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[bookmark: _Toc155644118]Abstract
Shaped charges (SC) typically consist of a confined explosive behind a lined cavity that, when detonated, result in a shockwave that highly compresses the metallic liner to produce a high velocity jet up to 10,000 ms-1 [1]. Early development includes experiments carried out by Charles Munroe the results of which later became referred to as the “Munroe Effect” [2]. Highly energy dense energetic compounds based on RDX or HMX are often used for the explosive component of a SC, although alternatives based on the energetic CL-20 are of interest for future formulations. One such polymer bonded explosive (PBX) is LX-19, which has been used as the energetic in this report in which Abaqus Finite Element Analysis (FEA) software was used to model the jet formation of several simulations of SC in both 2D and 3D, using the Lagrangian approach. The results were varied, with more success with 2D simulations, the majority of which resulted in good jet formation, but some disparity in the jet velocities measured. Of the 8 3D simulations carried out, only 4 resulted in some jet formation with Coarse Mesh 3D 4 resulting in the most successful jet and comparatively high jet velocities. Despite some of the difficulties highlighted, modelling is extremely useful in SC mechanics and can provide an invaluable tool to creating a preliminary design. 
1. [bookmark: _Toc155644119]Introduction 
Shaped charges (SCs) can be  defined as an explosive charge with lined cavity of varying geometry which, when detonated, focus the products of detonation onto a metallic liner, forming a high velocity jet [3]. SCs have a wide range of applications; however, they are primarily used for disabling armoured vehicles such as tanks and other armoured fighting vehicles (AFVs) [4] or used in larger missile systems to destroy buildings or other hardened targets. 
Early development started with an unlined SC or hollow charge that simply comprised of an explosive charge of a particular shape, typically conical, hemispherical, or bow-shaped, which, when detonated, the explosive shockwave created cavities in targets of the same shape. This early invention is often accredited to Charles Munroe due to his work in 1888 in which a series of experiments were carried out involving blocks of explosives engraved USN (United States Navy). Munroe noted that when the blocks were detonated with the engraving facing down on a steel plate, the engraving was reproduced into the steel [2]. Subsequent experiments lead him to discover that increasing the size of the cavity in the charge would result in a larger cavity in the target, and this phenomenon became known as “The Munroe Effect”. Following this, Munroe experimented with adding a metallic liner in front of the explosive charge causing the detonation wave to propagate onto this metallic liner. The extreme compressive force created by the detonation products is sufficient to create a high velocity jet that is capable of penetrating deep into a target, in a process known as Hydrodynamic Penetration, whereby the liner behaves as a liquid once the compressive strain in that material is exceeded [5] [3]. Choice of liner material is key to achieving desirable penetration depth and must adhere to multiple requirements, predominantly, the liner material must feature high ductility and density. Suitable materials include copper, tantalum, molybdenum, and tungsten, with copper being an industry standard due to its excellent properties whilst remaining relatively cost effective and abundant [5] [6]. However, research carried out by Saran et al [7] concluded that aluminium liners could also make effective SCs where deep penetration is not required, or for softer target applications, more likely applicable in civilian industries such as mining, oil and quarrying [4].
Another important feature of SC penetration depth investigated by Munroe is standoff distance. Standoff distance is defined as the distance relative to the target at which the SC is detonated and is often measure in cone diameters (CD) [3]. Typically, SCs penetrate a target further as the standoff distance increases up to a point, at which surpassing this distance will lead to a decreased penetration depth. Exceeding this optimum standoff distance causes the jet to break up into smaller fragments, in a process known as necking, as opposed to hitting the target as one continuous linear jet [5] [8]. As the fragments are unlikely to strike the target in the same location, this effectively increases the surface area of the jet [4]. As stress = force/area, by increasing the jet surface area, the stress applied to the target is reduced, thus resulting in less penetration. Similarly, if the standoff distance is too close, the jet will not have sufficient distance to form a perfectly linear thin jet, rather a truncated jet with increased surface area again resulting in a reduction in stress applied to the target [5]. 
Various energetic materials are used in SC design, but compounds with high detonation velocities are commonly used such as RDX or HMX (Octogen) based materials. However, there is particular interest in using newer high energy energetic compounds, such as LX-19, a CL-20 based Polymer Bonded Explosive (PBX). CL-20(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) is a highly energy dense energetic compound first developed in the 1980s [9] in China Lake, USA. It is one of the most powerful explosives developed with a velocity of detonation (VoD) of approximately 7500ms-1 [10] although other sources suggest a calculated VoD of 10065ms-1 [11]. It is present in 5 phases; however the epsilon phase CL-20 is most widely used due to its comparatively superior stability, sensitivity, density, and detonation parameters [12]. Given the highly powerful characteristics, explosive compounds based on CL-20 such as LX-19 have great potential and is an ideal candidate for use in SCs. 
Extensive research has been undertaken using FEA to simulate SC mechanics. As used in this report, the Lagrangian method; characterised by discretised parts moving through space relative to time [13], has been used by Molinari to simulate the jet formation and subsequent penetration of a copper lined SC impacting an armour plate resulting in good agreement with well-established SC mechanics [14]. Conversely, the Eulerian method uses a fixed mesh with the SC material moving through it. Chen and Liu [15] used the Eulerian approach to numerically reproduce an 81.3mm Comp B (RDX/TNT) filled SC, comparing the jet velocity to experimentally derived data. This resulted in excellent agreement with experimental data, achieving a numerically derived maximum jet velocity of 8251 ms-1 compared with the experimentally achieved velocity of approx. 8000 ms-1. However, a total solve time of 153 hours emphasises one of the drawbacks of this method. A commonly used approach to SC simulation is to combine both Lagrangian and Eulerian methods, one such method is known as Arbitrary Lagrangian-Eulerian (ALE). Babu and Vunnam used this ALE approach and compared with adaptive Smooth Particle Hydrodynamics (SPH) to model an RPG impact on armour, the results of which showed greater penetration depth using the SPH method [16]. Helte et al [17] also use the ALE method to simulate a SC jet interacting with explosive reactive armour (ERA) and compared with experimentally derived results. The resulting numerical simulations correspond with the experimental results derived. 
This report details the use of Abaqus FEA software to model SC formation using the Lagrangian approach in both two dimensions (2D) and three dimensions (3D). 
2. [bookmark: _Toc155644120]Method 
The modelling package used was Dassault Systemes Abaqus, utilising both Finite Element (FE) solver and built in Computer-Aided Design (CAD) module to create the parts of the SC. Initially 2D FEA was carried out followed by 3D FEA, the methods of which are described in depth in 2.2 and 2.3 respectively. 
2.1. [bookmark: _Toc155644121]Shaped Charge Design
The design of SC utilised for this simulation was based on a Rocket Propelled Grenade (RPG), specifically the PG-7VM, a modernised variant of the PG-7V [18]. Whilst [18] was used for the overall design of SC including important parameters of the liner cone angle, material and SC diameter, further research was carried out into the thickness of SC liners. Based on research, a liner thickness of 1.5mm was chosen. Yi et al [19] investigated the use of 50mm and 75mm SCs consisting of a copper liner of 1mm and 1.5mm respectively and a 60° cone angle. Additionally, Gustafsson [20] concluded that an optimum liner thickness should be 1-4% of the charge diameter. Research carried out by Vigil [21] also agrees with Gustafsson which concluded that optimum penetration occurs when the liner thickness is 0.01 cone diameters (CD), which in that study equated to 1% of the charge diameter. Considering a charge diameter of 63mm used in this investigation, 1.5mm equates to approximately 2% of the charge diameter, suggesting that 1.5mm is a suitable liner thickness for this SC design. Some parameters of the designed shaped charge are summarised in Table 1. 
Table 1 – Characteristics of Shaped Charge
	SC Characteristics

	Liner

	Thickness (mm)
	1.5

	Diameter (mm)
	63

	Cone Angle (°)
	60

	Material
	Copper

	Case 

	Material 
	4340 Steel

	HE Fill

	Material
	LX-19


There are a wide range of explosive compositions that can be used for SCs, predominantly compounds with high detonation velocities as this can increase the length of the jet, thus increase penetration depth [20]. Traditional explosives formulations such as Comp B (60% RDX/40% TNT) [19] and Octol (HMX/TNT) [22] are often used in SC design, however there is particular interest in using very high detonation energy explosives such as CL-20 based compositions. These include PBX compositions such as LX-19, PAX-11, PAX-12 and PAX-29 [23]. Although the SC design used in this report is largely based on [18], it was decided to use LX-19 as the explosive charge instead of A-IX-1 (an RDX based explosive) utilised in their report. This was due to the superior VoD of 9453ms-1 achieved with LX-19 compared with 8300ms-1 of A-IX-1, although the reported VoD was as low as 6660ms-1 depending on density of A-IX-1. Table 2 provides an overview of LX-19.
Table 2 – Properties of PBX LX-19 [24]
	LX-19 Properties

	Explosive 
	ε-CL-20 95.8% 

	Binder
	Estane 4.2%

	VoD
	9453 ms-1



2.2. [bookmark: _Toc155644122]Model Parameters/Set-up
To simulate material behaviour, several material models were used, the values for which were input into the material properties. These included Johnson-Cook (JC) Plasticity model to characterise material behaviour when stress exceeded the materials elastic properties causing plastic deformation. The JC Plasticity model is shown in Equation 1.

Equation 1 – Johnson-Cook plasticity model [35] [37]

Equation parameters are stress (σ), yield stress (A), strain hardening constant (B), plastic strain (), strain hardening coefficient (n), strengthening coefficient of strain rate (C), initial plastic strain (), temperature (), transition temperature (), melting temperature (), and thermal softening efficient (m) [25] [26]. 
The JC dynamic failure model was also used to describe material behaviour when subjected to stresses beyond the materials plastic response as described in Equation 2.

Equation 2 – Johnson-Cook dynamic failure model [35]

Equation parameters are fracture strain (), mean stress (), Mises stress (), plastic strain (), initial plastic strain (), temperature (),  Damage constants D1-D5 [27] [28]. 
To model the behaviour of the explosive charge the Jones Wilkins Lee equation of state (JWL EOS) was used, as shown in Equation 3.

Equation 3 – JWL EOS [36]

Consisting of pressure (), volume (), initial volume of explosive (), with A, B, C, R1, R2 and ω as material constants. 
2.3. [bookmark: _Toc155644123]2D Modelling
2.3.1. [bookmark: _Toc155644124]General 2D Set-up
Firstly, the parts that form the SC are created in the ‘Sketch’ module in Abaqus drawn to the specification of [18] and additional research carried out into liner thickness as justified in section 2.1 of this report. Figure 1 depicts the individual drawn components and the assembled SC.  









[bookmark: _Toc155644287]Figure 1 – Constituent parts of SC. Case (top left), HE Fill (top right), Liner (bottom left), SC assembly (bottom right)

The material properties that were assigned to each of the components are created in the Material Manager in the ‘Property’ module. Using literature research these properties were populated and are summarised in Table 3
Table 3 – Overview of material properties used in all simulations [19] [24] [29] [30] [31]
	Property
	Value

	Steel 4340

	Density (kg/m3)
	7850

	Young’s Modulus (Pa)
	205000000000

	Poisson’s Ratio 
	0.3

	Johnson Cook Plastic
A (Pa)
B (Pa)
n
m
Melting Temperature (°C)
Transition Temperature (°C)
C
Strain Rate
	
792000000
510000000
0.26
1.03
1793
293.2
0.014
1

	Johnson Cook Damage
D1
D2
D3
D4
D5
Melting Temperature (°C)
Transition Temperature (°C)
Reference Strain Rate
	
0.05
3.44
2.12
0.002
0.61
1793
293.2
1

	LX-19

	Density (kg/m3)
	1972

	Jones-Wilkins-Lee (JWL) 
Detonation Wave Speed (ms-1)
A (Pa)
B (Pa)
Ω
R1
R2
Detonation Energy Density (J/kg)
Pre-detonation Bulk Modulus
	
9453
1637900000000
186300000000
0.55
6.5
2.7
5920000
0

	Copper

	Density (kg/m3)
	8960

	Young’s Modulus
	130000000000

	Poisson’s Ratio 
	0.34

	Johnson Cook Plastic
A (Pa)
B (Pa)
n
m
Melting Temperature (°C)
Transition Temperature (°C)
	
90000000
292000000
0.31
1.09
1356
673

	Johnson Cook Damage
D1
D2
D3
D4
D5
Melting Temperature (°C) 
Transition Temperature (°C)
Reference Strain Rate
	
0.3
0.28
3.03
0.014
1.12
1356
673
1


[bookmark: _Hlk152933458]Once the material properties are defined, each part that comprises of the SC was assigned the correct material using the Section Manager in the ‘Property’ module, as shown in Figure 2. 
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc155644288]Figure 2 – Assigning materials to each component of the SC.
Once the materials are assigned to the components of the SC that were modelled, a mesh was added. Several 2D simulations were run with adaptations to the mesh which are explained in greater detail in 2.3.2 – 2.3.5.  
2.3.2. [bookmark: _Toc155644125]LX-19 Simulation
This was the first simulation carried out and consisted of a relatively simple mesh using a global seed. To create a mesh, the parts were seeded prior to meshing. Seeding is the method by which the user can specify the density of the mesh as the seed acts as a marker that the mesh is connected to. For this simulation, a global seed of 0.001 (1mm) was used producing a uniform mesh for each component, as shown in Figure 3. 
[image: ]
[bookmark: _Toc155644289]Figure 3 – LX-19 resulting mesh using 0.001 (1mm) global seed  on all components. 
The mesh consists of elements, which can also be altered depending on the application and parts that the mesh needs to represent. The parameters used for the element type are shown in Figure 4.
[image: ]
[bookmark: _Toc155644290]Figure 4 – Element type configuration for 2D simulations.
As shown in Figure 4, the “Linear” geometric order was used, with “Tri” element shape used as opposed to “Quad” elements. This results in a mesh that consisted of triangular shaped elements with 3 nodes at which calculations would take place. Ideally, the “Quadratic” geometric order would be used which would have resulted in 6-nodal triangular elements (see Figure 5 for comparison), but due to the restrictions of the Abaqus licensed used, a maximum of 250,000 nodes could be run. The configuration shown in Figure 4 was used for all 2D simulations described in this report.
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[bookmark: _Toc155644291]Figure 5 – Node positioning on linear elements (left) and quadratic elements (right) [32]
2.3.3. [bookmark: _Toc155644126]LX-19 Enhanced Mesh 1 (LX-19 EM1) Simulation
LX-19 EM1 focused on improving the quality of the mesh specifically for the liner to model the jet formation more accurately. To do this, local seeds were used with a directional bias in which the seed density gradually increased closer to the apex of the liner, resulting in an area of increased mesh density at the liner apex. Figure 6 depicts this. 
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[bookmark: _Toc155644292]Figure 6 – Local seeding applied to the SC liner. 
As shown in Figure 6, single bias local seeding was used on the curved section of the liner in which the seeds were initially spaced 0.1mm apart increasing to 0.5mm apart further from the apex of the liner. The straight sections encircled used local seeding spaced 0.1mm apart, with no bias. As the liner straightens after the curve, a single bias local seeding was used once more in which the seeds graduated from 0.5mm apart to 1mm apart at the base of the liner, as shown in Figure 7. 
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[bookmark: _Toc155644293]Figure 7 – Local seeding to parallel section of SC liner. 
The mesh used to represent the HE fill and case were as described in 2.3.2. Figure 8 depicts the resulting meshing used in LX-19 EM1 simulation.  
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[bookmark: _Toc155644294]Figure 8 – LX-19 EM1 resulting mesh.
2.3.4. [bookmark: _Toc155644127]LX-19 Enhanced Mesh 2 (LX-19 EM2) Simulation
Due to the transition from relatively coarse mesh in the HE fill to dense mesh in the liner as depicted in Figure 8, further enhancing to the mesh of the HE was carried out in LX-19 EM2. Similarly as described in 2.3.3, local meshing was used on the HE fill surface that contacted with the liner, utilising the same sizing control transition of 0.1mm to 0.5mm single bias and 0.5mm to 1mm single bias. The resulting mesh is depicted in Figure 9. 
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[bookmark: _Toc155644295]Figure 9 – LX-19 EM2 resulting mesh.
2.3.5. [bookmark: _Toc155644128]LX-19 Enhanced Mesh 3 (LX-19 EM3) Simulation
The final 2D simulation carried out, involved further amendments to the HE fill mesh to improve the continuity in mesh density down the central axis of the HE fill. As shown in Figure 9, the transition down the central axis of the SC starts off relatively coarse, to very fine. To improve this, the mesh density of the liner was changed from 0.1mm as depicted in Figure 6, to 0.15mm (minimum size changed from 0.0001 to 0.00015). This slightly coarser mesh was necessary to reduce computational effort and save time in the simulation. Additionally, to improve the continuity down the central axis, single bias local seeding was used along the central axis ranging from 0.15mm at the apex of the liner to 1mm at the case. The resulting mesh is depicted in Figure 10.   
[image: ]
[bookmark: _Toc155644296]Figure 10 – LX19 EM3 resulting mesh.
2.4. [bookmark: _Toc155644129]3D Modelling
2.4.1. [bookmark: _Toc155644130]General 3D Set-up
The 3D parts were created using the same sketches as used in the 2D simulations. Once created, the steps given in 2.3.1 were replicated in the 3D simulations utilising the same material properties. Similarly with the 2D simulations, the limited node capacity of the software meant that “Linear” geometric order was used rather than “Quadratic”, so each tetrahedral element consisted of 4 nodes as opposed to 10 nodes. Given the vast increase in nodes from 2D to 3D geometries, this was necessary to keep below the 250,000-node limit of the software. 
2.4.2. [bookmark: _Toc155644131]3D Mesh 1
This simulation used a very simple mesh using global seed of 4.2mm utilised on all 3 components.
2.4.3. [bookmark: _Toc155644132]3D Finer Mesh 1 and 2
Due to errors with 3D Mesh 1, a finer mesh was used on the HE fill and liner components which utilised a global seed of 2mm. The case global seed remained consistent with 2.4.2. 3D Finer Mesh 2 further reduced the size of the mesh by utilising a global seed of 1.8mm.  
2.4.4. [bookmark: _Toc155644133]3D Finer Mesh 3
Due to the limitations of the software as previously mentioned, a maximum of 250,000 nodes could be run. Using a global seed of 1.8mm resulted in a nodal count of 229,000, therefore by simply reducing the global mesh size further would exceed the maximum nodes. To solve this a plane of symmetry was added in which the model was revolved 180° instead of 360°, thereby allowing a finer mesh to be applied, but without exceeding the maximum nodes of the software. By adding the plane of symmetry, local meshing could also be applied, further enhancing the mesh, and hopefully resulting in a more substantial simulation. 
To apply the plane of symmetry, under the part module, select “features” and right click “edit” on “solid revolve”. Set the angle to 180° as shown in Figure 11.
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[bookmark: _Toc155644297]Figure 11 – 3D Finer Mesh 3 – revolving assembly 180°.
Then in the load module, a boundary condition is created by selecting “symmetry/antisymmetry/encastre”. The faces were then selected, and symmetry applied in the Z axis, as shown in Figure 12. 
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[bookmark: _Toc155644298]Figure 12 – Applying plane of symmetry in Z axis. 
With the plane of symmetry applied to all parts, local meshing was applied to the HE fill and liner. Where the HE fill meets the apex of the liner, no bias local seeds of 0.1mm were applied. The remaining edges of the HE fill in contact with the liner utilised a single bias local seed of 0.1mm to 1.5mm as depicted in Figure 13.
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[bookmark: _Toc155644299]Figure 13 – 3D Finer Mesh 3 – applying seed controls to HE fill liner interaction.
0.1mm local seeds with no bias were also applied to the inside and outside edges of the liner apex. The remaining edges of the liner utilised local seeds with a single bias from 0.1mm towards the apex of the liner, graduating to coarser 1.5 mm seeds towards the bottom of the cone. The resulting mesh is depicted in Figure 14.
[image: ]
[bookmark: _Toc155644300]Figure 14 – 3D Finer Mesh 3 – Resulting liner mesh.
It was noted that due to variation between mesh coarseness in the HE fill and liner, that could introduce potential errors when running the simulation. Therefore, single bias local seeds were also introduced on the line of symmetry, graduating from 1.5mm towards the top of the HE fill to 0.1mm where the HE fill meets the apex of the liner as shown in Figure 15.
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[bookmark: _Toc155644301]Figure 15 – 3D Finer Mesh 3 – Applying seed control down the central axis of the HE fill.
2.4.5. [bookmark: _Toc155644134]Coarse Mesh 3D 1 and 2
Due to issues with the simulation aborting prematurely, it was decided to revert to a very basic coarse mesh. 3mm and 2mm global seeds were used for both the liner and HE fill in Coarse Mesh 3D 1 and 2 respectively. 
2.4.6. [bookmark: _Toc155644135]Coarse Mesh 3D 3
This simulation utilised the same 2mm global seed as used in Coarse Mesh 3D 2 but introduced a boundary condition between the inner surface of the HE fill and outer surface of the liner. 
[image: A computer screen shot of a blue object
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[bookmark: _Toc155644302]Figure 16 – Coarse Mesh 3D 3 – Applying a boundary condition to HE fill and liner. 
2.4.7. [bookmark: _Toc155644136]Coarse Mesh 3D 4
The boundary condition was removed, and mesh density was increased by using 1mm global seeding for both HE fill and liner. 
3. [bookmark: _Toc155644137]Results
3.1. [bookmark: _Toc155644138]2D Simulations
Most of the 2D simulations resulted in relatively good jet formation, Figures 17, 18 and 19 depict the liner jet formation during and post-completion of the first simulation LX-19. Only the SC liner is shown, both HE fill and case have been hidden to aid visualisation of the jet.
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[bookmark: _Toc155644303]Figure 17 – LX-19 liner collapse during simulation.
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[bookmark: _Toc155644304]Figure 18 – LX-19 liner collapse resulting in jet formation. 
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[bookmark: _Toc155644305]Figure 19 – LX-19 resulting jet formation.
Figures 18 and 19 show mostly negative stress values, suggesting the liner is being highly compressed as the detonation wave progresses through the HE fill. 
The second 2D simulation, LX-19 EM1, was prematurely aborted as the detonation wave progressed past the apex of the liner, as shown in Figure 20.
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[bookmark: _Toc155644306]Figure 20 – LX-19 EM1 – Detonation wave propagating through HE fill prior to simulation failing.
As shown, it also depicts the detonation wave propagating through the HE fill shown as a highly compressive shock front coloured blue. However, upon further investigation, the liner does start to collapse but immediately aborts due to a highly distorted element, highlighted dark blue in Figure 21 below. It is also important to draw attention to the difference in coarseness of the mesh in the HE fill in comparison to the liner. There is not much of a graduation in mesh size; the HE is very coarse, but the liner is comparatively fine, likely contributing to the highly distorted element failure. 
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc155644307]Figure 21 – LX-19 EM1 – Excessive distortion of liner element causing simulation to fail.
The third 2D simulation, LX-19 EM2, was further improved to reduce the disparity in mesh size between the HE fill and liner. This resulted in a slightly improved jet formation in comparison to LX-19 EM1, however, this still resulting in a prematurely aborted simulation, as shown in Figure 22. 
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[bookmark: _Toc155644308]Figure 22 – LX-19 EM2 – Liner collapse resulting in some jet formation, prior to failing due to excessively distorted elements (highlighted red).
The simulation did run further than LX-19 EM1 resulting in a more pronounced jet. However, the amendments have introduced some highly distorted nodes highlighted in Figure 22, likely causing the simulation to fail. 
The final 2D simulation, LX-19 EM3, further improved the mesh in comparison to previous 2D simulations and has resulted in an excellent jet formation. Figures 23 and 24 illustrate the process of liner collapse during and post simulation. 
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[bookmark: _Toc155644309]Figure 23 – LX-19 EM3 – Liner collapse during simulation highlighting differences in compression values.
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[bookmark: _Toc155644310]Figure 24 – LX-19 EM3 – Resulting jet formation.
Figure 23 highlights the varying levels of compression as the liner collapses due to the propagation of the detonation wave, with the highest levels of compression concentrated in the centre highlighted dark blue. Figure 24 highlights the resulting jet formation.























[bookmark: _Toc155644311]Figure 25 – Velocity plots for LX-19 (Top), LX-19 EM2 (middle) and LX-19 EM3 (bottom)

Figure 25 compares the velocities of the jets formed in LX-19, LX-19 EM2 and LX-19 EM3. No velocity plot was taken for LX-19 EM1 due to lack of jet formation because of the simulation failing. The velocities vary quite considerably, the jet velocity of LX-19 (top plot) is approx. 7500 ms-1 compared with approx. 8500ms-1 in LX-19 EM3 (bottom plot), although showed a range from approx. 7500ms-1 to nearly 10000 ms-1. The velocities of LX-19 EM2 (middle plot) are much more inconsistent, although ignoring the erroneous node (red) the velocities are similar to LX-19 of approx. 7500ms-1.
3.2. [bookmark: _Toc155644139]3D Simulations
The 3D simulations in general were less successful than 2D and often resulted in prematurely aborted runs. Simulations, 3D Mesh 1, 3D Finer Mesh 1 and 3D Finer Mesh 3, all failed due to excessive element distortion in the SC liner as highlighted in Figure 26 and Figure 27. 
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[bookmark: _Toc155644312]Figure 26 – Apex of SC liner where excessive element distortion took place in 3D Mesh 1 and 3D Finer Mesh 1 simulations. 
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[bookmark: _Toc155644313]Figure 27 – 3D Finer Mesh 3 – Propagation of detonation wave until it reaches apex liner, resulting in excessive element distortion.
3D Finer Mesh 2, also failed due to excessive element distortion however this was due to elements within the HE fill, as shown in Figure 28. However, Figure 27 does highlight how the detonation wave propagates through the HE fill with values indicating that the highest level of compression is occurring at the shock front highlighted blue (more negative values, suggesting higher compression). 
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[bookmark: _Toc155644314]Figure 28 – 3D Finer Mesh 2 – Excessive element distortion in HE filll causing simulation to abort. 
Due to the difficulty in achieving any jet formation with the fine mesh, reverting to a more simplistic and coarse mesh yielded more promising results. Coarse Mesh 3D 1 resulted in some jet formation, although considerably less concise than the 2D simulations, as shown in Figure 29. 
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[bookmark: _Toc155644315]Figure 29 – Coarse Mesh 3D 1 – Resulting jet formation.
Coarse Mesh 3D 2 and 3 can be found in Figure 30 and Figure 31, clearly illustrating an improvement in jet formation, despite the simulations still failing prematurely. 
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[bookmark: _Toc155644316]Figure 30 – Coarse Mesh 3D 2 – Reulting jet formation.
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[bookmark: _Toc155644317]Figure 31 – Coarse Mesh 3D 3 – Resulting jet formation.
Coarse Mesh 3D 4 showed further improvements again and resulted in the most successful 3D liner jet formation as depicted in Figure 32. Also depicted is the process of amending the contour plots such that only negative stress values are shown in varying colours, highlighting the difference in compression at various points in the simulation. With this setting, any positive stress values (indicating tension) are coloured grey. 
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[bookmark: _Toc155644318]Figure 32 – Coarse Mesh 3D 4 – Resulting jet formation. Settings also highlighted to amend contour plot options.













[bookmark: _Toc155644319]Figure 33 – Velocity plots for Coarse Mesh 3D 1 (Top left), Coarse Mesh 3D 2 (Top right), Coarse Mesh 3D 3 (Bottom left) and Coarse Mesh 3D 4 (Bottom right)


As shown in Figure 33, there was some disparity in the velocities achieved in the 3D simulations. Coarse Mesh 3D 1 (top left) resulted in the lowest jet velocity at approx. 5200 ms-1, with exception of a single node at approx. 6900ms-1. Coarse Mesh 3D 2 (top right) resulted in more consistent jet velocities with the bulk of the nodes measures at approx. 6500ms-1 with exception of a single node (red) at approx. 5500ms-1. Coarse Mesh 3D 3 (bottom left) resulted in similar velocities to Coarse Mesh 3D 2, despite a slightly larger range of velocities from approx. 5000ms-1 to 7000ms-1. The fastest jet velocity measured was Coarse Mesh 3D 4 (bottom right) ranging from 8500ms-1 to 9500ms-1, with the bulk of the nodes at approx. 8750ms-1.
4. [bookmark: _Toc155644140]Discussion
As the results suggests, there was varying success in modelling SC jet formation, more so for the 2D models with 3 of 4 simulations producing a jet, but less successful for the 3D simulation with only 4 of 8 simulations producing a jet. 2D simulations LX-19 and LX-19 EM3 resulted in the most prominent jet formation, however LX-19 EM3 had a faster jet in comparison to LX-19, approx. 8500ms-1, and 7500ms-1 respectively. Despite some jet formation in LX-19 EM2, the velocities vary quite considerably compared with the other 2D simulations, approx. 6000ms-1 to 8000ms-1, though the higher value was likely due to the stretched element highlighted in Figure 22.
Coarse Mesh 3D 4 was the most successful 3D simulation and resulted in a very concise jet, with the highest 3D jet velocity of approx. 8750ms-1, considerably higher than the other 3D simulations of approx. Additionally, this velocity is relatively consistent with the detonation velocity of LX-19 that was input into the simulation (9453ms-1). Furthermore, the change to the contour plot values as described in Figure 32 resulted in a much clearer depiction of the variation in compression as the jet is forming. It clearly shows the greatest compression values are present along the central axis of the liner, which would be expected in a comparable practical SC experiment. In all other simulations, both 3D and 2D, this setting would have been beneficial and in hindsight should have been applied. A good example of this is shown in Figure 31. As the whole jet formation is highlighted red, it is hard to distinguish which regions of the liner are undergoing compression (-ve values) or tension (+ve values) as the current contour settings suggest that any red regions could range from -9.611e+10 to +6.175e+10. Compared to Figure 32, which clearly distinguishes which regions of the liner are undergoing compression and which are undergoing tension (highlighted grey). 
Simulations 3D Mesh 1, 3D Finer Mesh 1, 2 and 3 all failed to run as intended due to excessive element distortion, despite some taking up to 2.5 hours to solve. This highlights the difficulty in modelling complex high strain rate problems and demonstrates the significant computational demand these applications require. Use of a Lagrangian only method in problems such as detailed in this report, is often fallible to this error and is more suited to problems involving small deformations [33]. Clipii [13] highlights two possible solutions to tackle this distortion problem, namely rezoning; a process involving reposition of the nodes to eliminate the distorted cells, or erosion, whereby elements are automatically removed from the simulation should the size drop below a minimum. However, a combined approach such as Arbitrary Lagrangian-Eulerian (ALE) offers flexibility and is potentially a better method to this type of problem [34].
Despite this, it is the authors opinion that numerical software packages can be extremely useful tools in designing SCs and support the systems engineering principle of left shifting by using these tools to develop a preliminary design prior to investing time and money into the manufacture of prototypes. However, careful consideration must be taken as to what approach to use, either Lagrangian or Eulerian, or a combination of both. 
Whilst this report has not looked specifically at modelling SC penetration of a target, studying the diameter of the jets developed gives a good indication at which would likely produce greater penetration. From the 2D simulations, LX-19 and LX-19 EM3 jets have a minimal surface area, thus impart higher stress to the target, though penetration would likely be greater for LX-19 EM3 due to the faster jet velocity (approx. 8500ms-1 vs approx. 7000ms-1). Similarly with the 3D simulations, the wider jets with greater surface area in Coarse Mesh 3D 1, 2 and 3 will likely penetrate less than that of Coarse Mesh 3D 4. 
5. [bookmark: _Toc155644141]Conclusion
This report has set out to investigate the use of FEA as a tool to simulate the formation of a SC jet, using both 2D and 3D simulations. The 2D simulations were more successful than that of the 3D simulations, with 3/4 runs resulting in jet formation, compared with 4/8 runs in 3D. The failure was due to excessive element distortion, a common problem when using the Lagrangian approach, one that could have been avoided if a Eulerian, combination ALE or alternative approach was used. In 2D simulations, LX-19 EM3 produced the most concise jet with a tip velocity of approx. 8500ms-1, which was consistent among the nodes selected. Comparatively, in the 3D simulations Coarse Mesh 3D 4 resulted in the formation of a fine jet, but much shorter in length to that of LX-19 EM3 (2D). However, the average jet velocity was similar to that of LX-19 EM3 at approx. 8750ms-1. 
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