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[bookmark: _Toc92657680]1. Abstract
The aim of this assignment is to simulate the detonation of a shaped charge in the ABAQUS software package and evaluate the effect of changing the shaped charge’s material properties and meshing of the parts on the shaped charge’s jet formation. 
Two predefined ABAQUS models are provided which have been developed using the same geometrical definition. One model was meshed using Lagrangian modelling while the other was meshed using Eulerian modelling. The parts present in the predefined and subsequent models with refined meshes and different materials are a steel casing, TNT high explosive filling, and a copper conical liner. A detonation point was set at the top-centre of the high explosive filling and the models were ran for .
The evaluation was completed by comparing the velocities of a central node on the copper liner and qualitatively analysing the jets formed. It was found that intelligent approach to meshing the models produced an improved jet formation and a smoother velocity-time curve with higher peak velocity for the node on the copper liner. Only a few different meshes have been produced due to the long simulation times of the ABAQUS software.
[bookmark: _Toc92657681]2. Introduction
Shaped charges are cylinders of explosive with a hollow cavity at the end opposite the initiation train. The cavity is lined with a metal, an alloy, glass, ceramic, wood, or another such material.  The shape of the liner may be conical, parabolic, hemispherical, or any bow-like shape. When the high explosive detonates, the liner collapses to form a projectile of a shape dependent on the geometry of the liner. A cone-shaped liner will produce a jet, while a hemispherical liner will produce an explosively formed projectile, which looks like a metal slug [1]. Conical liners with thin wall thicknesses have been shown to reliably produce jets after being detonated. [2]
Shaped charges were initially developed to defeat the armour of heavy vehicles in the Second World War, though the effects were known of for decades before. Shaped charges are still used for armour defeating purposes, but they have also seen use in the commercial mining industry. Shaped charge development continues to this day given the advent of computer programs like ABAQUS that allow for the simulation of the collapse, formation, and growth of the jet from a shaped-charge liner. Studies that originated in the 1930s–1950s also continue; notably, torpedo applications of shaped-charge rounds, and anti-aircraft rounds. [2]
[bookmark: _Toc92657682]2.1. Modelling Shaped Charges 
The detonation of a shaped charge can be modelled using finite element analysis (FEA) in software packages like ABAQUS. This is a computerised method for predicting how a product reacts to real-world forces, vibration, heat, fluid flow and other physical effects. The process works by breaking down a real object into many finite elements, then using mathematical equations to predict the behaviour of each element. A computer then adds up all the individual behaviours to predict the behaviour of the actual object. [3]
When it comes to meshing scenarios in ABAQUS, there are two primary methods that can be used: Lagrangian and Eulerian. A Lagrangian mesh can be thought of as being drawn on the body. The mesh deforms with the body. This means that the nodes and the material points change position as the body deforms, but the position of the material points relative to the nodes remains constant. Conversely, the Eulerian mesh is a background mesh. The body flows through the mesh as it deforms. The nodes remain fixed while the material points move about the mesh and the distance between the nodes and material points varies as the body moves. [4] [5]
The coarser the mesh, the bigger the elements and the fewer elements there are. The finer the mesh, the smaller the elements and the more elements there are. Hence, a finer mesh means more computing power is needed to run the simulation, and the longer it will take to complete the run. Creating a good mesh is about finding a balance between fine detail and being able to gather the results in a timely manner since giving up granularity means the simulation is finished faster, but there is less detail and data that can be viewed. ‘Intelligent meshing’ is used to mean adapting the granularity of the mesh to provide detail in areas that are of pertinence, while sacrificing detail in areas of little interest in order to reduce the computing time required.
[bookmark: _Toc92657683]2.2. Material Properties
The primary material properties of concern for this assignment are the compressive yield strength and tensile strength of the copper liner as this is the part of the assembly that will have the most pertinent deformation, as defined by these two material properties. The compressive yield strength (or yield stress) of a material is defined as the stress at which a material changes from elastic deformation to plastic deformation, meaning the material will no longer return to its original dimensions once the stress is removed. Tensile strength (or ultimate tensile stress) is the maximum tensile strength a material can withstand before failure occurs. The two properties are illustrated in Figure 1 below: [image: Stress-strain-curve | DegreeTutors.com]
[bookmark: _Toc92656968]Figure 1: Typical stress-strain curve for an elastoplastic material such as copper [6]

[bookmark: _Toc92657684]3. Experimental Method
[bookmark: _Toc92657685]3.1. Material Models for Copper Liner
	
	Density (kg/m3)
	Young’s Modulus (Pa)
	Poisson’s Ratio
	Compressive Yield Strength (Pa)
	Tensile Strength (Pa)
	Plastic Strain

	Given Copper
	8960
	110000000000
	0.364
	34000000
	210000000
	0.6

	OFHC Copper [7]
	8940
	125000000000
	0.340
	69000000
	221000000
	0.55


The model provided was given a copper liner. The material properties are listed below in Table 1, along with the material properties of the alternative copper material model used. The alternative copper used is an oxygen-free high thermal conductivity (OFHC) copper alloy. This type of copper is taken as 99.99% pure copper. It was chosen as studies have shown that impurities in the copper liner can lead to brittle break up in the jet formation process and would thusly lead to a worse jet [8]. Using OFHC copper mitigates the influence other materials would have on the jet formation behaviour [9].
Table 1: Material properties of the two coppers used

[bookmark: _Toc92657686]3.2. Simulation Setups
The shaped charge was modelled using three parts: a fixed steel casing held in place with encastré boundary conditions, a TNT high explosive filling, and the conical copper liner. The detonation point for the high explosive filling was placed at the centre of its top edge. The program was set to run for  after the detonation. A Lagrangian and an Eulerian meshing of the problem was provided, but only the Lagrangian mesh was used for the majority of the simulations due to its better visual representation of distortion. The Eulerian mesh was used for comparison at the end.
The first simulation was ran using the given Lagrangian mesh and the given copper material. The material properties of the copper can be seen in Table 1, and the mesh can be seen in Figure 2. 
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[bookmark: _Toc92656969]Figure 2: Mesh of the first simulation ran
The mesh was deemed too coarse to provide a good jet formation, and so the edge of the liner that contacts the high explosive fill of the charge was re-meshed to be finer. The author deemed this to be a location of pertinence in the formation of the jet due to it being the point of contact between the HE and the liner, hence the finer mesh. This mesh can be seen below in Figure 3. 
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[bookmark: _Toc92656970]Figure 3: Mesh of the second simulation ran with one edge of the liner meshed finer
The second simulation improved on the first, but still improvements to the jet formation could be made. Next, the edge adjacent to the hollow cavity was re-meshed to match the mesh of the already re-meshed edge. Part way through running the simulation, the ABAQUS software crashed meaning no usable results were gathered, but the jet formation looked to be comparable to that of the second simulation. It was deemed that the mesh was too fine for ABAQUS to simulate, and this was what crashed the software. The mesh can be seen below in Figure 4:
[image: ]
[bookmark: _Toc92656971]Figure 4: Mesh of the third simulation ran, with too fine a mesh
The next simulation that was ran therefore had a finer mesh. The resolution of the mesh was reduced at the top of the liner but was increased on the sides of the liner because it was noted that this is where the greatest stresses in the copper were after analysing the results. This new, intelligent mesh was achieved by using a double bias so that the top and bottom of the liner’s sides are coarser than the centre which is where the primary interactions that dictate the jet formation occurred. The mesh was made finer here because a finer mesh should mean a better jet formation. This mesh can be seen below in Figure 5. 
[image: ]
[bookmark: _Toc92656972]Figure 5: Mesh of the fourth and fifth simulations ran, made using a double bias
The fourth simulation ran well and produced good results. The next simulation that was ran used the alternative copper material properties that were researched and mentioned in Table 1. The mesh used was the mesh displayed in Figure 5. 
Then, finally, the simulation was run with the provided Eulerian meshing of the problem.
Videos were then recorded of the six simulations, and appropriate screenshots and graphs were created. The graphs created show the velocity of a node on the top-centre of the copper liner over the duration of the simulation. The node chosen was the same, or as close to the same as possible, on all models to allow for a qualitative comparison to be made of the performances of the different simulations.
In summary, six simulations were run:
· Run 1 – Coarse Lagrangian mesh
· Run 2 – Lagrangian mesh with one edge of the copper liner re-meshed finer
· Run 3 – Lagrangian mesh with both edges of the copper liner re-meshed finer (crashed)
· Run 4 – Lagrangian mesh with an intelligent mesh of the copper liner
· Run 5 – Lagrangian mesh with an intelligent mesh of the copper liner and the OFHC copper material properties
· Run 6 – Eulerian mesh 


[bookmark: _Toc92657687]4. Results


[bookmark: _Toc92656973]Figure 6: Run 1 jet formation video
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[bookmark: _Toc92656974]Figure 7: Run 1 jet formation
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[bookmark: _Toc92656975]Figure 8: Run 1 velocity-time graph of central node (velocity in ms-1 against time in s)


[bookmark: _Toc92656976]Figure 9: Run 2 jet formation video
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[bookmark: _Toc92656977]Figure 10: Run 2 jet formation
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[bookmark: _Toc92656978]Figure 11: Run 2 velocity-time graph of central node (velocity in ms-1 against time in s)




[bookmark: _Toc92656979]Figure 12: Run 4 jet formation video
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[bookmark: _Toc92656980]Figure 13: Run 4 jet formation
[image: ]
[bookmark: _Toc92656981]Figure 14: Run 4 velocity-time graph of central node (velocity in ms-1 against time in s)


[bookmark: _Toc92656982]Figure 15: Run 5 jet formation video
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[bookmark: _Toc92656983]Figure 16: Run 5 jet formation
[image: ]
[bookmark: _Toc92656984]Figure 17: Run 5 velocity-time graph of central node (velocity in ms-1 against time in s)


[bookmark: _Toc92656985]Figure 18: Run 6 video
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[bookmark: _Toc92656986]Figure 19: Screenshot from middle of run 6 video
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[bookmark: _Toc92656987]Figure 20: Screenshot from end of run 6 video
[bookmark: _Toc92657688]5. Analysis / Discussion
Figure 7 shows the jet formation for the simulation using the provided coarse mesh. Compared to the classical jet shape produced by a shaped charge with a conical liner [10] [11], the jet from Run 1 is representative of a typical shaped charge jet. There is a distinct jet that has formed with ‘wings’ to either side, although the wings lack the slight bend that is typical to conical liner shaped charge jets. Upon closer inspection, however, it is possible to see that much of the leading edge of the jet is comprised of heavily distorted elements. Moving towards the back of the jet, it is possible to see more distorted elements, which leads to the jet having a rough and asymmetric shape about its central axis. This distortion is due to the large element size used in this mesh. During a collision, the larger elements are unable to deflect and deform with the granularity smaller elements would, leading to single elements being stretched and deformed creating a rough and jagged look to the jet.
It figures, then, that Run 2 which used a finer mesh for one edge of the liner, shows an improvement in the continuity of elements in the main body of the jet. In Figure 10, it is evident that there is less distortion in the elements that make up the jet, but the ‘wings’ that surround the jet still do not exhibit the more classical, slightly bent shape. Some distortion is still present due to the larger elements on the edge that was not re-meshed, but this run is an improvement over Run 1, having formed a more coherent and symmetrical jet.
Learning from the failed Run 3, the intelligent meshing approach in Run 4 produced a good jet formation, with little distortion and an overall shape more akin to the classical look of a shaped charge jet [10] [11], as can be seen in Figure 13. Evidently, the primary area of deformation would appear to be the central area of the liner’s sloping edges, as this was the most finely meshed area. Having smaller elements in the areas that see the most stress means that the model can deform more accurately since the elements are able to deflect without stretching like larger elements would. Having many smaller elements does require more computational power and thus leads to far longer simulation times; Run 1 took approximately 1 hour to run, while Runs 4 and 5 took close to 8 hours to run. This is due to many more computations needing to be made to analyse and predict the various resultant forces and velocities of many more elements.
Run 5 improves marginally on Run 4, featuring slightly less distortion. The leading edge of the jet in Figure 16 shows less jaggedness than the jet in Figure 13, and the top of the jet is also smoother, with slightly less distortion. This is because the OFHC copper that was used for the liner in this run has higher yield and tensile stresses than the other copper used, meaning the material can take more stress before it fails, and the representative elements distort.
The velocity-time graphs for each of the jets formed shown in Figures 8, 11, 14, and 17 show that as the jet formation improves, so does the peak velocity of the jet; Run 1 has a peak velocity of just below 600ms-1 (Figure 8), Run 2 has a peak velocity of nearly 900ms-1 (Figure 11), and Runs 4 and 5, which have very similar jets, and thus very similar velocities, have a peak velocity of just over 1100ms-1 (Figures 14 and 17). The peak velocities of Runs 4 and 5 are closer to the peak velocities of real-world and other simulated shaped charge jets [9], therefore it must be the case that the simulations in these runs are more accurate than the runs using coarser meshes and a different copper material model.
[bookmark: _Toc92657689]6. Conclusions
To conclude, this experiment has shown that an intelligent approach to meshing is required in ABAQUS to produce an accurate and improved conical liner shaped charge jet. A balance must be struck between the granularity of the mesh and the computational power required to run the simulation else the software may crash as it did in Run 3. The intelligent meshing approach used in Runs 4 and 5 produced a better shaped charge jet, and while the runs did take longer, the computational power required was not so great that the software was crashed. Run 5 was a further marginal improvement over Run 4 due to the use of a stronger, more pure copper material model.
Given more time, further improvements to the meshing could be made, though an alternative meshing method might prove to yield better results. If the shaped charge was modelled in 2 dimensions rather than 3, then replicated in a rotation around the central axis to create a 3-dimensional model, the computational power required would be lesser than that of even Run 1. Many simulations could be run in the time it took to run Run 5, and more incremental improvements could be made to the mesh and material models to produce a better jet in less time. 
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