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[bookmark: _Toc218596252]Introduction
A Shaped Charge is an explosive device that has been designed with the intention of efficiently directing a high velocity jet, using an explosive payload pressing into a ductile angled liner, through strong targets such as thick metals. Due to this, they have been commonly associated with military use, such as armour penetration, naval applications, EOD. However, they also translate into external non-military environments through similar means including quarrying/ mining, civil engineering including demolition/ breaching and oil exploration. 
This report contains a literature review into the background, design and uses of Shaped Charges before translating this knowledge into an investigation using ABAQUS CAE software to accurately model and analyse Shaped Charges to discover how well ABAQUS can be used to effectively model and simulate Shaped Charges by reviewing the results obtained from these simulations with the knowledge gained from the initial literature review. ‘Abaqus/Explicit is an explicit-dynamic finite-element solver most suitable for simulating brief transient and dynamic events such as drop tests of consumer electronics, automotive crashes, and ballistic impacts.’ [1] 
This purpose of the ABAQUS simulation investigation was to analyse the impact of changes to liner material, charge geometry and modelling strategy on the behaviour of a Shape Charge Jet (SCJ) and an Explosively Formed Projectile (EFP) using ABAQUS Explicit Computational 2D and 3D simulations. This has been completed using the following Sub-Objectives, which have been used to identify the requirements for each simulation:
1. Effect of Liner Material.
2. Effect of Charge Geometry and Mechanisms.
3. Effect of 3D Modelling.
4. Effects of Advanced Numerical Techniques such as Smooth Particle Hydrodynamics (SPH).
These sub objectives have been used to model simulations, further detailed within this report to understand the effects that they have on the reliability, effectiveness and accuracy of the results gained whilst understanding the cost burden on robust explicit simulations.

[bookmark: _Toc218596253]Literature Review
[bookmark: _Toc218596254]History of Shape Charges
The earliest recognised form of what is now known as a shaped charge, defined as ‘a shaped charge is defined as a cylinder of explosive with a hollow cavity at the end opposite the initiation train’ [2] can be attributed to the discoveries made by Charles Munroe in 1888 which he rested an opened tin can on top of a steel safe, with the hollow cavity facing downwards. Both on top and surrounding the tin can, sticks of dynamite were tied and upon usage, the can performed as a liner would and perforated through the steel.
Moving into the 1940’s after years of development High Explosive Anti-Tank (HEAT) machine gun grenades, which was eventually modified to include a shoulder launcher and rocket motor and turned into what is now known as the bazooka, and artillery projectiles were manufactured and used by the USA, UK and other countries around the world. [2] Following WW2, ‘Allied researchers entered Germany near the end of World War II to study and recover German technology. They discovered flash x-rays showing the collapse and formation of shaped charges with conical and hemispherical liners.’ [2] Alongside detailed studies into the optimal explosive fill to use within Shaped Charges, all of which provided additional knowledge to improve the understanding and knowledge of shaped charges.
Shaped Charges are commonly used within Explosive Engineering for a range of applications from military use to non-military uses such as demolishing of buildings. 
[bookmark: _Toc218596255]Explosively Formed Projectile (EFP)
EFPs are a form of shape charge, adhering to the same principles as SCJs, as a cylindrical explosive device with a liner and a hollow cavity. However, they use a conical liner, a generic EFP geometry can be seen below, with a modest angle rather than a steep cone which travels at a slower speed but uniformity throughout, so would be selected in use cases where a longer distance is travelled and when less penetration is required. The shallow angle of the liner, in comparison to a traditional Shaped Charge Jet, provides a flatter surface for the pressures released by the explosive detonation to impact upon. This in turn provides a uniform spread of pressure across the whole liner, allowing the inverting of the liner in the middle but retaining key structure around the sides of the liner in comparison to the extreme deformation seen within a typical shaped charge jet. As previously mentioned, this trade comes with a heavy sacrifice to the velocities witnessed within the formed jet/ slugs with common results of around 1500-2000 m/s [3] in comparison to the speeds of around 7000m/s and more [4].
[image: ]
[bookmark: _Toc218596221]Figure 1 - Example EFP [5]
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[bookmark: _Toc218596222]Figure 2 - EFP vs SCJ [6]
As seen in figure 2, the SCJ provides an extremely thin jet, allowing it to reach extreme velocities. However, this requires that the shaped charge is initiated as close to the target as possible due to its fragile state whereas the wide slug produced by an EFP will travel slower due to its greater surface area but can travel for longer, create a much larger whole and remain stable enough to knock away any interference arising from a larger stand-off distance.



[bookmark: _Toc218596256]Jones–Wilkins–Lee (JWL) Equation of State (EOS)
The Jones–Wilkins–Lee Equation of State ‘is widely used in reactive hydro simulations to describe thermodynamics of both detonation products (DP) and unreacted high explosives (HE)’ [7]. Within this report, the JWL parameters for the explosive material used, PBX-9010, are specified and their source is referenced. These parameters enable the ABAQUS/Explicit solver to accurately model the rapid energy release, pressure evolution, and expansion behaviour of the detonation products as the explosive event occurs.
The JWL EOS can be seen below:
[bookmark: _Toc218552595]Equation 1
Where:
· v = ρe / ρ = relative volume between the detonation products and undetonated high explosive.
· P = pressure
· ρe = The density of the explosive material
· ρ = the density of the detonation products
· e0 = specific internal energy
· A, B, and C = linear coefficients
R1, R2, and ω = non-linear coefficients



[bookmark: _Toc218596257]Johnson–Cook Constitutive Model
The Johnson-Cook Model ‘is a function of von mises tensile flow stress, in accordance with strain hardening, strain rate hardening, and thermal softening.’ [8]. Within this report, Johnson Cook parameters are used by the ABAQUS Explicit solver to accurately model the materials used to represent each geometry; liner, HE fill and Case by understanding each materials performance under the stress, strain, temperature encountered within an explicit problem.
The Johnson-Cook Model can be seen below: 
[bookmark: _Toc218552596]Equation 2 - 
where: 
· σ = stress
· A = initial yield stress
· B = strain hardening constant
· εn = equivalent plastic strain
· C = Strain rate hardening constant
· ε˙∗ = normalised effective plastic strain rate
· m = thermal softening coefficient 
· T* = 
· Troom = room temperature
· T’ = melting temperature of the material






[bookmark: _Toc218596258]Finite Element Analysis
Finite Element Method (FEM) uses mathematical techniques to break down complex structures into a vast number of simple elements and subsequently uses these individual elements to make a vast array of differential calculations that are combined together and applied under Finite Element Analysis (FEA) [9]. This methodology uses computational capabilities to approximate irregular problems by turning them into thousands of small problems which come together to solve the overarching requirement. 
FEA is vital for all kinds of engineering issues, notably where a live test is unrealistic or dangerous to complete. For example, if the 5 shaped charge simulations that were ran within this report couldn’t use FEA software, then 5 shaped charges would have had to have been created, tested and fired in a real-world setting, creating a massive time, resource and risk burden to all personnel involved. It allows for the fine tuning and design of complex structures and high-risk devices without any real-world material cost being wasted or risk to life being present. 
However, FEA does have challenges that it struggles to overcome. This is due to everything it uses being based on assumptions, which are only as accurate as the information used to build these geometries, materials etc. For example, there is no guarantee that the material properties that have been used from online published research are completely accurate or made for this purpose and could affect the accuracy of the obtained results. Furthermore, it can ignore real world conditions, such as the weather, roughness of a geometrical surface, impurity/ condition of a real-world explosive materials – all of which would provide a big input of the accuracy and functional limitations of FEA simulations. Additionally, a massive limitation is computational capability. Unless you could use and fund an ultra-high-end machine, you can be quite limited with the amount of elements/ mesh size you can use, due to the time and resource required to calculate all the individual equations within each element.

Within FEA, you can use either 2D or 3D models which behave how one would expect them to be based on the 2D and 3D concept in real life. When creating a 2D model within FEA, it creates a component within the flat 2D plane using the X and Y axis. When creating a 3D model within FEA, it creates a component within a 3D plane, using an X, Y and Z axis. The benefit of a 2D plane is predominantly the lack of a 3rd dimension, which drastically reduces the number of elements within the mesh and subsequently drastically reduces the time taken to run a simulation with the geometry only being able to move in 2 directions. However, this ignores a big aspect of real-world testing, as all geometries are going to be 3D when used in real world scenarios, so you will require some understanding of how the geometry will move within that third axis. For example, when testing a shaped charge within 2D, the results are shown like a sheet of paper, downwards pressure with deformation but no depth within the results. Whereas, if you were to run a 3D simulation, you can see how the shaped charge would theoretically extrude into that 3rd axis. Due to this 2D modelling is to 3D modelling, what 3D modelling is to real life simulations – It is a useful tool which allows you to conduct testing with a dramatically lower resource requirement, but this ease of use comes with the burden of being a less accurate methodology.


[bookmark: _Toc218596259]Shaped Charge Ballistic Modelling

Shaped charges are commonly modelled using computational explicit simulation tools such as ABAQUS prior to conducting real life tests to reduce the likelihood of catastrophic failure due to incorrect construction, material design or to test minor tweaks and improvements to try and make the shaped charge computational perfect before trying it in real life to avoid wastage and unnecessary exposure to explosive devices. The paper referenced, conducted simulations within a CAE tool named ‘Autodyn’ before manufacturing the shaped charge designs and testing them in real life. The purpose of this testing was ‘to investigate the influence of the macroscopic mechanical properties of the materials on the jet’s performance.’ [10] This was done by the selection of 6 materials to be used as jet liners all of which were substituted into the shape charge diagram shown below.
[image: ]
[bookmark: _Toc218596223]Figure 3 - Shape Charge Model
The way this was approached was by maintaining specific constants such as:
Geometry Dimensions – The SCJ model was dimensionally identical between all simulations and all manufactured shaped charges conformed to a set tolerance. This ensured that the only difference from test to test was the material of the liner, allowing for the deviation in results to be solely attributed to liner material. 
Real life apparatus – The complete real-life equipment was maintained and untouched from test to test, to prevent any unwanted interference occurring from different location, equipment or distances.
Following the results gathered after conducting both the simulation and live firings, both sets of data were collated and compared within the table below, with the ‘error’ indicating the deviation of the numerical results obtained within the CAE simulation to the corresponding live firing.
[image: ]
[bookmark: _Toc218596224]Figure 4 - SCJ Live Firing vs Numerical Data
The data gathered above, provided clear evidence that the results obtained through simulations can identified as accurate in terms of the velocities tracked up to 7%, but clear issues arise when measuring the diameter of the jet formed with the jet head diameter showing inaccuracies of up to 83.6%. This is most likely down to the meshing used within the FEA solver simplifying atomic levels of deformation into elements, which although appear to be extremely fine still aren’t accurate enough to calculate the extreme levels of deformation found within real scenarios.

This case study has been used to design the investigation completed within this report, identifying Copper and Steel 1006 as liner materials to use due to their proven reliability as jets and material data provided, the geometry as a proven SCJ. Alongside the identification of advanced techniques such as Smooth Particle Hydrodynamics to attempt to combat the liner inaccuracies found from.


[bookmark: _Toc218596260]Computational Design & Modelling
[bookmark: _Toc218596261]Geometry & Materials
The shape charge jet has been designed using open source published literature on ballistic testing of shaped charges referenced [11], with the HE Fill & Case being modelled to conform with the shape of this liner. The dimension of all components, seen within 3.1.1, remained constant throughout the investigation, using the measurements shown to ensure that the only thing that effects the results is the variable being tested within each sub task, e.g. liner material etc.
The case and HE materials used, Aluminium and PBX 9010 respectively, were unchanged throughout each experiment. This was done to avoid different results being caused by unnecessary material changes.
The Shaped Charge Models were created within ABAQUS software, in which each component was created as an individual part. These parts were then assigned to one another to form the complete SCJ and EFP seen within the simulations using the ‘ASSEMBLY’ module by creating instances of each part.









[bookmark: _Toc218596262]Design - CAD screenshots and dimensions.
	Shaped Charge Models used for both 2D & 3D Simulations

	Shape Charge Jet
	Explosively Formed Projectile

	Case
	[image: ]
	[image: ]

	High Explosive Fill
	[image: ]
	[image: ]

	Liner
	[image: ]	
	[image: ]


[bookmark: _Toc218596233]Table 1 - EFP & SCJ CAD Drawings



[bookmark: _Toc218596263]Material models and parameters
The following material data has been compiled from multiple reliable sources. [12] [13] [10] [14] [15] [16]:
[bookmark: _Toc218596264]Copper
	Parameter 
	Symbol
	Value

	Mass Density [14]
	ρ
	8930

	Young’s Modulus
	E
	110000000000

	Poisson’s Ratio
	v
	0.343

	Johnson Cook Parameters [10]

	A
	
	90000000

	B
	
	292000000

	n
	
	0.31

	m
	
	1.09

	Melting Temp
	
	1790

	Transition Temp
	
	298

	C
	
	0.025

	Epsilon dot zero
	
	1


[bookmark: _Toc218596234]Table 2 - Copper Material Parameters




[bookmark: _Toc218596265]Steel
	Parameter
	Symbol
	Value

	Mass Density [13]
	ρ
	7872

	Young’s Modulus
	E
	206000000000

	Poisson’s Ratio
	v
	0.29

	Johnson Cook Parameters [10]

	A
	
	350000000 Pa

	B
	
	275000000 Pa

	n
	
	0.36

	m
	
	1.00

	Melting Temp
	
	1790

	Transition Temp
	
	298

	C
	
	0.022

	Epsilon dot zero
	
	1


[bookmark: _Toc218596235]Table 3 - Steel Material Parameters



[bookmark: _Toc218596266][bookmark: _Hlk218536697]PBX-9010
	Parameter
	Symbol
	Value

	Mass Density [15]
	
	1787

	Jones-Wilkins-Lee Values

	A
	A
	581400000000 Pa

	B
	B
	6801000000 Pa

	R1
	R1
	4.1

	R2
	R2
	1

	omega
	ω
	0.35

	Detonation wave speed
	
	8390

	Reference energy
	E0
	5127028.5 J/m³


[bookmark: _Toc218596236]Table 4 - PBX-9010 Material Parameters



[bookmark: _Toc218596267]Aluminium
	Parameter
	Symbol
	Value

	Mass Density
	
	2770

	Young’s Modulus
	
	68000000000

	Poisson’s Ratio
	
	0.36

	Johnson Cook Parameters [11]

	A
	
	265000000

	B
	
	426000000

	n
	
	0.34

	m
	
	1

	Melting Temp
	
	933

	Transition Temp
	
	293

	C
	
	0.015

	Epsilon dot zero
	
	1


[bookmark: _Toc218596237]Table 5 - Aluminium Material Parameters








[bookmark: _Toc218596268]2D Model Setup (SCJ & EFP)
[bookmark: _Toc218596269]2D Model Set Up:
Materials:
To start, the materials parameters detailed within 3.2 were inputted into separate materials within ABAQUS ‘Material Manager’ and named respectively. 
[image: ]
[bookmark: _Toc218596225]Figure 5 - Material Manager
Section Manager:
Following this, 3 sections were created with the purpose of assigning the three components their correct materials as seen below. This allows you to apply a material to the component geometry.
[image: ]
[bookmark: _Toc218596226]Figure 6 - Section Manager



Step Manager:
Within this section a step was created. The purpose of this was to set an explicit dynamic solve set which captured the tmax, the time at which the simulation would stop. Furthermore, within this section, the frequency of plot dumps was selected within the Field Out Request Manager, to ensure the ABAQUS simulation results would capture images of the whole deformation.
[image: ]
[bookmark: _Toc218596227]Figure 7 - Step Manager

Load:
Within this section the plane of symmetry for a 2D axisymmetric calculation was set, to ensure no point could travel along the X axis.
[image: ]
[bookmark: _Toc218596228]Figure 9 - Boundary Condition Manager
Interaction:
Within this section the contact between the individual models were selected to ensure that they acted as a complete shaped charge, rather than separate components. A ‘general contact’ interaction type was set, with frictionless behaviour for the mechanical tangential behaviour and hard contact for the normal behaviour.
[image: ]
[bookmark: _Toc218596229]Figure 8 - Interaction Manager










Mesh:
 [image: ]
[bookmark: _Toc218596230]Figure 10 – 2D Material Mesh 1
[image: ]
[bookmark: _Toc218596231]Figure 11 – 2D Material Mesh 2
Meshing is where ‘large, complex geometries are discretized into a set of simple, interconnected elements’ [17] within FEA. ABAQUS uses different shapes like triangles, in order to build the required geometry inputted into the software. The number of shapes used depends on how refined the mesh is, with the finer the mesh leading to a more accurate representation of the required geometry. For a shaped charge simulation, it is crucial that an extremely fine mesh is used due to the extreme pressure, strain rates and deformation the components face, requiring a large amount of elements and nodes to accurately calculate rapid changes in displacement and velocity experienced at that particular point. However this increase in elements and nodes leads to a higher computational requirement due to the additional calculations and processing that occurs, so a balance between simulation accuracy and computational power must be struck depending on the time and computer available. 
The mesh used was a global seed mesh of 0.005 (5mm), shown within the above image, whilst the areas that experience the most extreme rates of deformation and of most interest were assigned a single bias geometric progression mesh of 0.001 (1mm). The areas selected can be identified within the screenshot above, where the mesh is extremely fine, and consisted of the liner itself and the areas of the HE and case that contacted the liner. The reason for this was to have the best possible chance of seeing an accurate, liner collapse and subsequent jet formation as possible. The reason that the areas in contact with the liner such as part of the HE fill and the case, were also given a finer mesh was to prevent crashing from larger distorted nodes making contact with the fine liner nodes.



[bookmark: _Toc218596270]3D Model Set up.
To create the 3D model simulation, the same process was used from the 2D model with the difference being in the actual physical model being used. Rather than leaving the initial sketches shown within 3.1.1 in the 2D plane, they were transformed into a 3D model.
The 3D model can be seen below, with the global mesh seed being selected as 0.01 with the liner having a mesh seed of 0.0035. This was then merged with the HE and Case meshing using the single bias meshing tool which helped integrate the fine and coarse meshes to prevent failures when simulating. This mesh was selected as it was able to be simulated by the computer without a massive time and reliability burden. This mesh and model were used for all 3D simulations.
[image: ]
[bookmark: _Toc218596232]Figure 12 - 3D Mesh.
For the final simulation SPH used, where the mesh was set to ‘Element Type’ with ‘Conversion into Particles’ selected as Yes. Following this, the time was set to the where the jet was impacted to use less computational resource.



[bookmark: _Toc218596271]Results
[bookmark: _Toc218596272]Test 1: Effects of Liner Material
[bookmark: _Toc218596273]Copper vs Steel
The following table shows images capturing the 2D Copper vs Steel SCJ simulations at key points within the process. For enlarged images, with additional images included, please see Appendix A.
The primary purpose of this simulation, as part of the overarching investigation, was a proof of concept. This was done to ensure that the material values obtained online for the Case, HE fill and liner all performed within ABAQUS as expected, rather than creating a 3D simulation involving a lot more time and resources and seeing it fail due to incorrect material data or small errors. It was then used to identify the material that would be taken forward into the 3D simulation based on the energetic profile, visual appearance, velocities and on how well the computer handled both simulations.
	
	Copper Liner
	Steel Liner 

	Start of Detonation
	[image: ]
	[image: ]

	Mid Detonation
	[image: ]
	[image: ]

	Initial Jet Formation
	[image: ]
	[image: ]

	Complete Jet Formation
	[image: ]
	[image: ]



[bookmark: _Toc218596238]Table 6 - 2D Simulation Images - SCJ
The images above show the progression of the SCJ formation from its initiation point all through to the formation of a complete Jet for both Copper and Steel Liners. Each subheading shows a vast amount of information that can be used by the viewer:
1. Start of Detonation – This shows the initiation point that has been selected to start the explosive chain (Copper Screenshot) which was identical for both simulations.
2. Mid Detonation – This shows the shockwave propagating through the HE fill, from the detonation point prior to the formation of a jet.
3. Initial Jet Formation – This shows the start of the Jet formation, where the flat metal is being pressed forward from the concentrated energy being released by the HE Fill. Within both examples, the HE fill and the Case have been removed from the image to remove any obstruction from HE particles spilling out of the case and the largescale deformation encountered by the case itself. Both examples look visually the same within this stage, however, the screenshot captured within the Steel example has been extruded and revolved 180 degrees to show what it would look like in reality. 
4. Complete Jet Formation – Both screenshots show the fully formed Jet at the point of which the simulations crashed. Due to vast amount of deformation that has occurred within all aspects of the SCJ and the limited computational power that was available, both simulations crashed at their respective points. Both screenshots show a difference in view, with the Copper simulation being extruded and revolved 360 degrees to represent what the complete jet would look like in reality using the 2D calculations and the Steel simulation extruded and revolved 180 degrees to provide an inside perspective of the formed Jet.  
 


[bookmark: _Toc218596274]Velocity-Time Diagrams
The following tables show the node selection and velocity diagrams for both the Copper & Steel Liner SCJ Simulations.
	
	Copper Liner

	Node Selection
	[image: ]

	Velocity Diagram
	[image: ]


[bookmark: _Toc218596239]Table 7 - 2D Copper SCJ Simulation Velocity Time Graph

	
	Steel Liner

	Node Selection
	[image: ]

	Velocity Diagram
	[image: ]


[bookmark: _Toc218596240]Table 8 - 2D Steel SCJ Simulation Velocity Time Graph
Upon inspection of the visual screenshots showing the simulations running from initiation to a final jet formation, as well as the velocity time diagrams for both Copper and Steel Jets, it is clear that both have performed as expected for a model SCJ both visually and graphically, showing excellent jet formations and peak speeds of 5000-7000 m/s which is comparable to real life experimental and numerical studies showing peak velocities for Copper and Steel velocities as 6712 m/s & 6783 m/s [10] respectively. 
However, there are clear difference in the velocity time diagrams for both the Copper and the Steel Liners. Both diagrams show a rapid increase in velocity following the initiation of the HE, forming a peak at around 0.06ms with the Steel liner showing a much higher peak of around 7000m/s in comparison to the Copper peak of around 5000m/s. But the Copper diagram shows a much greater consistency in its nodal values throughout the simulation, notably at the peak in comparison to the Steel liner meaning that the deformation is much more uniform within the Copper liner. The Steel liner shows a high level of instability in the form of sharp spikes and abrupt drops throughout all nodes over the duration of the simulation in comparison to the smoother velocities seen within the Copper test proving its high level of ductility [18] and after the peak velocities are hit, the Copper values stabilise together into a narrow band whereas the Steel velocities diverge, showing that the Copper liner would turn into a much longer and uniform jet when compared to the Steel liner. This is backed up visually within the ‘Complete Jet Formation’ images in which the final jet formation for copper showed a much more mature and elongated Jet when compared to Steel.  



[bookmark: _Toc218596275]Test 2: Effect of Charge Geometry
[bookmark: _Toc218596276]Explosively Formed Projectile
The following table shows images capturing the 2D Copper vs Steel EFP simulations at key points within the process. For enlarged images, with additional images included, please see Appendix B.
The purpose of this test was to understand how a change in charge geometry would affect the projectile formation and thus influence characteristics of the munition, leading to differences within the intended use cases for both shaped charges to understand design requirements. This was completed by holding the materials constant whilst changing the geometry to see how a different shaped liner, would respond to the same scenario faced by the original SCJ. Due to this, both tests were replicated and captured using the exact same methodology as Test 1, with both Copper and Steel liners being tested for further evidence. 

	
	Copper Liner
	Steel Liner 

	Start of Detonation
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	[image: ]

	Mid Detonation
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	Initial Jet Formation
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	Complete Jet Formation
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[bookmark: _Toc218596241]Table 9 - 2D EFP Simulation Images
The images above show the progression of the EFP formation from its initiation point all through to the formation of a complete Jet for both Copper and Steel Liners. Each subheading shows a vast amount of information that can be used by the viewer:
1. Start of Detonation – This shows the start of the shockwave.
2. Mid Detonation – This shows the shockwave propagating through the HE fill, from the detonation point prior to the formation of a jet, within the Copper liner, the view has been extruded and revolved 180 degrees to give a realistic insight into what a cross-sectional view of a real EFP detonation would look like. Both images show expansion to the case.
3. Initial Jet Formation – This shows the start of the Jet formation for both simulations, with the copper liner being at a slightly more advanced stage. The view has been extruded and revolved 180 degrees, and the conical shape of the jet can be identified.
4. Complete Jet Formation – Both screenshots show the fully formed Jet at the point of which the simulations crashed, with both simulations showing a formed conical slug comparable to existing scientific literature.
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[bookmark: _Toc218596242]Table 10 - 2D EFP Velocity Time Diagrams
The table above provides screenshots of the velocity time graphs for both the Copper and the Steel liner simulations, using Nodes selected from the middle of the Jet. When solely comparing these two graphs they both have a similar peak of 2200m/s, however, this is hit by the copper liner in the first peak rather than the 6th peak in which the steel liner manages to reach it. Furthermore, the steel liner seems to have slightly more peaks and appears to be marginally less stable reflecting a likeness with the SCJ simulations ran previously.



[bookmark: _Toc218596278]SCJ vs EFP Comparison
When comparing the results found from the SCJ and EFP simulations, the key findings were the overarching stability of the velocities within the EFP results and the drastic reduction of velocity. Within the SCJ simulations, the Copper and Steel liner peak velocity were circa 5000m/s and 7000m/s respectively, showing extreme rates of deformation and a clear difference in velocity. Within the EFP simulations both materials had the same peak of circa 2200m/s. These results show that the EFP creates a more uniform jet which is much less sensitive to the liner material, due to both liner materials sharing the same peak velocity, in comparison to the SCJ which creates a much faster for deeper penetration. However, this led to the SCJ being much more sensitive to the liner material due to the extreme deformation that occurs that these high velocities, with amplification of material properties such as the clear difference of fracturing and instability with the Steel liner compared to the Copper liner. This can be seen visually, with the EFP producing a wide conical slug with minimal extreme particle deformation whereas the SCJ produced a very narrow jet, with a high level of extreme deformation.


[bookmark: _Toc218596279]Test 3: Effect of 3D modelling
The following table shows images capturing a 3D Copper SCJ simulation at key points within the process. For enlarged images, with additional images included, please see Appendix C.
The purpose of this test was to investigate the deformation, velocity characteristics and formation of shape charge jet that occurs when using a more complex 3D numerical model.
Given the complexities involved in 3D numerical model over those encountered within 2D, the resources required to run an explicit FEA solver are much greater, thus vastly reducing the likelihood of being able to run an accurate, reliable simulation with a refined mesh without failure. Alongside the selection of a sole geometry and material model, as explained below, a graded mesh was used to ensure that the mesh was refined at the areas which saw a high level of fracture and deformation, to allow the software to accuracy model it, whilst allowing the areas of less concern such as the rear of the HE fill and case to have a coarser mesh to reduce the overall task burden placed onto the ABAQUS explicit solver to reduce the likelihood of a failure and to reduce the overall time that it would take to completely run.
Following the results of the previous test, a Copper liner SCJ was selected to be modelled. This was due to the high levels of extreme deformation, velocities and characteristics seen within the simulated 2D SCJs as well as Coppers proving to cope better than steel with its fracture velocities and rate of deformation providing a clearer velocity time graph and more optimism that the simulation would not crash.




	
	3D SCJ Simulation – Copper Liner
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[bookmark: _Toc218596243]Table 11 - 3D SCJ Simulation Images

The images above show the progression of the SCJ formation from its initiation point all through to the formation of a complete Jet for both Copper and Steel Liners. Each subheading shows a vast amount of information that can be used by the viewer:
1. Start of Detonation – This shows the initiation point used to start the explosive chain with a vast amount of pressure build up represented by the green and red colour, showing how the pressure is building up through the munition.
2. Mid Detonation – This shows the shockwave propagating through the HE fill prior to the formation of a jet. Within this image you can a massive pressure reaching 2.8 x 1010 Pa within the reacted HE as it promulgates towards the liner, showing how fast and powerful the explosive event is and the energy that is pressed into forming the shape charge jet.
3. Initial Jet Formation – This shows the start of the Jet formation; within this it is evident that there is an extreme pressure build up being concentrated into the liner the copper being pressed into itself to begin to form a jet. Furthermore, the case has expanded to a balloon like state, with clear fracturing evident on the lips that align with the liner itself. 
4. Complete Jet Formation – This shows the complete jet formation at the point at which the simulation failed/ crashed. The 3D numerical model allows greater visual clarity, showing ridges, bumps and additional detail, whilst improving the realism to the 3D shape produced, rather than extruding a 2D output which mirrors the same side exactly.   
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	3D Simulation
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[bookmark: _Toc218596244]Table 12 - 3D SCJ Velocity Time Graph
The Velocity-Time diagram shown above, tracking the velocities of circa 22000 nodes seen within the ‘node selection’ screenshot, shows smooth, collective transitions from peak to peak reaching around 5300 m/s, as expected from the previous copper liner 2D simulation.
When making a comparison between the results gained from this test, the 2D model performs just as well from a general metric standpoint, accurately capturing the peak velocity, general velocity trends alongside the timing of the jet formation. However, the 3D Velocity-Time graph appears much smoother and cohesive than the 2D graph, this is mainly attributed to the vast number of nodes (circa 22000) selected due to a better mesh being defined and an increased in total computational calculations. Furthermore, it provides much improved clarity and realism when watching the shaped charge evolve from initiation to the final jet formation, with improved visuals, notably off axis deformation which cannot be captured using 2D simulations, leading to unique surfaces and variation throughout the whole model.
A key flaw of the 3D is the number of nodes that undergo extreme deformation, leading to abnormally enlarged nodes, slight inaccuracies and ultimately requiring extreme processing power not available within this investigation causing a premature crash of the simulation. 







[bookmark: _Toc218596281]Task 4: Effects of Advanced Numerical Techniques such as Smooth Particle Hydrodynamics
The following table shows images capturing a 3D Copper SCJ simulation using Smooth Particle Hydrodynamics (SPH), at key points within the process. For enlarged images, with additional images included, please see Appendix D.
The purpose of this test was to investigate the deformation, velocity characteristics and formation of shape charge jet that occurs when using a more complex 3D numerical model, identifying the improvements Smooth Particle Hydrodynamics can make to the simulation.
‘Smoothed particle hydrodynamics (SPH) is a meshless alternative to traditional Computational fluid dynamics (CFD) that foregoes the fixed mesh in favour of freely moving particles. The key difference between SPH and mesh-based methods is that the particles are free to advect with the flow according to the dynamics of the problem.’ [19] Although SPH is traditionally talked about using fluids rather than solid materials, the extreme pressure and deformation that occur within shaped charges, specifically within the liner cause it to act in a fluid state.
SPH allows for the liner to be represented as thousands of tiny particles, rather than a mesh, which represents the liner as thousands of small triangles which are stitched up into one large(r) object. Although you can have an extremely fine mesh, you still run into the limitation that the software is treating it as thousands of subcomponents (small triangles) that are stitched together as one, so when there is extreme deformation and high strain rates as found in shaped charges, the material doesn’t behave as it would in real life with severe element deformation and unrealistic material behaviours occurring. 
By using SPH, you effectively remove the permanent fixation of elemental subcomponents imposed by traditional meshing, allowing all the particles to handle large scale rates of deformation with realism, displaying permanent separation and clear fragmentation.

	
	3D SCJ Simulation – SPH

	Start of Detonation
	[image: ]

	Mid Detonation (activation of SPH)
	[image: ]

	Jet Formation
	[image: ]

	Complete Jet Formation
	[image: ]
[image: ]


[bookmark: _Toc218596245]Table 13 - 3D SCJ SPH Simulation Images
The images above show the progression of the SCJ formation from its initiation point all through to the formation of a complete Jet for both Copper and Steel Liners. Each subheading shows a vast amount of information that can be used by the viewer:
1. Start of Detonation – This shows the initiation point used to start the explosive chain with a vast amount of pressure build up represented by the green and red colour, showing how the pressure is building up through the munition.
2. Mid Detonation – This shows the shockwave propagating through the HE fill prior to the formation of a jet. Within this image you can see the SPH activation. This was set to occur at the point at which the detonation reached the liner to hit a balance between computational efficiency and requirement. 
3. Jet Formation – At this stage you can see the jet partially formed out of thousands of particles, demonstrating the simulation working with the SPH methodology. Within this image, you can see where the copper liner has started to fragment slightly rather than completely clumped together.
4. Complete Jet Formation – This shows the complete jet formation at the point at which the simulation finished. Within this you can see a very clear outline of the copper jet that has formed; however, you can also see many fragmented particles that have ended up travelling in different directions to the general downwards facing blast. This provides a degree of realism that had been missing within all the previous simulations.  
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[bookmark: _Toc218596246]Table 14 - 3D SCJ SPH Velocity Time Graph
As you can see in the Velocity Time Graph, the velocities maintained at a speed of around 3000-4000m/s. This is a significant drop in comparison to the velocities of 5000-6000m/s experienced within the 3D mesh simulation ran within Task 3. However, this is due to the fact that the liner has been represented by many free particles thus meaning that they are able to flow freely into each other as well as into different directions rather than being purely pressed in on itself in a strict downwards direction, which is likely the main reason why there is a reduction in velocity.



[bookmark: _Toc218596283]Conclusion
This investigation has investigated a variety of methodologies surrounding the simulation of Shaped Charges, from 2D to 3D to the use of advanced methodologies such as SPH. From this experimentation the following conclusions can be made:
1. 2D simulations are a terrific way to quickly, safely and accurately model shaped charges. For any major change or idea that you do not require an immense level of accuracy and understanding of material failure with the Z direction, this type of simulation would suit the use case perfectly. 
2. 3D simulations are a good improvement on the accuracy of simulations, providing greater visual detail and velocities. However, they require a lot more computational power and take a long time to run on worse machines. This would be a recommended method to use to improve on results gain from a proven 2D simulation to prevent time wasting.
3. The use of Smooth Particle Hydrodynamics is essential for any simulation that require a level of detail that 3D simulations with a lagrangrian mesh does not satisfy in relation to particle behaviour. However, the computational power required to adequately run these simulations are extreme, so would require thorough preparation with a final design that will not be changed or require repeating alongside the use of a capable machine.
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Table 7
Comparison between the experimental and numerical results of jets.

Material Projectile length (mm) Jet length (mm) Jet head diameter (mm) Jet tail diameter (mm) Head velocity (m/s)
ta s ta s ta s ta ts

Copper 135.3(144.5) 314.2(326.0) 105.1(101.4) 256.9(271.2) 6.3(5.2) 5.9(4.0) 9.3(8.0) 5.3(5.8) 6251(6712)

Error (%) +6.8 +3.8 3.5 +5.6 -17.5 -32.0 -14.0 +9.4 +7.4

cMz 134.2(141.6) 311.5(323.4) 104.6(101.2) 272.3(275.2) 5.4(5.2) 5.8(4.2) 9.7(8.4) 5.3(5.6) 6363(6715)

Error (%) +5.5 +3.8 -3.3 +1.1 3.7 -27.6 -13.4 +5.7 +5.5

Steel1006 136.0(144.4) 318.1(326.6) 105.3(102.8) 289.2(286.7) 5.6(5.6) 4.8(4.6) 8.8(8.2) 4.8(5.4) 6702(6783)

Error (%) +6.2 +2.7 2.4 0.9 0 4.2 6.8 +12.5 +1.2

HNS 140.7(139.0) 328.9(316.0) 101.1(100.2) 288.0(275.6) 14.2(5.6) 23.2(4.8) 8.0(8.8) 6.0(6.6) 6630(6612)

Error (%) 1.2 3.9 -0.9 4.3 -60.6 79.3 +10 +10 0.3

TC21 153.8(149.7) 341.4(335.1) 111.3(108.4) 290.9(288.4) 15.9(6.2) 24.5(5.4) 8.7(11.2) 8.2(7.0) 7236(7276)

Error (%) 2.7 1.8 2.6 0.9 61.0 -78.0 +28.7 -14.6 +0.6

TB6 155.2(153.8) 346.1(341.7) 118.2(115.0) 296.0(292.4) 16.6(6.2) 35.4(5.8) 9.9(11.0) 9.5(6.0) 7271(7315)

Error (%) -0.9 1.3 2.7 1.2 62.7 -83.6 +11.1 -36.8 +0.6

Note: The value in the parentheses is the numerical result; Error indicates the deviation of the numerical result from the actual. "+"indicates that the numerical result is
greater than the experimental result.
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