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[bookmark: _Toc188213737]1 – Introduction
A shaped charge is an explosive device which operates by loading a liner via detonation of a high explosive charge such that it produces a jet which can travel up to 12 kms-1 [1]. These velocities enable jets to deeply penetrate dense materials such as tank armour, rock and concrete, giving the shaped charge many applications across the military, mining and oil industries.  It is comprised of several components: a casing, a liner, a detonator, a high explosive charge, and a booster charge, to assist in the explosive train, where required.

Abaqus CAE is a computer aided design (CAD) software used to perform Finite Element Analysis (FEA) on complex mechanical and structural problems [2]. FEA uses the finite element method to mathematically predict the behaviour of materials by breaking a complex problem down into smaller elements which is more manageable for the software to simulate. The software treats each element as its own object, and it will move and deform as part of its element [3]. In Abaqus, the user is enabled to create their own materials, loads and meshing allowing them to experiment with real world materials and understand their behaviour in different situations such as the formation of a jet from the liner of a shaped charge.

In this investigation, a literature review will be conducted into the historical context and background theory of the shaped charge device serving to support the creation of three shaped charge simulations. These simulations will be made in the software Abaqus CAE using the Langragian modelling approach. The methodology for the creation of these simulations will be captured and usage of the selected materials will be justified. The first two simulations will be generated in 2D space with a key difference in the liner materials of copper and tungsten with one of the designs being carried forward to be simulated in 3D. The results of all three simulations were captured and critically analysed in this report. An evaluation of the investigation will occur followed by the conclusions of the investigation.
[bookmark: _Toc188213738]2 – Background Theory
[bookmark: _Toc188213739]2.1 – Historical Context
The earliest notable reference of a shaped charge has been dated back to 1792 where Franz von Baader was able to focus the energy of an unlined hollow charge made of black powder which is incapable of detonating. In 1883, Max von Foerster gave the first demonstration of what would later be referred to as the Munroe effect, utilising a high explosive for the first time in conjunction with this effect. A different design was patented by Gustav Bloem, this is the first shaped charge known to have utilised a liner, which in this case was hemispherical in shape [4].
5 years later, Charles Munroe conducted similar effects to von Foerster famously discovering the explosive engraving method along the way by using an inscribed explosive charge to “print” the letters U.S.N onto a steel plate. He observed that the cavities in the explosive charge would allow for deeper penetration to the target, meaning that by using less explosives, a greater penetrative effect could be achieved [4].
In 1911 and 1914 respectively, German scientists M. and E. Neumann both claimed patents showing the unlined hollow cavity effect. This was also the first notable reference to the idea of standoff, allowing the shaped charge jet space in which to form to achieve a greater penetrative effect. They were also able to correlate the charge diameter to the penetration depth [4]. Despite these advancements, shaped charges would not be utilised in WW1 as shaped charges were still underdeveloped. In addition to this, the trench-based warfare and lack of strong tank armour did not provide any incentive to develop such technologies to support the war effort.
The US made more advancements with the creation of the percussion fuse in 1925 and Explosive Formed Penetrators (EFP) in 1937 [4]. These components would be vital moving into the pre-WW2 era due to the increased presence of tanks in military forces and especially the developments in tank armour.
The design for the modern shaped charge is contested between Henry Hans Mohaupt for the UK and Franz Rudolf Thomanek of Germany but both were able to optimise the hollow charge effect while utilising a liner to develop the first lined cavity shaped charge penetrator. Thomanek would go on to work on the idea for allowing foot soldiers to carry shaped charge weapons as an anti-tank measure in 1938. Germany would share information with Japan on shaped charges as of May 1942 [4].
Simultaneously, Mohaupt was experimenting with the implementation of the shaped charge technology into rifle grenades, mortars and artillery projectiles. Eventually bringing the No. 68 anti-tank rifle grenade into service in November 1940 and after some negotiations between the UK and the US, they were also equipped with High Explosive Anti-Tank (HEAT) artillery rounds in 1941. The British also invented the Bazooka during this time and used it to great effect in North Africa [4].
At the end of WW2, German research conducted throughout the war was recovered by the UK investigating different liner shapes, cone angles, wall thicknesses, explosive fills, standoff distances and wave shapers. The Japanese also made significant advancements in shaped charge technology despite receiving the information at a later stage than the other nations. Their research included gas flow and velocity from an unlined hollow charge, further research into standoff distances, laminated liners and the hole in the apex of the liner [4].
Another thing discovered in the German’s research was X-ray photography which allowed the observers to see the critical stages of the jet formation without the use of high-speed cameras. This allowed the testing of different main explosive fills to see which provided the best results.
Shaped charge design has been relatively stagnant since the 1950s with the main optimisations stemming from overall system performance improvements and the addition of high-speed cameras and simulation software to make testing new designs faster and cheaper than before.

[bookmark: _Toc188213740]2.2 – Underlying Concepts
Before the mechanism of the jet formation from a shaped charge can be understood, two concepts which underpin the function of the device must be explained. The first is the explosive train which is integral to the functioning of the weapon in allowing the HE charge to detonate. The second is the Munroe effect which influences the design of the device and allows the detonation to apply its force to the liner in such a way that the jet is created.

[bookmark: _Toc188213741]		2.2.1 – Explosive Train
The term “explosive train” refers to a chain of explosive events where a sensitive primary explosive either deflagrates or detonates with the express purpose of initiating a less sensitive secondary explosive to cause a greater detonation. In the case that the primary explosive is unable to detonate the main charge of the munition, a booster charge may be added as an intermediate stage which must fulfil two conditions. It must be able to: 
· be detonated by the primary explosive’s shockwave.
· Cause a sufficient shockwave to the main charge such that it will detonate. 
In the context of shaped charges, the HE Charge component must detonate to explosively load the liner to form the jet. Therefore, a detonator (and potentially a booster) must be included in the design as without the presence of explosive train, the device may not function as intended, if at all. 
Figure 1 - Explosive Train Diagram shows how these explosives interact [5].
[image: Example of a 3-step high explosive train | Download Scientific Diagram]
[bookmark: _Ref187707465]Figure 1 - Explosive Train Diagram

[bookmark: _Toc188213742]2.2.2 – Munroe Effect
Logically, it would be reasonable to assume that a solid cylinder of explosives could cause more damage than the same cylinder with a cone of explosives subtracted from one end as there is a greater mass of explosives in the former. However, in practice, the whole cylinder explodes in all directions versus the cylinder with the conical subtraction or the “hollow charge” allows the detonation energy of the HE charge to be focused into a single direction [1] allowing shaped charges to penetrate much deeper into a target than a solid block of explosives. This is the Munroe effect, (also known as the hollow cavity effect and the Neumann effect) and it is the underpinning idea behind the modern shaped charge device.

[bookmark: _Toc188213743]2.3 – Mechanism of Jet formation
With the two ideas of the explosive train and the Munroe effect established, the mechanism by which a jet is formed from a shaped charge can now be explained.
Figure 2 - Shaped Charge Diagram shows the basic set up of a shaped charge’s components and important dimensions [6].
[image: Diagram of a diagram of a case
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[bookmark: _Ref187709128]Figure 2 - Shaped Charge Diagram

The first step is the utilisation of the explosive train, the detonator is initiated and detonates causing a shock wave to travel through the system which detonates the booster charge and subsequently detonates the HE charge. This final detonation is when the Munroe effect begins as the shape of the HE charge focuses the energy of the HE detonation down the central axis of the device. The liner is then deformed into the fast-moving jet shown in Figure 3 - Jet Diagram. [7]
[image: Applsci 10 06742 g001 550]
[bookmark: _Ref187709648]Figure 3 - Jet Diagram
The jet is comprised of 3 comprised of 3 components moving at different velocities, the front and the tail which do most of the damage to the target as well as the slug. The jet will form and then penetrate the desired target with a hydrodynamic flow penetration.

[bookmark: _Toc188213744]		2.3.1 – Standoff Distance
To penetrate a target effectively, a standoff distance must be maintained between the shaped charge and its target. The purpose of standoff is to allow space for the jet to form and hit the target at an optimal distance. If there is too little standoff there will not be space for the jet to form correctly and the maximum speed will not be achieved in time before contact. If too much distance is left between the shaped charge and the target, the peak velocity of the jet will have already occurred by the time it reaches the target, and the effect will be diminished.
The optimal standoff of a shaped charge is unique to each design as it is dependent on the diameter of the charge and the material and shape of the liner. 

[bookmark: _Toc188213745]2.4 – Shock Hydrodynamics 
The velocities achieved by the shaped charge jet are in the range of up to 10 kms-1. This places the jet under a hydrodynamic regime, this means that such velocities are achieved that the materials can begin to act like fluids.
Hydrodynamic flow penetration is the method by which jets interact with the target materials, it occurs when a material is stressed to the stage where it exceeds the compressive strain it can handle causing it to act as a fluid. 
A common misconception is that the temperature of a shaped charge melts the surroundings of the target as it passes, while a shaped charge can achieve temperatures of 500°C [8], the temperature of the shaped charge jet has no effect on its penetrative ability [9].  When the jet hits the target at such velocities the target material is forced aside by the jet’s kinetic energy.

[bookmark: _Toc188213746]	2.5 – Components
[bookmark: _Toc188213747]		2.5.1 – Case
The charge case is a simple component of the shaped charge. It houses the device, and its purpose is to contain and direct the energy from the detonation of the HE towards the liner, enhancing the formation of the jet [1]. Charge cases are often made from materials which are strong and durable so that as little energy from the detonation wave is lost as possible, an example of this would be steel.
[bookmark: _Toc188213748]2.5.2 – Liner
The liner is the most complex and varied component of the shaped charge, it can be found at the base of the device, connected to the HE charge and the Case. There are three criteria that a material must meet to be considered a good liner. Firstly, a liner must have high ductility as this allows the liner to stretch further without breaking. This also creates a long thin jet. Secondly, the liner must have a high density, this will allow the liner to penetrate further into the target material. Finally, the last criterion that the liner material must have a high speed of sound as this determines the velocity at which the material can be accelerated.
These three criteria are linked by Equation 1 - Penetration Depth where the penetration depth is a function of both the jet length, the relationship between the density of the liner and the target and the breakup time of the liner, meaning the time from initiation to when the jet begins to lose coherence and fragments [1].


	
	[bookmark: _Ref188144118]Equation 1 - Penetration Depth



Where:
P = Penetration Depth (m)
Vj = Maximum Velocity of Jet (ms-1)
Vmin = Minimum Velocity of Jet (ms-1)
Tb = Break up time (s)
ρj = density of the jet (kgm-3)
ρt = Density of the Target (kgm-3)
A material which fits all these criteria and the material which is most used in shaped charges is Copper.

			2.5.2.1 – Liner Shapes
There are several shapes which a liner can be in shaped charges, these different liner shapes can influence the characteristics of the jet, such as velocity, penetration depth and the effect of the device. Examples of different liner shapes can be found in Figure 4 - Liner Shapes. It shows a conical liner [10], a trumpet liner [11] and a hemispherical liner [12]. 
[image: ]
[bookmark: _Ref187931988]Figure 4 - Liner Shapes

[bookmark: _Toc188213749]		2.5.3 – HE Charge
The High Explosive charge is the main filling in the case. The purpose of it is to detonate last in the explosive train and apply an explosive load to the liner. It is made of a secondary explosive meaning it has a high velocity of detonation which will transfer to the liner material and make the mechanism of jet formation faster. It is also less sensitive than the previous components of the explosive train. TNT would be an example of an appropriate material to use for this component.
[bookmark: _Toc188213750]		2.5.4 – Detonator
The detonator is the first component of the explosive train and initiates the device when it is activated. It can be found in the top of the case in the centre as shown in Figure 4’s conical liner diagram. This ensures an even wave propagation through symmetry. It is made of a primary explosive such as lead azide or mercury fulminate. Primary explosives are typically very sensitive but have a lower velocity of detonation. This allows them to initiate the next explosive in the train but provides to effect on the liner.
[bookmark: _Toc188213751]		2.5.5 – Booster
The booster is an optional component dependent on the ability of the detonator to initiate the HE charge. In the case where this is not possible, a booster charge can be used to support the explosive train. It has a lower sensitivity than the detonator but a higher sensitivity than the HE charge. The opposite is true with respect to its velocity of detonation. A booster can be found in direct contact with the detonator along the central axis, again, to ensure even wave propagation through symmetry. RDX could be used in this component as it is a secondary explosive which is more sensitive but with a lower VoD than other secondary explosives.
[bookmark: _Toc188213752]		2.5.6 - Wave shaper
Another optional component, a wave shaper can be used to direct the wave in a shaped charge [13]. To fulfil this purpose, the wave shaper is placed in the HE fill. Figure 5 - Wave Shaper Placement [1] shows this placement. Inert materials such as plexiglass are used as wave shapers.

[image: A diagram of a device
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[bookmark: _Ref188000850]Figure 5 - Wave Shaper Placement
 
[bookmark: _Toc188213753]3 – Methodology
[bookmark: _Toc188213754]3.1 – Langragian Modelling Approach
The Langragian modelling approach is a method used in various fields of science and engineering to describe and analyse the motion and behaviour of materials by focusing on individual elements of a system as the simulation progresses [14]. Each element of the system is tracked as it moves, with its position, velocity, and other properties which evolve as the element moves through time and space. In the Abaqus software, these elements are created through the meshing module allowing the user to create as many elements to track as they desire.
[bookmark: _Toc188213755]3.2 – Design Geometry 
The design is a conical liner shaped charge where every dimension is based on liner diameter. The design geometry for all 3 simulations is shown in Figure 6 - Design Geometry [15] where the value D is 10cm for this investigation. There is a slight modification in that the case also extends over the top of the HE charge and meets in the middle continuing the same case thickness. This was done to hold the case together during the HE detonation. The decision was made to exclude a booster and detonator from this design as a detonation point can be assigned to the HE charge. This reduces issues with initiation in the simulation, addition of extra nodes to the simulation as there is a cap of 250,000 nodes with the used license and the capability to detonate the HE charge is not the focus of this investigation.
[image: A diagram of a rectangular object with text
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[bookmark: _Ref188113951]Figure 6 - Design Geometry
[bookmark: _Toc188213756]3.3 – Material Models and Properties
[bookmark: _Toc188213757]3.3.1 - EOS and Constitutive models 
Four materials were used in this design. Weldox 460E Steel, PBX9501, Copper and Tungsten. Different material models will be required to predict the behaviour of components under different conditions. These can be broken down into 2 categories: constitutive models, used to predict how materials respond to external stimuli such as forces and temperature [16], and Equations of State (EOS) which relates the variables of pressure, temperature and volume [17]. 
The constitutive model used in this investigation is Johnson Cook Plastic. It will be applied to the Weldox 460E Steel, Copper and Tungsten. This model predicts the plastic behaviour of materials under high strain, strain rate and temperatures [18]. Equation 2 - Johnson Cook Plastic shows the Johnson cook plasticity model [19].
	
	[bookmark: _Ref188192606]Equation 2 - Johnson Cook Plastic



The behaviour of materials under shock compression can be described by the Mie-Gruneisen EOS [20]. Copper and tungsten were used in the liners and were the materials that required this EOS due to the explosive loading from the HE charge applied to them. Equation 3 - Mie–Grüneisen EOS shows the relationships used to apply the EOS.
	
	[bookmark: _Ref188194027]Equation 3 - Mie–Grüneisen EOS



Another equation of state, the JWL EOS was used for PBX 9501 and describes the behaviour of explosive detonation products defining the relationship between the material’s pressure, density and energy in the high temperature and high pressure environment produced by an explosion [21]. Equation 3 - JWL shows the inner workings of this model.


	
	[bookmark: _Ref188193566]Equation 4 - JWL



In addition to the constitutive models and EOS, the density of all materials was also added to their respective material properties in Abaqus.


[bookmark: _Toc188213758]3.3.2 – Material Properties
In all simulations, Weldox 460E Steel was used for the casing as it fit the criteria of being a low ductility metal that was able to withstand the HE detonation with no fracturing. Table 1 - Weldox 460E Steel Material Values shows the Johnson Cook Plastic values for this material [22].

[bookmark: _Ref188137648]Table 1 - Weldox 460E Steel Material Values
[image: ]

In all simulations, PBX 9501 was used for the HE charge. A mixture of 95% HMX, 2.5% BDNPA-F and 2.5% Estane, it fits into the category of a secondary explosive with a high velocity of detonation, increasing the explosive load on the liner and supporting its formation. Table 2 - PBX 9501 Material Values shows the density and JWL values for this material [23] [24] [25].

[bookmark: _Ref188138122]Table 2 - PBX 9501 Material Values
[image: ]

The liner had 2 different materials applied. In the first 2D simulation and the 3D simulation, copper was used due to its compliance with the 3 previously stated criteria of high density, high ductility and high speed of sound in the material. 
In the second 2D simulation, tungsten was used as an alternative as it has similar properties to copper except that it is not as ductile. Table 3 - Copper and Tungsten Material Values show the Shear Modulus, Mie Grunieson and Johnson Cook Plastic values for Copper and Tungsten [26].

[bookmark: _Ref188138072]Table 3 - Copper and Tungsten Material Values
[image: ]

[bookmark: _Toc188213759]3.4 – Simulation Methodology
The first step in the simulations was to create the components. This was completed in the PART module. Figure 7 - Case Component, Figure 8 - HE Charge Component and Figure 9 - Liner Component all show the sketch for the 2D simulation and the 3D revolution of the sketch, this method will continue throughout this section where applicable.
[image: ]
[bookmark: _Ref188139585]Figure 7 - Case Component

[image: ]
[bookmark: _Ref188139782]Figure 8 - HE Charge Component
[image: ]
[bookmark: _Ref188139785]Figure 9 - Liner Component

Secondly, the ASSEMBLY module was used to connect the sketches together. Figure 10 - Shaped Charge Assembly shows how these geometries were connected to create the assembly.
[image: ]
[bookmark: _Ref188140032]Figure 10 - Shaped Charge Assembly

Next, the PROPERTY module was used. This allowed the geometries to be assigned the material properties of the material they represent in the simulation. The case was assigned the values found in Table 1 - Weldox 460E Steel Material Values. The HE Charge was assigned the values found in Table 2 - PBX 9501 Material Values and finally, the liner was assigned the values found in Table 3 - Copper and Tungsten Material Values. A detonation point was also set in the HE charge at the point where the HE charge meets the case on the central axis of the device.
The STEP module was then utilised to tell the Abaqus Software the time parameters of the results. The field and history output intervals set to 500 to tell the software how many frames of the mechanism were required. A time period of 1e-04 seconds was set to tell Abaqus the time between each interval. 


The INTERACTION module was then used to create a general contact for normal and tangential behaviour between the adjacent surfaces of the components in the assembly. A Tie constraint was created to bond the adjacent sections of the liner and case together so that they would not immediately disconnect upon contact with the detonation shockwave. This was accomplished by creating surfaces where the connection was going to be and then using the tie constraint function to make them effectively inseparable.
In the LOAD module, boundary conditions were set along the central axis. This was done to restrict rogue elements from breach the axis of symmetry during the simulation as this may overload the simulation and cause it to abort. Figure 11 - Case Assembly (Boundary Condition) shows where the boundaries were set on the 2D and 3D models respectively.
[image: ]
[bookmark: _Ref188141863]Figure 11 - Case Assembly (Boundary Condition)

The MESH module was the last step before the simulations could be ran. The meshing strategy used was to apply a refined mesh to areas of interest such as the apex of the liner while a coarser mesh was utilised around the rest of the model as the insights from the stresses are less desirable for this investigation. The coarser mesh also allows the software to abide by the 250,000-node limit imposed by the used license. 2D simulations used a Triangle element shape whereas 3D simulations used a Tetrahedra element shape.
In Figure 12 - Case Component (Meshed), Figure 13 - HE Charge Component (Meshed), Figure 14 - Liner Component (Meshed) and Figure 15 - Case Assembly (Meshed) . It should be noted that in Figures 12-15, the meshing strategy is the same however there are slight numerical differences in the set up and the meshing between the 2D and 3D simulations is different.
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[bookmark: _Ref188142346]Figure 12 - Case Component (Meshed)
[image: ]
[bookmark: _Ref188142348]Figure 13 - HE Charge Component (Meshed)

[image: ]
[bookmark: _Ref188142349]Figure 14 - Liner Component (Meshed)


[image: ]
[bookmark: _Ref188142350]Figure 15 - Case Assembly (Meshed)
The VISUALISATION module shows the results of the simulations after they have been completed or aborted by the software. There are 3 jobs that were completed as part of this investigation, two 2D simulations and a 3D simulation. In 2D simulation 1 and the 3D simulation, a copper liner was used. A tungsten liner was used in 2D simulation 2. 











[bookmark: _Toc188213761]4 – Results
[bookmark: _Toc188213762]	4.1 – 2D Copper Simulation
[bookmark: _Toc188213763]4.1.1 – 2D Copper Pressure
[image: A blue object with white text
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Figure 16 - 2D COPPER PRESSURE FRAME 0
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Figure 17 - 2D COPPER PRESSURE FRAME 27
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[bookmark: _Ref188218218]Figure 18 - 2D COPPER PRESSURE FRAME 44
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Figure 19 - 2D COPPER PRESSURE FRAME 45
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[bookmark: _Ref188218328]Figure 20 - 2D COPPER PRESSURE FRAME 74
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Figure 21 - 2D COPPER PRESSURE FRAME 120
[image: A green and yellow leaf

Description automatically generated]
Figure 22 - 2D COPPER PRESSURE FRAME 166
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Figure 23 - 2D COPPER PRESSURE FRAME 263
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Figure 24 - 2D COPPER PRESSURE FRAME 351
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Figure 25 - 2D COPPER PRESSURE FRAME 351 (CLOSE-UP)
[bookmark: _Toc188213764]4.1.2 – 2D Copper Max Principal
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Figure 26 - 2D COPPER MAX PRINCIPAL FRAME 17
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Figure 27 - 2D COPPER MAX PRINCIPAL FRAME 44
[image: A green and blue object

Description automatically generated]
[bookmark: _Ref188217664]Figure 28 - 2D COPPER MAX PRINCIPAL FRAME 45
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[bookmark: _Ref188217666]Figure 29 - 2D COPPER MAX PRINCIPAL FRAME 133
[image: A yellow object with a black center

Description automatically generated with medium confidence]
Figure 30 - 2D COPPER MAX PRINCIPAL FRAME 225
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Figure 31 - 2D COPPER MAX PRINCIPAL FRAME 351
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[bookmark: _Ref188218687]Figure 32 - 2D COPPER MAX PRINCIPAL FRAME 46 (LINER ONLY)
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Figure 33 - 2D COPPER MAX PRINCIPAL FRAME 50 (LINER ONLY)
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Figure 34 - 2D COPPER MAX PRINCIPAL FRAME 56 (LINER ONLY)
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Figure 35 - 2D COPPER MAX PRINCIPAL FRAME 57 (LINER ONLY)
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Figure 36 - 2D COPPER MAX PRINCIPAL FRAME 140 (LINER ONLY)
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Figure 37 - 2D COPPER MAX PRINCIPAL FRAME 240 (LINER ONLY)
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Figure 38 - 2D COPPER MAX PRINCIPAL FRAME 350 (LINER ONLY)
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Figure 39 - 2D COPPER MAX PRINCIPAL FRAME 350 (LINER ONLY ROTATED)

[bookmark: _Toc188213765]4.1.3 – 2D Copper Tie Variation
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Figure 40 - 2D COPPER TIE VARIATION FRAME 140
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Figure 41 - 2D COPPER TIE VARIATION FRAME 308 (LINER ONLY)
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Figure 42 - 2D COPPER TIE VARIATION FRAME 345 (LINER ONLY)
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[bookmark: _Toc188213767]4.2.1 – 2D Tungsten Pressure
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Figure 43 - 2D TUNGSTEN PRESSURE FRAME 74
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Figure 44 - 2D TUNGSTEN PRESSURE FRAME 120
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Figure 45 - 2D TUNGSTEN PRESSURE FRAME 166
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Figure 46 - 2D TUNGSTEN PRESSURE FRAME 414
[bookmark: _Toc188213768]4.2.2 – 2D Tungsten Max Principal
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Figure 47 - 2D TUNGSTEN MAX PRINCIPAL FRAME 74
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Figure 48 - 2D TUNGSTEN MAX PRINCIPAL FRAME 112
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Figure 49 - 2D TUNGSTEN MAX PRINCIPAL FRAME 165
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Figure 50 - 2D TUNGSTEN MAX PRINCIPAL FRAME 171
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Figure 51 - 2D TUNGSTEN MAX PRINCIPAL FRAME 414
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Figure 52 - 2D TUNGSTEN MAX PRINCIPAL FRAME 70 (LINER ONLY)
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Description automatically generated with medium confidence]
Figure 53 - 2D TUNGSTEN MAX PRINCIPAL FRAME 90 (LINER ONLY)
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Figure 54 - 2D TUNGSTEN MAX PRINCIPAL FRAME 118 (LINER ONLY)
[image: A green and yellow object

Description automatically generated]
Figure 55 - 2D TUNGSTEN MAX PRINCIPAL FRAME 228 (LINER ONLY)
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Figure 56 - 2D TUNGSTEN MAX PRINCIPAL FRAME 342 (LINER ONLY)
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Figure 57 - 2D TUNGSTEN MAX PRINCIPAL FRAME 414
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Figure 58 - 2D TUNGSTEN MAX PRINCIPAL FRAME 467 (LINER ONLY)


[bookmark: _Toc188213769]4.2.3 – 2D Tungsten Tie Variation
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Figure 59 - 2D TUNGSTEN MAX PRINCIPAL FRAME 133 (LINER ONLY)
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Figure 60 - 2D TUNGSTEN MAX PRINCIPAL FRAME 261
[image: A yellow and orange cone

Description automatically generated]
Figure 61 - 2D TUNGSTEN MAX PRINCIPAL FRAME 408

[bookmark: _Toc188213770]	4.3 – 3D Copper Simulation
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Figure 62 - 3D COPPER PRESSURE FRAME 45
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Figure 63 - 3D COPPER PRESSURE FRAME 74
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Figure 64 - 3D COPPER PRESSURE FRAME 120
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Figure 65 - 3D COPPER PRESSURE FRAME 186
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Figure 66 - 3D COPPER PRESSURE FRAME 216
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Figure 67 - 3D COPPER PRESSURE FRAME 299
[bookmark: _Toc188213772]4.3.2 – 3D Copper Max Principal
[image: ]
Figure 68 - 3D COPPER MAX PRINCIPAL FRAME 45
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Figure 69 - 3D COPPER MAX PRINICPAL FRAME 121
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Figure 70 - 3D COPPER MAX PRINCIPAL FRAME 299 (LINER ONLY)
[bookmark: _Toc188213773]4.3.3 – 3D Copper Tie Variation
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Figure 71 - 3D COPPER TIE VARIATION FRAME 123
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Figure 72 - 3D COPPER TIE VARIATION FRAME 177
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Figure 73 - 3D COPPER TIE VARIATION FRAME 285 - LINER/ CASE JOIN
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Figure 74 - 3D S23 FRAME 45
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[bookmark: _Ref188219072]Figure 75 - 3D S23 FRAME 79
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[bookmark: _Ref188219074]Figure 76 - 3D S23 FRAME 120
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Figure 77 - 3D S23 FRAME 285
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Figure 78 - 3D S23 FRAME 299
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[bookmark: _Ref188218387]Figure 79 - 2D COPPER VELOCITY GRAPH
[image: ]
Figure 80 - 2D COPPER W/ TIE VELOCITY GRAPH
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Figure 81 - 2D TUNGSTEN VELOCITY GRAPH
[image: A graph of a graph

Description automatically generated]
Figure 82 - 2D TUNGSTEN W/ TIE VELOCITY GRAPH
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Figure 83 - 3D VELOCITY GRAPH
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Figure 84 - 3D W/ TIE VELOCITY GRAPH

[bookmark: _Toc188213776]5 – Discussion
In the VISUALISATION module, there are different views which can be taken of the subject of the simulation. These can show different types of strain, stress, shearing and pressure across the model. Three views were taken in the results of this investigation, Max Principal, Pressure and s23. 
Max Principal shows tension and compression in the model in Pascals shown as positive and negative values respectively. It is calculated by solving the eigenvalue for the stress tensor matrix [σxx] where the shear stress is equal to 0 as the max principal stress is the normal stress. 
Pressure is calculated by an average of hydrostatic stresses which are normal to the surface of each element. This is shown in  Equation 2 - Pressure.
	
	[bookmark: _Ref188144158]Equation 5 - Pressure


S23 shows the shear stress [σzz] acting normal to the y-axis. 
Abaqus makes several assumptions during its simulations which create differences in the results in simulation and real-world testing. Three noteworthy assumptions will be discussed in this section.
The first assumption is that Abaqus assumes complete homogeneity of the materials meaning that there are no impurities in the material. This is particularly significant in the liner as impurities can lead to weak zones which may affect performance or formation of the jet. In addition to homogeneity, the software assumes that the material properties such as density are true across the entire model where it is applied.
Secondly, the materials in Abaqus are of an exact length specified by the user whereas in real-life the manufacturer is given a tolerance in which to operate which may cause some variance in the thickness of certain components and may cause variations in the amount of HE charge used to fill the case.
Thirdly, the Langragian modelling approach used to create these simulations itself operates on the assumption that there are a finite number of elements in the model which each act as their own independent model. This introduces simulation errors as in a real-life scenario as there is no such effect to break the casing into sections.
In all Figures which sit between frame 0-45, Huygen’s principle can be observed. This effect describes the wave propagation of a detonation in which the wave will propagate in an all directions, creating a spherical pattern. Furthermore, each point of the wavefront is itself spherically propagating. 
In Figure 18 - 2D COPPER PRESSURE FRAME 44, it can be observed that the detonation shockwave makes its first contact with the liner. However, the first movement of the liner is not observed until Figure 20 - 2D COPPER PRESSURE FRAME 74, meaning that the liner must take time to accelerate and does not move with the shockwave. This observation is supported by Figure 79 - 2D COPPER VELOCITY GRAPH as if the liner was to collapse instantly, the initial acceleration of the liner would be a lot more instantaneous and show as a vertical line on the graph.
In Figure 32 - 2D COPPER MAX PRINCIPAL FRAME 46 (LINER ONLY) it can be observed that there is a slight compression in the apex of the liner just after the detonation shockwave makes contact.
It can be observed that in all simulations the weldox steel case appears to bulge under the explosive load generated by the HE charge. This is not desirable as this means that some energy is lost from the detonation to do work on the case instead of the liner, slowing down liner formation. It can be observed in Figure 28 - 2D COPPER MAX PRINCIPAL FRAME 45 and Figure 29 - 2D COPPER MAX PRINCIPAL FRAME 133 that there is a reflection of the shockwave from the case which hits the liner again, however there is no evidence in the liner elements that this supports the formation of the jet in any way. With regards to the case, a change to consider may be to insert a hole in the top of the case to allow gas flow where the detonator should be. 
Comparing the formation of jets between the copper and tungsten, the same basic steps are followed for the mechanism to occur. However, the tungsten liner does not form into a jet as quickly and its jet length is shorter than that of copper. 
The velocity graphs found in Section 4.4 show the velocity of nodes in the jet section of each simulation. It should be noted that the number of lines corresponds to the elements selected and the number of elements selected varies between each graph due to the difficulty in selecting the same number of nodes with the tools in Abaqus. The tie variation of each simulation appears to have no influence on the formation of the jet or the velocities of the jet.
Consistently across all velocity graphs, the detonation shockwave hits the liner at 15 μs, however, where the copper begins to accelerate faster, the tungsten takes longer to accelerate. This is likely due to the significant increase in density of the tungsten by comparison to copper as well as the lesser ductility of tungsten meaning it will stretch slower. Copper also tends to sustain its velocity after the jet is formed, consistently ending at 70 μs approximately 8 kms-1 and only losing roughly 1 kms-1 from its peak velocity at 40 μs. Whereas tungsten peaks at approximately 5 kms-1 at 40 μs and drops to 3 kms-1 by 80 μs. This can again be attributed to the greater density and lower ductility of tungsten and would suggest the tungsten liners require less standoff to get an equal effect due to how great the velocity loss is.
From review of the tie variation figures, it seems to have made a negligible difference in the formation of the liner. When implemented it was hoped that this tie would cause the liner to fracture however, the elements have stretched and became distorted due to the ductility of the liner materials. 
Finally, the S23 view in Figure 75 - 3D S23 FRAME 79 shows a significant amount of shear stress in the case around the apex of the liner and in Figure 76 - 3D S23 FRAME 120 the same areas which showed shear stress are now distorted and bulging. It is reasonable to assume that the case’s deformation is due to shear stress.
[bookmark: _Toc188213778]6 – Conclusion
In conclusion, Copper is more effective than tungsten as a shaped charge liner due to its greater ductility. This allows its jet formation mechanism to occur more quickly than its tungsten counterpart. It also allows the coherence of the jet liner to be sustained longer before break up time is reached. As shown in Equation 1 - Penetration Depth, the depth of penetration is a function of velocities which copper excels in and sustains for a greater before break-up time which is also part of the function. The final piece of the function is the relationship between the target density and the density of the jet, tungsten does come out on top here however it may not make enough of a difference to beat copper in terms of penetration depth. Further simulations with the inclusion of a dense target material should be carried out to test the penetrative capabilities of the two liner materials in Abaqus.
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