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1. [bookmark: _Toc229406485]Introduction
Computer aided engineering (CAE) plays a vital role throughout many industries including the defence industry. These tools provide an analysis of the behaviours of models under different conditions. Within the defence industry, CAE allows for impact modelling to be completed in a quick and reliable way prior to experimental evaluation.
Within this assignment CAE tools were used to model a defence scenario, and an assessment of the software was completed to determine the modelling reliability. The known limitations and assumptions are discussed in relation to CAE as a whole and scenario specific. 
















2. [bookmark: _Toc229406486]Literature Review
[bookmark: _Toc229406487]2.1 Breakdown of CAE Software
Computer aided engineering (CAE) is the process of using software and tools to perform activities including engineering analysis and design. The main use of these tools includes structural optimisation, failure detection and process simulation [1].  CAE follows three phases to complete engineering problems [2].
[image: ]
[bookmark: _Toc229406512]Figure 1 - Three Phase Process of Computer Aided Engineering 
In the first phase, preprocessing, geometry and properties are designed and modelled. Computer Aided Design (CAD) tools provide a digital platform for producing both 2D and 3D geometries and can be applied to complex designs. In this phase data including material properties, materials models, design constraints and loads are applied. The aims for the solver are also set out; this includes different types of stress and strain as well as properties such as pressure and deformation.
In the second phase, solving, solvers use numerical methods to solve vast number of equations and produce results. There are many solver methods available on different software depending on what the model is required to achieve. 
In the final phase, postprocessing, results are produced in a variety of methods including figures, simulations and graphs. This allows the evaluation and analysis of models. Interpreting these results allows specialists to identify any potential problems or failures of a model and make recommendations and design changes. 
CAE tools allow simulations to assess the behaviour of models prior to the manufacture of components or experimental models. These tools are critical in identifying potential failures in models prior to their production so that design changes can be assessed and made.  This allows the optimisation of experimental work saving resources and costs. This is important in the delivery of a model to encounter problems and flaws before delivering a final product. 
[bookmark: _Toc229406488]2.2 Development of CAE
CAE tools have been rapidly developed since the 1960’s with the advancement of computing systems and technologies. The introduction on Finite Element Analysis (FEA) allowed for large structures to be simplified into smaller finite elements, allowing numerical methods to be used for analysis of models.  The combination of computer aided design (CAD) being transferred to CAE software hugely improved engineering processes. Modern CAE software’s focus on being user friendly and combining newer technologies such as artificial intelligence and machine learning [3]. There are many CAE software’s used in design processes including Abaqus, ANSYS, Siemens NX and Inventor. Each programme provides a tool set for simulation such as structural analysis, fluid dynamics and electrical design increasing the flexibility for use in various industries and applications [4]. 
[bookmark: _Toc229406489]2.3 Finite element analysis 
Finite element analysis (FEA) method us used to solve differential equations for material behaviours such as stress and strain. It is often used in cases where hand calculations prove difficult and would not provide accurate solutions in complex cases [5]. This method uses regions created by a mesh to define how structures react to different loading conditions and environments. There are many advantages of using Finite element analysis including: generating results and physical response of a model at a given time, producing visual results and calculated results for desired parameters and being applied to models that are dangerous or impractical [6]. 






[bookmark: _Toc229406490]2.4 FEA Concepts 
ANSYS Explicit Dynamics uses FEA through combining the finite element method with time integration and is the ideal approach for the projectile simulation [7]. For explicit dynamics, the solver uses a time integration scheme to calculate the nodal accelerations further calculating the new nodal positions. This is done through the conservation of momentum and energy using equations in figure 2 and 3 below. 
[image: ]


[bookmark: _Toc229406513]Figure 2 - ANSYS Equation for acceleration to stress tensor in explicit Dynamics [8]

[image: ]
[bookmark: _Toc229406514]Figure 3 - ANSYS Equation for conservation of energy in explicit dynamics [8]

Throughout the simulation ANSYS works to solve equations at each time step though time integration. This is done by calculating the nodal accelerations using the equation in figure 4 for each individual node.
[image: ]
[bookmark: _Toc229406515]Figure 4 - Calculation for nodal acceleration in ANSYS [8]
The calculated acceleration for each node is then used in the equations in figure 5 to calculate the velocities and positions at a given time in the simulation. The solver uses the new positions and calculated values in the next set of numerical solves.

[image: ]
[image: ]
[bookmark: _Toc229406516]Figure 5 - Calculation for nodal Velocity and Position in ANSYS [8]

CAE tools use a vast range of solvers for each application with many mathematical solvers for different scenarios. Each have their limitations and assumptions that vary in each programme.  















[bookmark: _Toc229406491]2.5 Limitations of CAE Software
The main limitation of CAE is that solutions produced are only approximations and are not exact solutions. Therefore, the results are often required to be validated through existing research or experimental research. Another limitation is the end solution relies deeply on the input from the user. As most tools are used to achieve the optimum output of a scenario, users of the tools and software’s need to be knowledgeable and understand each area in the process.
The use of CAE can have extremely high costs and solving times with the technology still developing and constantly improving. Geometric simplifications are another limitation of these tools, as often models are simplified to ease solving time. This includes the removal of certain features such as corners and bumps [9] 
As CAE solvers complete various complex mathematics equations this can result in extremely long solve times. There are many factors influencing the solve times including mesh size, time steps and type of simulation being completed. To reduce the time taken and computational cost for completion of simulations often a model is simplified [10] This can be done in symmetrical models by only modelling a section. Using this method allows for refined meshes on part of a model or reduced solving time. Scenarios for this method aren’t extremely common but can be used for scenarios such as pipes and cogs [11] 
High velocity impact models can be difficult to simulate using CAE tools and the finite element due to mesh distortions because of extreme values of stress and strain resulting in extreme deformation and element deletion. Furthermore, these models heavily rely on the quality of the mesh used to gain accurate results [12] .






[bookmark: _Toc229406492]2.6 Assumptions 
There are many known assumptions when using CAE including the assumption that materials are homogenous and isotropic, therefore are a perfect material throughout [13]. By assigning these properties the software has a more efficient and simpler model to solve. This is not an accurate representation of materials in experimental models as they are subject to imperfections such as scratches, dents and voids. However, including each of these imperfections in a model would be timely and increase solver times. It would also not be repeatable for duplicates as each piece of material would have different properties. 
[bookmark: _Toc229406493]2.7 Mesh Dependency
One critical tool used in CAE is the meshing of components as this is a huge contributing factor in the precision and accuracy of a model. The mesh allows a model to be broken down into finite elements which are used in computational calculations for factors such as stress, displacement and stress. CAE solvers use matrix methods to solve calculations in a much quicker time than manual calculations, proving to be a more time efficient modelling method [14].
A prism mesh was used on the target and tetrahedron mesh was used on the projectile. The mesh size of the projectile and the sphere of influence were designated the same size to improve contact between the two objects.  Other methods such as adaptive meshing can be applied to a model to improve element distortion in areas where there is material loss. Software including ABAQUS Explicit are suitable for this mesh type [15]. 
[bookmark: _Toc229406494]2.8 Boundary Conditions
Within CAE the boundary conditions of a model are often set by the user, which creates an opportunity for human error within a model. Boundary conditions are required to ensure that equilibrium between resultant forces and internal forces are maintained [16]. Various boundary conditions can be applied such as fixed faces, edges or sides depending on the suitability of the model. The boundary conditions are assumed to be perfect.
3. [bookmark: _Toc229406495]Test Case
The selected test case was modelled on the ANSYS Workbench programme and consisted of a steel 9mm cylindrical projectile with a round head hitting an aluminium circular target with a defined velocity. The model was designed as 3D objects on the CAD software Autodesk. An explicit dynamic solver was selected for the model which used the finite element method to solve. The test case was repeated using various boundary conditions including velocity and fixed edges or sides. The thickness of the target plate and the geometry of the projectile remained the same throughout all models.
The projectile was set at a very close distance to target with an initial velocity, there fore air resistance in the small time between contact was disregarded. The solvers used for the models were total deformation, maximum shear elastic strain and equivalent stress. These three solutions gave an overall representation of the behaviour of the model and information to analyse. 

[bookmark: _Toc229406496]3.1 Materials and material models 
Steel S-7 and Aluminium 7039 were the selected materials assigned to the target and the projectile with Johnson Cook (J-C) parameters. The J-C model is used in ballistic simulations due to material properties being in calculations by the software. The model was used to predict the mechanical behaviour on the materials under impact [17].  This gave an accurate representation to the deformation of the material over a very short time step. 
The J-C parameters are essential in FEM of shock wave simulations to relate the stress and strain and to be used in numerical calculations by the software. The Johnson cook model can be used to define the strength behaviour stress and a product of strain and therefore develop a stress strain model for each element within the simulation at a given time. The target underwent extreme deformation when compared to the projectile due the greater yield of the projectile.  The steel had a much higher density and shear modulus as shown in table 1.

Table 1 – Material parameters for Steel S-7 and Aluminium 7039 from ANSYS Library
	
	Steel S-7
	Aluminium 7039

	Density (
	7750
	2770

	Specific Heat Constant Pressure (
	477
	875

	Gruneisen Coefficient
	2.17
	2

	Parameter C1
	4569
	5328

	Parameter S1
	1.49
	1.338

	Parameter Quadratic S2 (s/m)
	0
	0

	Strain Rate Correction
	First-Order
	First Order

	Initial Yield Stress (Pa)
	1.539e+09
	3.37e+008

	Hardening Constant (Pa)
	4.77e+08
	3.43e+08

	Hardening Exponent
	0.18
	0.41

	Strain Rate Constant
	0.012
	0.01

	Thermal Softening Exponent
	1
	1

	Melting Temperature 
	1489.9
	603.85

	Reference Strain Rate (Pa)
	1
	1

	Shear Modulus
	8.18e+10
	2.76e+10


















[bookmark: _Toc229406497]3.2 ANSYS Simulations
The simulations for the analysis are listed below in table 2
Table 2 – List of Simulations completed in ANSYS Workbench
	

	Simulation 1
	Simulation 2
	Simulation 3
	Simulation 4
	Simulation 5
	Simulation 6

	Global Mesh
	
	
	
	
	
	

	Sphere of influence size (m)
	N/A
	N/A
	
	
	
	

	Sphere of influence mesh size
	N/A
	N/A
	
	
	
	

	Projectile mesh size
	
	
	
	
	
	

	Projectile Velocity (m/s)
	400
	400
	400
	500

	600
	300

	Boundary Condition
	Fixed Sides
	Fixed edges (rear)
	Fixed sides
	Fixed sides
	Fixed Sides
	Fixed sides

	Solutions
	Equivalent stress, Max Shear Elastic Strain, Total Deformation
	Equivalent stress, Max Shear Elastic Strain, Total Deformation
	Equivalent stress, Max Shear Elastic Strain, Total Deformation
	Total Deformation
	Total Deformation
	Total Deformation












[bookmark: _Toc229406498]3.3 Assumptions
Throughout the test case it was assumed that the projectile hit the target in the normal direction with the centre of the projectile nose hitting the direct centre of the target. This was ensured by using a co-ordinate system in the centre of the target and aligning the centre of the projectile. The co-ordinate system was also used to map the sphere of influence in the central point of the target. It was also assumed that all environmental factors were ignored and the projectile had a straight trajectory. The steel and aluminium were homogenous materials, and the boundary conditions were under perfect conditions. The simulation also used an automatic small-time step. 
[bookmark: _Toc229406499]3.4 Validation 
[bookmark: _Toc229406500]3.4.1 Deformation to penetrated area
The contact zone was assessed when the projectile penetrated the target at various velocities.  The mesh used had a sphere of influence of size with radius 0.0015m and an element size of  m. The projectile also had a mesh with element size of   m. The mesh around the sphere of influence was much coarser with a element size of  m. The deformations caused within the targets at velocity 300, 400. 500, and 600.  The deformation on impact with the target shown in Table 3 is a comparative image of final deformation in simulation 5 and 6.
When comparing simulation 5 and 6 which were high and low velocities, it could be seen that the 600simulation had a greater bending character and a greater deformation around the contact area. There was also with a more detailed petaling pattern in simulation 5. 
In a study competed on the impact of a 9mm projectile round hitting a 1.2mm Aluminium 2024-T3 duralumin at 390 the target material and projectile in the ANSYS simulation exhibit the same behaviour [18]. The study used a boundary condition of the fixed outer boundary, similar to that of simulation 2.  The results of the study showed deformation in the tip of the bullet which was also seen in all simulations. The study also showed that in a real-world experiment that a higher velocity projectile produced a higher deformation to the hole edges. 
Table 3 – Comparison of Deformation in Simulation 5 and 6
	Simulation 5 Final Deformation
	Simulation 6 Final Deformation

	[image: ]
	[image: ]



















[bookmark: _Toc229406501]3.4.2 Deformation on impact of projectile
In comparison to a model created by using Al2024 T3 as a target plate, the Al 7039 exhibited the same response to impact [19]. Both materials exhibit similar densities and material properties; therefore, the material behaviours of the models were similar. At the same velocities the deformation around the centre impact was compared. 
Table 4 – Comparison of ANSYS Impact Deformation Against Pre-existing Research
	
	Al 2024 T3 [19]
	Al 7039

	300
	[image: ]
	[image: ]

	400
	[image: ]

	[image: ]

	500
	[image: ]
	[image: ]

	600
	[image: ]
	
	[image: ]


At 300, the deformation around the impact point was less than that at 600 in both cases. This was due to the higher velocity projectile hitting the target with a greater force and transfer of energy. On the objects coming into contact, all deformation took place in the centre of target and propagated to the outer edge of the target.
The AL 2024 T3 had a different response at 600 with the material undergoing a greater deformation and the projectile penetrating through the target material. This could just indicate that a different time step was used for the comparison or that there wasn’t a strong mesh in the AL 2024 T3.
The simulations of projectiles traveling at higher velocities had a greater number of eroded elements due to higher distortion from the energy transfer. This is a known limitation of CAE software’s and in excessive cases can affect the simulation accuracy. However, the erosion of these elements can improve a simulation by increasing the simulation duration.














[bookmark: _Toc229406502]3.4.3 Comparison of different boundary conditions
Simulation 1 used a boundary condition with the top and bottom sides of the target selected as fixed supports. With fixed sides, the movement of all sides of the target was restricted and did not allow any bending or movement of the edges. Simulation 2 used a boundary condition with the rear top and bottom edges of the target selected as fixed supports. It was expected that the target would bulge in the centre of the target and there would be a greater amount of deformation throughout the target. 
The deformation of the target in both simulations produced an identical petaling pattern through the impact hole shown in figures 6 and 7. The maximum deformation was slightly differed with a max of 0.10033 in simulation 1 and 0.10021 in simulation 2. 
[image: ][image: ]
[bookmark: _Toc229406517]Figure 7 - Simulation 1 Petaling Pattern[bookmark: _Toc229406518]Figure 6 - Simulation 2 Petaling Patten

The deformation in simulation 2 was much greater throughout the whole plate with no deformation in the edges. As only one side of the plate was fixed this allowed for deformation in the front face of the target and therefore the damage was more elongated compared to simulation 1. The edges of the target did not have any overall deformation. This was due to the one element thick mesh not allowing for the deformation to occur on a fixed boundary[image: ] shown in figure 8






[bookmark: _Toc229406519]Figure 8 - Simulation 2 Plate Deformation
In a previous study, it was proved that the ballistic limit and global deformation of an aluminium target hit by a projectile increased with the decrease of fixed area on the edges of the target. It was also noted that the deformation caused by ogive nosed projectiles is greater than that caused by blunt nose projectiles for various percentages of fixed areas [20]. The boundary conditions also do not influence the failure mode of the target with common failure modes including petaling, fragmentation and deformation [20]. With the fixed edges in simulation 2 it was extremely visible that the target deformation was much greater throughout the whole area which is in line with this theory.



















[bookmark: _Toc229406503]3.5 Stress
As the projectile penetrated the target, elements in both the steel and aluminium underwent temperature increases and changes in stain rate [21]. The aim of the simulation was to see high stresses in the contact zone of the model and for these to then propagate at a calculated velocity through the material in the form of shock waves.

[image: ]
[bookmark: _Toc229406520]Figure 9 - Simulation 3 - Stress wave at time t=6.3195e-005
Figure 1 shows the contour rings of stress waves produced following the impact to the target. It was seen that the intensity was greater towards the centre of the target and reduced as the wave propagated to the boundary. As the target was a uniform shape it was expected that the stress waves should travel in the same circular pattern through the target however it was seen that some areas had a higher concentration of stress than others in the target.








[bookmark: _Toc229406504]3.5.1 Comparison of stress in simulation 1 and 2 
Following impact in the target, the compressive stress waves propagated at various speeds from the centre to the boundary of the target. However once reaching the boundary, they reflected towards the centre in simulation 1. This affected the overall deformation throughout the target as the reflective waves are tensile and caused further damage to the target. In a real-world scenario, the target would have some freedom of movement, and some stress waves would propagate out of the target and into surrounding objects or atmospheres. ‘
Simulation 2 underwent a huge amount of deformation across the whole face of the target and stress waves propagated from the centre to outer boundary shown in figure 10. 
[image: ]
[bookmark: _Toc229406521]Figure 10 - Stress wave Propagation in Simulation 2
The overall visible deformation was much greater than that of simulation 1 due to the inner edges of the target being unfixed and having a degree of freedom for movement.





[bookmark: _Toc229406505]3.6 Shear Strain
The strain within the materials was assessed through various simulations to determine how the mesh, velocity and boundary conditions influence the results.  The shear elastic strain focused on the angular deformation under load and is used to determine deformation [22]. It was expected that the strain would act in the form of petaling and material spalling. 
It was seen in simulation 3 that there was spalling of the target material indicated by the red dots in figure 11. This is target material that had became unattached from the plate due to excessive deformation. 
[image: ]
[bookmark: _Toc229406522]Figure 11 - Material Spalling in simulation 3
Simulations 1 used a course mesh whereas simulation 3 used a refined mesh. The strain graphs against time shown in figures 12 and 13 had very different properties in strain gradients.  Figure 13 shows a huge rise in strain at approximately 1.7e-4s which is not present in figure 12. This suggested that refinement of the mesh allowed a smoother transition and greater accuracy, highlighting the importance of mesh quality In gaining accurate results.
[image: ]
[bookmark: _Toc229406523][image: ]Figure 12 - Simulation 3 Strain Graph




[bookmark: _Toc229406524]Figure 13 - Simulation 1 Strain Graph


[image: ]In simulation 2 the strain propagated the boundary of the plate due to the propagation of the stress waves through the material. As the stress waves could not exit the model it remained high on the edges at the end time of the simulation.
[image: ]
[bookmark: _Toc229406525]Figure 14 – Maximum Shear elastic Strain in Simulation 2 at various times.
Both simulation 1 and 2 had a similar shear strain at a time of 7.5e-5 as the projectile penetrated the target. The strain was seen throughout the projectile and target and was strongest at a close distance to the impact point as shown in figure 14.


[bookmark: _Toc229406506]4 Mesh Independence Study
Table 5 - List of simulation properties used for mesh independence study.
	

	Simulation 7
	Simulation 8
	Simulation 9
	Simulation 10
	Simulation 11
	Simulation 12

	Global Mesh
	
	
	
	
	
	

	Sphere of influence size (m)
	N/A
	
	
	
	
	

	Sphere of influence mesh size
	N/A
	
	
	
	
	



	Projectile mesh size
	
	
	
	
	
	



	Projectile Velocity (m/s)
	400
	400
	400
	400
	400
	400



A mesh independence study was completed on the projectile and target model to ensure that results were accurate. This was completed using simulations 7-12 which all had the same conditions and a changing mesh size within the sphere of influence. The study was also used to determine the point at which the meshing of the model had negligible changes to the solutions and was the most efficient. 
For this section only the stress was modelled for analysis. This was selected due to there being extreme high stresses in impact areas and then propagating through the model parts. Determining the point of mesh independence allows for results to be at their most accurate point. Going beyond the mesh independence value would not improve results significantly but would increase the time required to perform calculations therefore increasing resources and cost to complete the model [23]. 



[bookmark: _Toc229406507]4.1 Meshing
The mesh used on the target was not ideal due to the switch from the refined elements to the coarse elements on the target. This meant that the transition between the meshes was not fully smooth. The size of the elements around the sphere of influence were not identical geometry’s and there were areas of with a higher number of elements.
The simulations used for the mesh independence study all had a velocity of 400ms-1 and a global size of  The mesh on the target and the projectile was set to the same value to ensure proper contact between elements so not each node on the projectile hit a node on the target.

[image: ]
[bookmark: _Toc229406526]Figure 15 - Simulation 7 Mesh
As shown in figure 15, the mesh in simulation 7 was even around the outer boundary of the target plate, however very misaligned between the sphere of influence and edges.  There were more concentrated areas resulting in the solver using more mathematical formulas in those areas, therefore the results in the unconcentrated areas could have been inaccurate. Further refinement of the mesh had the same issues with the meshes show in table 6.





	Simulation 8
	Simulation 11

	[image: ]
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	Simulation 9
	Simulation 12

	[image: ]
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	Simulation 10
	

	[image: ]
	


Table 6 – Mesh for simulations 8-12

In simulation 8 it was seen following the impact from the projectile that many elements were deleted. Using a very course mesh with a size of , the projectile penetrated through the target leaving some petaling around the impact point. There was no fragmentation visible and the petaling pattern was not defined.  
[image: ]
[bookmark: _Toc229406527]Figure 16 - Simulation 8 deformation following target impact from projectile
[bookmark: _Toc229406508]4.2 Sphere of Influence
Adding a sphere of influence in the centre of the contact point between the projectile and target allowed for a further refined mesh with a smaller element size shown in table 5. Using the sphere of influence allowed the mesh to be refined in the interest points that are subjected to contact from the high velocity projectile. This was useful as these areas undergo huge amounts of deformation, fragmentation, stresses and strains. Using the sphere of influence also improved the efficiency of the simulations as the refined mesh was only used in the centre impact zone and not throughout the entire model.












[bookmark: _Toc229406509]4.3 Mesh Refinement
Simulations 11 and 12 show great similarity in the stress of the target plate and the projectile. With the further refined mesh in simulation 12 there was a maximum stress of 1.2444e9 compared to the maximum of 1.2148e9 in simulation 11. The refinement in sim 12 had a significantly longer solve time that sim 11 with results of great similarity. This highlighted that the more efficient was that in simulation 11 with a mesh size of  
 in the sphere of influence and target.
[image: ][image: ]
[bookmark: _Toc229406528]Figure 17 - Simulation 12 Stress on impact                                                  Figure 18 - Simulation 11 stress on impact
Through refinement of the mesh the fragment removed from the target became larger suggesting a greater amount of intersection points between both objects and a more accurate result. Simulation 10 shown an anomaly at a time of t=1.5385e-005 the peak stress in the model was 1.5029e9, this was much greater than all simulations in the mesh independence study suggesting that it was not an accurate result. 
Decreasing the mesh size increased the time required to complete the simulation due to the solver having a greater number of numerical calculations. The petaling of the target became clearer with the refinement of the mesh The mesh could have been further improved by reducing the global mesh size as the target plate was only one element thick. 




[bookmark: _Toc229406510]5 Conclusion
In summary CAE tools offer a relatively accurate solution to engineering problems, however experimental validation provides an insight that CAE may fail to.  Validation and analysis are critical in the design, improvements and implementation of models. CAE is useful on predicting the outcomes however the results depend heavily relies on the quality of the inputted information. 
The study completed on the projectile simulation demonstrated how the results are affected by the meshing quality and correct boundary conditions. The explicit dynamic solver in ANSYS gave an accurate representation of the model for the selected solvers. CAE Is very efficient in comparison to using experimental methods and proves to be an essential tool throughout many industries.
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Where:

X ; are the components of nodal acceleration (i=1,2,3)
F; are the forces acting on the nodal points
b; are the components of body acceleration

m is the mass attributed to the node.
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and finally the positions are updated to time n+1 by integrating the velocities

(10-7)

el = gy /22
X=X+ XA /
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