as the time required, the funds, and the possible danger, particularly for the simulations of this assignment is always inherent.
CAE Tooling’s benefits far out way the consequences of leaning too much into it and inferring data that may not present itself should the scenario be recreated in the physical dimension which makes then essential asset for the modern engineering design process.
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Tigure 4: Bullet impact and penetration of target plate at normal direction at various velocities
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