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Shaped Charges have a wide range of both civilian and military uses. Shaped Charge theory has been very widely researched. This report looks at Finite Element Models of shaped charges constructed in ABAQUS for various shaped charge liner materials whilst varying the mesh element size and uses an Eulerian Mesh model alongside Lagrangian models. Both modelling methods have their advantages and disadvantages to do with computing times and ways of displaying deformation after completion. The conclusion of this report is that finer Lagrangian meshing gives a much more accurate jet formation but encounters more numerical errors causing simulations to prematurely end. These numerical errors also affect the jet tip velocity due to more collisions. The Eulerian mesh is a good way around these drawbacks however, the results are a lot less clear to see. An Adaptive Lagrangian-Eulerian mesh could be used but was outside the scope of this report.
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1. [bookmark: _Toc92624062]Introduction
1.1. [bookmark: _Toc92624063]Description of the problem
This paper looks at mathematical Finite Element modelling of a shaped charge with an attempt to improve upon an original model. The author has chosen to focus on two main ways of improving this model, changing the liner material and changing the meshing of the Shaped Charge liner. The model is based on the general design of a shaped charge [1], modelled with various liner materials.
1.2. [bookmark: _Toc92624064]Background of Shaped Charges
A shaped charge is a device that has a cylindrical container with a High Explosive Filling and a conical liner at the opposite end to the initiation train [2]. A shaped charge is an explosive device with a conical liner; however, a hemispherical liner can also be used forming what is called an Explosively Formed Penetrator, EFP [1]. The collapse processes for these two devices are very different but both produce a high velocity slug of metal in one way or another [1]. Should you have a large angle shaped charge though the slug is more representative of that from an EFP [1]. Shaped Charges have a point initiation and by the time the shock wave reaches the conical liner, it is roughly planar which is desirable for the collapse of the liner [3]. The energy then released from this detonation produces very high pressures [4]. This compressive wave is focussed directly on to the liner [5]. The compressive wave generally reaches the liner at very high velocities, around 8km/s depending on the explosive used, and the tip of the liner gets forced forwards by the compressive wave creating a very high velocity metal jet along the detonation axis [6]. This is caused by the resultant pressure of the detonation products driving the liner material along the detonation axis and compressing the liner at the same time [4]. This high pressure causes very high strain rates in the liner material as it happens over a short period of time causing the material to elastically deform but if the strain is too great, then the material will deform plastically [5]. The very high temperatures also cause the material to flow almost like a liquid. The rest of the liner then collapses in behind the jet forming a lower velocity but much larger slug of metal [7]. Figure 1 Below shows an illustration of the Jet formation of a shaped charge. The formation of the shaped charge jet for increased penetration into a target is known as the Munroe Effect [5].
[image: Graphical user interface, text, application

Description automatically generated]Figure 1 - Graphical representation of the shaped charge liner collapse [5]

1.3. [bookmark: _Toc92624065]Uses of Shaped Charges
Shaped charges have several Civilian and Military applications. The most common use for shaped charges in the military are for penetrating armour with rounds such as the High Explosive Anti-Tank, HEAT, round [8]. These types of rounds are also used for entering concrete and even geological structures depending on the liner material as discussed in Section 1.4. [8]. More recently, shaped charges have been adopted into the petroleum business as they can be used to create petroleum wells [9]. They can be used for explosive cutting and welding too and even come in long lengths called Linear Cutting Charges.
1.4. [bookmark: _Toc92624066]Materials Used for Shaped Charge Liners
Many different materials can be used to create a Shaped Charge liner. The material can be chosen based on the desired outcome because certain liner materials will have a better penetrating ability, and some will produce larger crater diameters [10]. The most common material is copper [6]. Generally, it is chosen for density and hardness as these directly affect the jets’ ability to penetrate deep into a target. Should you need deep penetration into a target, then Copper, Molybdenum, Tungsten and Molybdenum alloys are most used [11]. However, Aluminium can make a good alternative should deep penetration not be needed but larger cratering is required, or the target material is softer [11]. Research has also started in the use of reactive metal liners as they produce a secondary effect by releasing Chemical energy within the target during attack [12]. This could result in enhanced structural damage or fragmentation behaviour as it damages the structure of the target itself [12]. These reactive liners generally consist of an active metal being mixed with a binder and then pressed using a sintering method to produce a workable material [12]. This report focusses on the Copper and Aluminium liner materials to model two shaped charges with different capabilities.
1.5. [bookmark: _Toc92624067]Shaped Charge Modelling methods
There are two different ways of modelling the collapse process of a Shaped Charge. This can be Lagrangian or Eulerian both of which are used in this paper. The Lagrangian method maps an elemental mesh onto the shaped charge assembly and follows the deformation thereof, whereas an Eulerian mesh allows the deforming assembly to flow through a space with a fixed mesh [13]. Both methods have their merits but the main drawback with a Lagrangian mesh is that certain elements can become severely distorted and could cause the simulation to be terminated [13]. There is an alternative method that uses both and Eulerian calculation and Lagrangian calculations to constantly re-mesh any distorted elements to stop any errors from this [13].

2. [bookmark: _Toc92624068]Models
In this paper, the author looked at 5 different models and compared there results later in section 4. These methods were a coarse Lagrangian Mesh for an Aluminium liner and Copper liner, then tailoring the liner mesh to improve the Shaped Charge Jet formation for both Copper and Aluminium. Finally, an Eulerian mesh is used for an Aluminium liner to compare the different ways of simulating the jet formation. In this section, all the models are explained, along with the material properties that have been used.
2.1. [image: ][image: ]Coarse LagrangianFigure 3 - External view of the mesh used for the liner for both the Aluminium and Copper liner materials
Figure 2 - Internal view of the coarse mesh used on the liner for both the Aluminium and Copper liner materials

This first model used a Lagrangian Mesh with uniform Tetrahedral elements as can be seen in Figures 2 and 3 for the liner. This model was created as a baseline allowing the author to improve the accuracy of the mesh and therefore, the jet formation in later iterations of the model. It was also thought, having larger elements that are more uniformly spread across the liner would reduce the risk of the model being very demanding on the computing hardware and therefore, take less time to solve whilst giving a reasonable level of accuracy.
[image: ]Figure 4 shows the overall mesh used on the whole Shaped Charge assembly. At the start, the author believed that the Mesh used on the High Explosive filling of the Shaped Charge should be kept similar to the Liner mesh in case there was a relationship between the similarity of the meshes in the High Explosive and the Liner. Figure 3 also shows that even though the mesh looks coarse on the liner, that is a very small component of the Shaped Charge and with a similar mesh in the high explosive, there are many elements which raised concerns over the computing time required for the simulation.Figure 4 - Overview of the coarse mesh used for the whole Shaped Charge Assembly

2.2. [bookmark: _Toc92624070][image: ][image: ]Fine LagrangianFigure 6 - Internal view of the fine mesh used on the liner for both the Aluminium and Copper liner materials

This second model was an iteration of the Lagrangian Meshing used in Section 2.1. for both the Aluminium and Copper liner materials still using tetrahedral elements. Figures 5 and 6 show the proposed changes to the model. More focus was put into the mesh at the tip of the cone as this is the first point of interaction for the compressive wave. This will also mean, as was described in Section 1.2., that this is the main area that creates the Shaped Charge jet. It was hoped that a more accurate collapse process, and therefore jet formation, would be obtained. As the sides and the base of the liner are less relevant when talking about the jet the mesh created was graduated back down to the original element size to shorten the computing time as the author wasn’t as interested in the formation of the metal slug.Figure 7 - External view of the fine mesh used for the liner for both the Aluminium and Copper liner materials

[image: ]Figure 7 shows an overview of the different mesh used in the high explosive. The liner mesh is considerably finer than the one previously used. It was important to focus on the tip formation, however, the author wasn’t interested in the fine detail of the High Explosive and Casing elements. These have little bearing on the jet formation. Therefore, a much coarser mesh was used on these parts. It is believed that this will both reduce the computing time and have little to no bearing on the jet formation as the properties of those components weren’t changed between models.Figure 8 - Overview of the "Intelligent Mesh" used on the whole shaped charge assembly

2.3. [bookmark: _Toc92624071]Eulerian
In this report, an Eulerian model was also created, and the simulation run to allow a comparison of the different modelling methods. The Eulerian model works as described in section 1.5. In figure 8, a cylindrical area was meshed using tetrahedral elements which wrapped around the shaped charge assembly. This means that some elements will end up having a proportion of steel, high explosive and the liner material. Only an Aluminium liner was chosen for this model as it was being used as a comparison model to illustrate the differences between methods. Figure 9 Shows an overview of the mesh used for this model.
[image: ][image: ]Figure 10 - Overview of the Eulerian model
Figure 9 - Cross section of the Eulerian mesh model


2.4. [bookmark: _Toc92624072]Material Properties
2.4.1. [bookmark: _Toc92624073]Aluminium Liner Properties
	Density (kg/m3)
	Yield Tensile Stress (Pa)
	Ultimate Tensile Stress (Pa)
	Elongation at Break
	Youngs Modulus (Pa)
	Poisson’s Ratio

	2699
	105000000
	170000000
	0.16
	69000000000
	0.33


Table 1 - Material Properties for Aluminium 6005-T1 [14]
Aluminium 6005-T1 was chosen because the 6000 series of Aluminium has been proven to create a larger crater diameter in targets [11].
2.4.2. [bookmark: _Toc92624074]Copper Liner Properties
	Density (kg/m3)
	Yield Tensile Stress (Pa)
	Ultimate Tensile Stress (Pa)
	Elongation at Break
	Youngs Modulus (Pa)
	Poisson’s Ratio

	8941
	33300000
	210000000
	0.60
	110000000000
	0.343


Table 2 - Material Properties for Copper [15]
2.4.3. [bookmark: _Toc92624075]TNT JWL Properties
	Density (kg/m3)
	Detonation Wave Speed (m/s)
	A (MPa)
	B (MPa)
	
	R1
	R2
	Detonation Energy Density (J/kg)

	1630
	6930
	373800
	3747
	0.35
	4.15
	0.9
	3680000


Table 3 - JWL Properties for TNT [16]
2.4.4. [bookmark: _Toc92624076]Steel Casing Properties
	Density (kg/m3)
	Yield Tensile Stress (Pa)
	Ultimate Tensile Stress (Pa)
	Elongation at Break
	Youngs Modulus (Pa)
	Poisson’s Ratio

	7861
	345000000
	550000000
	0.32
	206000000000
	0.29


Table 4 - Material properties for Stainless Steel 1030 [17]
3. [bookmark: _Toc92624077]Results
3.1. [bookmark: _Toc92624078]Coarse Lagrangian
3.1.1. [image: Graphical user interface, application, Word

Description automatically generated]Aluminium LinerFigure 11 - Start of the liner collapse process for the coarse Aluminium liner

3.1.2. 
3.1.3. [image: Graphical user interface, application, Word

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated][image: A screenshot of a computer

Description automatically generated with medium confidence]Copper LinerFigure 14 - Start of liner collapse for the coarse Copper liner
Figure 13 - Graph of the jet tip velocity for the coarse Aluminium liner
Figure 12 - Jet formation of the coarse Aluminium liner

[image: Graphical user interface, application, Word

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated]Figure 17 – Jet formed from the coarse Copper liner
Figure 16 – Jet formation of the coarse Copper liner
Figure 15 - Later time step of the coarse Copper liner collapse

3.2. 
3.3. [image: Graphical user interface, application, Word

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated]Fine LagrangianFigure 19 – Jet tip velocity with time for the coarse Copper liner
Figure 18 – Demonstration of the breach of planar symmetry with the coarse Copper liner


3.3.1. [image: A screenshot of a computer

Description automatically generated with medium confidence][image: Graphical user interface, application

Description automatically generated]Aluminium LinerFigure 20 – Initial stages of liner collapse for the Fine Aluminium liner
Figure 21 – Initial jet formation for the fine Aluminium liner
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Description automatically generated][image: A screenshot of a computer

Description automatically generated]Figure 23 – Graph of jet tip velocity with time for the fine Aluminium liner
Figure 22 – Jet formation for the fine Aluminium liner

3.3.2. [bookmark: _Toc92624083]Copper Liner
[image: Graphical user interface, application, Word

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated]Figure 26 – Jet tip velocity with time for the fine Copper liner
Figure 25 – Jet formation of the fine Copper liner
Figure 24 – Initial collapse of the fine Copper liner

3.4. [image: ]EulerianFigure 27 - Jet formation using an Eulerian model


4. [bookmark: _Toc92624085]Discussion
From figures 11 and 12, it can be seen that the coarse Lagrangian model produces a consistent jet when the simulation is run and a sufficient compression wave focusses on the tip of the liner [2]. It can also be seen in both Figures 11 and 12 that upon jet formation and subsequent collapse of the liner material, the compressive stress being experienced is approximately 10GPa. Despite this being greater than the ultimate tensile stress for the Aluminium, the liner is unlikely to break up because it is compressive, and materials very rarely fail under compressive stresses. However, when this is compared to Figures 21-23, you can see that the stresses being experienced are an order of magnitude lower at around 4GPa. This is most likely due to the finer mesh size allowing more precise calculations to be performed by the software.
Another difference that can be seen between Figures 11 and 21 is that during the early stages of the jet formation, you can see with the finer mesh a concavity at the tip of the cone which cannot be seen in any of the coarse mesh models. This is where the compression wave has focussed on the tip of the conical liner and has started to invert it. This would be seen during the operation of a shaped charge, and this is possible because the number of elements around the area to experience these high compression rates has been significantly increased. This means that the relative volume and mass of material within each element has been significantly decreased. However, whilst this finer mesh produces a much more accurate jet, it is not symmetrical about the y-axis. This could be due to the mesh in the high explosive component being dissimilar to the liner mesh, see Figure 8, or even due to the elements in the liner being spaced unevenly, see Figure 6.
The coarse mesh breaches the planar symmetry, see Figure 18, which can’t be seen in the finer mesh. This happens when larger elements cause numerical errors. However, the more the element size is reduced, the more likely it is that the simulation will end prematurely due to heavy distortion of the elements. This occurred in both the Copper and Aluminium simulations for the finer mesh [2]. The heavy distortion of the mesh leads to large errors within the calculations which is the root cause of the simulation ending prematurely [2].
The Eulerian mesh produces a very accurate jet with no mesh distortion problems. However, velocity data can be plotted using a Lagrangian mesh as an individual node can be followed  throughout the simulation. As there is no element distortion, it is also a more reliable model. Figure 27 shows the results of the simulation for an aluminium lined shaped charge. Even though it doesn’t display the results correctly, which would require a new simulation to be run, it plots the volume fraction of each material within the space occupied by the individual elements. This can make the results harder to interpret but it does give a very clear representation of the compressive wave passing through the shaped charge.
The author also observed that the finer the mesh, the faster the velocity of the jet decreases after the peak. This can be seen in Figures 13 and 23 most obviously. This is most likely because the number of elements in the same area is increasing when making the mesh finer. This will make the elemental node that has been chosen to plot the velocity more likely to experience collisions. As this element is smaller than before as well, the mass of the element is much reduced meaning that collisions with other elements will have a much greater impact on the velocity.
It was also observed that changing the material properties of the liner made little to no difference to the jet formation but the velocities of these materials did differ as the Aluminium consistently had a higher jet tip velocity than the Copper as was expected as it is a less dense metal [6]. The force, applied by the expanding gasses and compression wave, to the Aluminium liner would impart the same energy to a much lighter metal slug because of this difference in density.
5. [bookmark: _Toc92624086]Conclusion
The results within this report show that increasing the number of elements around the tip of the cone improves the formation of the jet when using a Lagrangian mesh shown in Figures 12 and 21. However, when increasing the number of elements, the model is more prone to crashing through element distortion and the jet tip velocity becomes less reliable due to the increased risk of collisions from neighbouring elements, both features not seen when using an Eulerian mesh. The liner material has much less of an effect on the accuracy of the jet formation as can be seen in Figures 22 and 25. The Liner collapse is almost identical between each liner material. However, the Eulerian mesh has a distinct jet forming despite the model not displaying correctly. The Aluminium liner jet tip velocity is also generally higher than that of the copper, seen in Figures 23 and 26 which is expected and helps to validate the model [9]. Most problems could be eradicated using an Adaptive Eulerian, Lagrangian mesh which, upon an element becoming distorted, re-meshes the parts to an Eulerian model [2]. Also, upon detonation, very high temperatures are seen so the model could also be improved by adding thermal properties of the metals and detonation temperatures as this will affect how the liner material flows as it will thermally soften the metal [2].
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