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[bookmark: _Toc229597772][bookmark: _Toc229659211][bookmark: _Toc229994229]1-Introduction
This assignment will cover the theory, design and simulation of an explosive shaped charge. The shaped charge was constructed of a liner, high explosive and case. The simulation was modelled using the ABAQUS software in both 2D and 3D simulations. The models were analysed to assess the stress, strain, deformation, pressure and velocity in two 2D models and one 3D model.
[bookmark: _Toc229597773][bookmark: _Toc229659212][bookmark: _Toc229994230]2-Literature Review
[bookmark: _Toc229994231]2.1-Shaped Charge Overview 
There are various ways that a shaped charge has been defined. Many definitions highlight the differences between a hollow charge which does not have a liner, and a shaped charge that contains a liner material [1]. Shaped charges contain an explosive that when detonated produced a high velocity jet of materials [2]. A shaped charge is also described as an explosive charge with a hollowed-out area on the side facing the target producing directed and piercing effects [3]. Many sources of literature highlight that a shaped charge is an explosive mechanism capable of producing a high velocity jet or material with the main aim of penetrating a target. They have uses in many industries and can create accurate and directed energy at targets in air, land and sea [4].







[bookmark: _Toc229597775][bookmark: _Toc229659214][bookmark: _Toc229994232]2.2 - History of shaped charges 
The shaped charge was developed through testing of putting a cavity opposite the initiation point in an explosive charge. It was concluded that by using a cavity, a smaller amount of explosive caused a deeper effect [5]. The shaped charge effect is also dated back to 1792 through the discovery of a cavity in black powder producing a greater blasting effect in a metal plate [6].  During the second world war research was conducted into using a liner material in the cavity and this assisted into the production of high explosive anti-tank (HEAT) projectiles and HEAT machine gun grenade [6].
[bookmark: _Toc229597777][bookmark: _Toc229659216][bookmark: _Toc229994233]2.3 - Applications
The evolution of the shaped charge has led to many uses in military applications including Anti-Tank missiles, warhead systems, ordnance disposal and demolition [7]. Aswell as military applications, shaped charges have proved to be successful in many civil applications such as the oil, gas, mining and aerospace industries. One example is the use of a shaped charge impact system to create a crater on the surface of an asteroid on the Hayabusa 2 mission [8]. 










[bookmark: _Toc229994234]2.4 – Shaped Charge Operation
Shaped charges use the energy provided from a primary explosive in the detonator to provide sufficient energy to detonate the secondary explosive within the case. The spherical wave propagates from the initiation point as a shock wave with a very high velocity. When the detonation wave hits the liner material it is accelerated under extreme high pressures and collapses the line producing an elongated high velocity jet. The material of the jet can experience elongations greater than 1000% of the original length [9].  The jet produced is at variable velocity with the tip capable of reaching speeds greater than  and the slug reaching upwards of .  There are many contributng factors to the performance of shaped charges such as the liner angle, diameter and stand off distance.  Figure 1 shows the comparison of jet fomation in an explosively formed projectil and a conical liner, highlighting the importance of geomerty for different operations.
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[bookmark: _Toc229991165][bookmark: _Toc229991549][bookmark: _Toc229993769]Figure 1 - Comparison of jet created by an EFP and Conical Shaped Charge [10]
The Munroe effect outlined the main principals of the shaped charge explosion and focuses on the formation of the shaped charge jet. The directed force produced through the detonation of an explosive creates local and precision damage to targets. In the form of jets. 



[bookmark: _Toc229994235]2.5 – Shaped Charge Geometry
Shaped charges exist in many different forms such as cone shapes and variable thickness liners. Some of the most common shaped include conical liners and axial symmetric designs. Non uniform varying thickness liners have different jet effects and can create different penetration characteristics into targets [11] . Many shaped charges range from 20mm to 200mm diameters depending on their application [6]. The geometry of shaped charges in influenced by the desired output of the system and the environment in which it is used. Common shapes include conical, truncated and ogive with some designs shown in figure 2.
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[bookmark: _Toc229991166][bookmark: _Toc229991550][bookmark: _Toc229993770]Figure 2 - Common shaped charge shapes [12]
The double angle shaped charge shown in Figure 1(e) and (f) is a deign used that can produce a higher velocity jet and uses more of the liner material.  The doubled angle liner features a narrower angle at the apex followed by a change in geometry and a winder angle at the base. There have been studies completed highlighting that a double angles liner improved penetration performance by 14.5% than that of a single angle conical liner [13]. 
[bookmark: _Toc229597784][bookmark: _Toc229659223][bookmark: _Toc229994236]2.6 - Materials used in shaped charges 
Materials used for the explosive, case and liner of a shaped charge are selected carefully to meet the optimum and desired performance. The liner is usually a metal to produce a high velocity jet however work has been completed on the use of non-ductile materials such as glass and ceramics. For this application the jet is formed by liner shattering and being forced together to produce a jet [14] . The explosive selected for use in shaped charges is required to have high detonation velocity and brisance to create the formation of the jet [14]. The optimum liner thickness has been validated with theories suggesting the optimum liner thickness to be related to the apex angle with the relationship of sine of one half of the apex angle [15].

[bookmark: _Toc229994237]2.7 – Computational Modelling of Shaped Charges
Finite element analysis (FEA) is a common method used to solve numerical simulations based on input values and provide solutions. This is done through graphs, simulation and data. The FEA required a model to be broken down into smaller elements through the meshing of an object. Computational modelling provides an efficient and accurate representation of the many complex problems faced withing the defence industry. Using models allows material data and interactions to be defined and allow the behaviour to be modelled in a time and cost-efficient method.
The Abaqus software is a CAE tool that can be used for modelling shaped charges. When using explosive materials in Abaqus it does not use chemical methodology to understand the detonation process and was instead given a specific detonation point and velocity of detonation to produce the shock wave. The J-C model is assumed to be accurate in modelling the high strain in the models and the equation of states accurate in the for the high pressure and stress in the model. The model is assumed to be symmetrical with a quarter model used in the simulations to save computing time and costs. This ensure that the submitted job was as efficient as possible. 
The J-C model used assumed that the material was homogenous and isotropic therefore did not capture any imperfections in the materials which could happen in real word simulations. Impurities such as cracks and voids can reduce the material strength in these regions and ductility; therefore, high stress rates and pressure could affect the jet formation.
Boundary conditions were assumed to be perfect with no boundary separation and perfect transitions between each part. Another limitation of simulating a shaped charge on Abaqus is the validation can be difficult. Using new geometries can prove difficult due to the lack of literature for comparison and validation. Experimental research can also be difficult and costly requiring many resources.
[bookmark: _Toc229597779][bookmark: _Toc229659218][bookmark: _Toc229994238]3 - Mathematical theories and Material Models 
There are many mathematical theories that govern shaped charges. The gurney equations are used in explosives engineering to calculate the velocity of the collapsing liner. It Is reliant on the ratio of the mass of metal to the mass of explosive and assumes that all potential energy of the explosive is transferred to the liner as kinetic energy [12]. The velocity of the collapsed liner can be calculated using the equation in figure 3 where . The gurney constant E is a given value for metal liner materials. Gurney equations assume that all potential energy of the explosive is transferred to the liner as kinetic energy 
[image: ]
[bookmark: _Toc229991167][bookmark: _Toc229991551][bookmark: _Toc229993771]Figure 3 – Gurney Calculation for Velocity [12] 






The selected material models used for the simulation were the Johnson-Cook, Jones Wilkins Lee and Mie-Gruneisen. The Mie-Gruneisen is an equation of state (EoS) and is used for materials in extreme states and under high pressures. The EoS is used to model the high. The EoS uses the Gruneisen parameter which is a function of volume for estimating the changes and deformation in the liner collapse. This EOS works alongside the Johnson-Cook model to model the deformation and jet formation. The  EoS is a linear model and used for calculating the pressure in a material undergoing shock. The equation in figure 4 below is used:
[image: ]
[bookmark: _Toc229991168][bookmark: _Toc229991552][bookmark: _Toc229993772]Figure 4 – Mie-Gruneisen Equation of State [6]




The Jones Wilkins Lee (JWL) is an equation of state to support detonation products and unreacted explosives in simulations. The equation models the pressure produced in the detonation of the explosive. It was applied to the Octol explosive to represent the pressure and volume relationship. This is calculated using the equation in figure 5.
[image: ]
[bookmark: _Toc229991169][bookmark: _Toc229991553][bookmark: _Toc229993773]Figure 5 - JWL Equation of State [12].
A,B, R1, R2 and ω are material parameters shown in table 1, E is the internal energy and V is relative volume. 

Johnson Cook is a damage model used for materials that undergo extreme strain and deformation. The model is used to express the flow yield stress through the equation in figure 6:
[image: ]
[bookmark: _Toc229991170][bookmark: _Toc229991554][bookmark: _Toc229993774]Figure 6- Johnson-Cook equation [16]
This equation can then be reduced using the yield stress under quasi-static conditions to:
[image: ]
[bookmark: _Toc229991171][bookmark: _Toc229991555][bookmark: _Toc229993775]Figure 7 - Reduced Johnson Cook Equation [16]



Using these models in the simulation allowed for an accurate representation of the deformation from explosive detonation to jet formation. This model accounted for the strain in the model and thermal softening.









[bookmark: _Toc229597794][bookmark: _Toc229659233][bookmark: _Toc229994239]3.1 - Hugoniot curve 
The Hugoniot curve relating to explosives represents the pressure, volume and energy within shock wave interactions. The jump equations establish how materials react to shock waves and the sustainment pf detonation The Hugoniot equations are derived from newtons laws of motions are used to explain the propagation of a shock as well as the conditions either side of the wave moving through a material initially as rest. These equations can be shown in three ways for the conservation of mass, momentum and energy [17] 
 conservation of mass
 conservation of momentum
 also written as  conservation of energy
U is the velocity of the shock front, u is the translational particle velocity,  is the density of material behind shock front and is the density of material ahead of the shock wave. E ais the energy of the material after compression and  is energy before.
The Hugoniot curve shown in figure 8 expresses the relationship between the velocity and pressure in both cases of detonation and deflagration. 
[image: ]
[bookmark: _Toc229991172][bookmark: _Toc229991556][bookmark: _Toc229993776]Figure 8 - Hugoniot Curve [18]
The Hugoniot graph shows the initial state of the explosive at point A and the Chapman-Jouguet points at which detonation occurs (Upper point) and where deformation occurs (Lower point). The Hugoniot alone does not characterise an explosive material and only focuses on the shock transition, therefore equation of state and J-C parameters or other behavioural parameters are required. 

[bookmark: _Toc229597787][bookmark: _Toc229659226][bookmark: _Toc229994240]4-Materials used for shaped charge Simulation
The performance of shaped charges is highly dependent on the materials used for each part. Copper produces greater penetration than materials including steel and aluminium and was selected for use in the liner [19]. Octol is a HMX/TNT mix that is meltable and castable which is ideal for shaped charge applications. It also has high energy density increasing the precision [20]. AISI 1006 Steel was selected for the casing of the model. The material parameters are shown in Tables 1, 2 and 3 using the J-C model, the JWL model for the explosive and the Mie-Grüneisen model for the liner.












Table 1 – Material parameters for Octol [6] 
	Density(kg/m3)
	1821

	JWL
	

	Detonation Wave Speed
	8480

	A (Pa)
	7.486 

	B (Pa)
	1.338

	Omega
	0.38

	R1
	4.5

	R2
	1.2

	Detonation Energy Density (
	5274000

	Pre Detonation Bulk Modulus (Pa)
	34200000000


Table 2 – Material Parameters for OFHC Copper [6] [21]: 
	Density
	8960

	Shear Modulus (GPa)
	46

	Us-Up
	

	
	3900

	S
	1.5

	Gamma0
	2

	A (Pa)
	

	B (Pa)
	

	n
	0.3

	m
	1.1

	Melting Temperature (K)
	1381

	Transition Temperature (K)
	293

	C
	0.025

	Epsilon dot zero
	1



Table 3- Material Parameters for AISI 1006 Steel [6]
	Density
	7896

	Youngs Modulus
	

	Poisson’s Ratio
	1

	A (Pa)
	

	B (Pa)
	

	n
	0.36

	m
	1

	Melting Temperature (K)
	1811

	Transition Temperature (K)
	293

	C
	0.022

	Epsilon dot zero
	1




[bookmark: _Toc229597798][bookmark: _Toc229659237][bookmark: _Toc229994241]4 - 2D Modelling
The 2D shaped charge was modelled using the ABAQUS software with 2D axisymmetric elements. This ensured rotational symmetry ensured boundary conditions, geometry and loading were adhered to throughout the model. An explicit dynamic solver was used which uses finite element solver. This was selected due to the requirements for the analysis of the shaped charge The explicit solver used small time steps suitable for modelling the high velocity, extreme deformation and contact in the shaped charge. 
The shaped charge design and parameters were set in the following order: Part, Property, Assembly, Step, Interaction, Load, Mesh, Job, Visualisation.
Part – In the property module the shaped charge was drawn in a 2D plane using 3 separate parts. The liner was drawn first to ensure that the angle of the peak was correct. The HE was then drawn using guidelines from the sketch of the liner, followed by the case using the sketch lines from the liner and the HE.
Property - The property module was the completed incorporating the material parameters in tables1-3. Each part was then designated assigned the connecting material with the detailed material models. 
Assembly – The model was then assembled combining the three parts. The initial interaction was set to general contact with all with self. Frictionless behaviour was defined for the tangential behaviour and hard contact for the normal behaviour. 
Step – The step module was used to set the maximum run time for the simulation and the frequency for plot dumps was set by having evenly times intervals.
Mesh – The meshing module was used split the model into constituent smaller elements. Each part was meshed individually by using a global seed. This was then refined using a single bias mesh to refine the mesh on the part subject to the most deformation, stress and strain. The mesh chosen for the model used tri element shapes and explicit axisymmetric finite element formulations. A gradual mesh was used by using a local global seen on the main contact areas. The meshing of both models used the same size global seed to ensure similarity for comparison of the two models.
Load – In the load module a plane of symmetry was set for 2D axisymmetric calculation using a mechanical boundary condition of symmetry. This used the areas of the HE, liner and case and were defined as a XSYMM condition, ensuring that no point could move in the x direction.
Job – The job module was used to select the model and submit the job for simulation with an automatic time step and maximum time output. 
Visualisation – The visualisation module was used to view the results of the simulation. As the model was axisymmetric this was swept into a 180-degree model for a stronger visualisation of results.
[bookmark: _Toc229597801][bookmark: _Toc229659240][bookmark: _Toc229994242]4.1 Analysis of 2D Models
The simulation focused on the comparison of a single and double angle cone to assess how the second angle would affect the jet behaviour Model 1 featured a conical liner with a rounded 60-degree cone. Model 2 featured a conical liner with a rounded 60-degree cone and a double angle liner with a second angle of 120 degrees. The liner thickness was set as 1mm to produce a high velocity jet and reduce radial expansion during jet formation [22]. In the visualisation module the analysis focused on the velocity, pressure, the PE Max in plane strain and the S22 stress. This gave an overview of the behaviour of the models relevant to that of the material models used. The geometries of both models are shown in figure 10 with an experimental mesh. The mesh used for the main simulations was that defined in model 1.
[image: ][image: ]
[bookmark: _Toc229991173][bookmark: _Toc229991557][bookmark: _Toc229993777]Figure 9 - Design of Model 1 (Left) and Model 2 (Right)
A tri mesh was used throughout all parts due to the curvature on the liner. This produced a smoother transition between the parts and therefore improving the contact under conditions. The mesh was most refined in the contact region between the HE charge and the peak of the liner with the contact shown in figure 11. This created more nodes for numerical calculation to take place. The mesh on the case was not refined as the damage parameters were not included in the model and the focus was on the jet formation.

[image: ]
[bookmark: _Toc229991174][bookmark: _Toc229991558][bookmark: _Toc229993778]Figure 10 - Contact between mesh on liner and HE Charge in model 1
Upon initiation of the explosive, the pressure wave propagated from the detonation point towards the apex of the liner with a supersonic pressure front with values reaching greater than 68GPa. Furthermore, producing velocities of greater than 10km/s in the jet formation of the liner. The pressure was most dominant during the detonation phase where the shock wave from the initiation point is produced. As the shock wave propagated through the explosive the stress increased due to the force acting throughout the model. From the initiation point the pressure propagated through the shape charge with extreme high pressures at the shock front followed by lower pressures. The initial elongation of the jet occurred under high pressure, whereas the further stretching occurred at a lower pressure. The stress and pressure on the liner ultimately led to an increase in strain throughout the liner producing the jet travelling at a high velocity

[image: ]
[bookmark: _Toc229991175][bookmark: _Toc229991559][bookmark: _Toc229993779]Figure 11 - Pressure wave propagation through 2D Design







In both models there was extreme stress values present throughout each part caused by the initiation of the explosive. The liner underwent a huge compression, ultimately leading to the formation of the jet. 
[image: ]
[bookmark: _Toc229991176][bookmark: _Toc229991560][bookmark: _Toc229993780]Figure 12 - S22 in 2D Models at a time of 3.8e-5
At a time of 3.8e-5 the jet had formed with a visible tip and slug. The stress in the liner was seen to have a greater maximum value in model 2 with a value of 1.765e10 compared to the maximum of 1.517e10 in model 1. This high stress areas were seen in areas throughout the jet and the slug. In model 2 there was also regions of lower stress in regions of the of the liner not visible in model 1. This highlighted an uneven stress distribution caused by the second angle in the shaped charge. The jet in model 1 was less uniform than that of jet 2 with higher stress concentrations through the central points including the slug. The stress distribution in model 2 highlighted that the design had stronger axial compression producing a uniform and greater jet length at a given time [23] .
The velocity of the jet was expected to reach extreme high speeds due to the material’s high ductility and applications in shaped charges. Literature sources suggest that copper liners are capable of producing speeds greater than 7km/s [2]. Both model 1 and 2 surpassed this value shown on the velocity-time graph in figure 15.
[image: ]
[bookmark: _Toc229991177][bookmark: _Toc229991561][bookmark: _Toc229993781]Figure 13 - Velocity-Time Graph for Model 1 and Model 2
The blue lines represent the velocity of model 1 and the red lines represents model 2 with nodes selected from the tip of the jet. The velocity-time graph showed that both jets reached velocity’s upwards of 9km/s with some nodes travelling closer to 10km/s. These nodes were spalling of the material which didn’t form in the central part of the jet and instead travelled alongside main jet formation. It was also seen that the nodes in model 2 took a greater amount of time to increase to the maximum velocity.
In both models, there was a clear velocity gradient from the tip to the slug. The velocity in model 1 was around 9km/s at the tip and around 9.5km/s in model 2. The velocity of the slug was much slower in model 2 travelling between 4 and 5km/s, whereas the nodes in model 1 were travelling between 5 and 6km/s shown in figure 16.
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc229991178][bookmark: _Toc229991562][bookmark: _Toc229993782]Figure 14 - Side by Side Comparison of velocity in Model 1 (Left) and 2 (Right)
The final jet formation of model 1, shown in figure 17 highlighted that with a successful run time the liner would have produced a streamlined jet with tip velocity of 10km/s and a slug at a lower value 2km/s
[image: ]
[bookmark: _Toc229991179][bookmark: _Toc229991563][bookmark: _Toc229993783]Figure 15 - Final Jet formation of model 1

The liner underwent extreme strain conditions with the material undergoing extreme deformation. At a time of 2.2e-5 the strain within the jets was seen to have a similar maximum of 3.3 In both jets with lower values between 1 and 2 in the outer region of the jet. The maximum strain was concentrated in the central point at which the liner was hit by the detonation wave. At this point the copper was deforming plastically with an extremely high strain rate.
[image: ]
[bookmark: _Toc229991180][bookmark: _Toc229991564][bookmark: _Toc229993784]Figure 16 - Strain model 1 (left), model 2 (right)
As the jet continued to form, the strain values remained concentrated across the axis throughout the jet, due to the extreme stretching that occurs in this region. Model 2 aborted at a time of 3.7539e-5 due to excessive distortion. High strain could be seen throughout the liner, with a high concentration in the centre but also in the edges of jet.
[image: ]
[bookmark: _Toc229991565][bookmark: _Toc229993785]Figure 17 - Strain in model 1(left) and model 2(right)
As the simulation aborted due to excessive distortion it was not possible to see the final formation of the jet in flight from the shaped charge in both simulations and the final strain in the liner. The final formation is shown in table 4 throughout various steps.
Table 4- Jet formation in Model 1 and Model 2
	Model 1
	Model 2
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Ultimately the 2D analysis was not ideal for identifying the similarities and differences in the jet formation due to model 2 having a smaller run time.
[bookmark: _Toc229597809][bookmark: _Toc229659250][bookmark: _Toc229994243]4.2 - 3D Modelling 
The 3D model used the 60-degree cone angle geometry from model 1 and was revolved into a 3D shape maintain symmetry and properties throughout.  To allow a smoother energy transfer between the explosive a boundary condition was created between the outer side of the barrier and the inner side of the explosive. This boundary condition allowed smoother surface to surface contact as the shock wave travelled through the materials. This allowed for more accurate values in the contact between the HE and the liner.  The viscosity parameter was also increase to a value of 1 to improve the simulation run time ad stability in the model.
The 3D model was initially tested using a very course mesh with little refinement in the contact region between the liner and HE as show in figure 18.
[image: ]
[bookmark: _Toc229991181][bookmark: _Toc229991566][bookmark: _Toc229993786]Figure 18 - Experimental mesh of 3D Model
The job was aborted due to excessive distortion which occurred when the pressure wave came into contact with the liner at a time of 1.3001e-5 shown in figure 19. The jump from the coarse mesh to the refined mesh caused issues within the elements due to the number of contact point been the coarse and refined areas.
[image: ]
[bookmark: _Toc229991182][bookmark: _Toc229991567][bookmark: _Toc229993787]Figure 19- Pressure wave in Experimental mesh on 3D Model
In order to improve the run time of the simulation, the distortion control within the simulation was added with a length ratio of 0.1. An interaction between the outer surface of the liner and inner surface was used to prevent HE spill. The refinement of the mesh around the liner apex was also made coarser for a smoother transition from larger elements to smaller elements shown in figure 20.
[image: ]
[bookmark: _Toc229991183][bookmark: _Toc229991568][bookmark: _Toc229993788]Figure 20 - Experimental mesh 2 of 3D Model
Using this mesh the jet formed however was very inaccurate to that of a real-world example. The elements underwent severe distortion, and the jet was not uniform. This mesh had the advantage of the gradient being like that of the propagation of the shock wave with a convex gradient allowing smoother transitions. The strain in the jet was similar to 2D model 1 with values of around 3 but did not have any concentrated areas in the centre or around the axis, as shown in figure 21.
[image: ]
[bookmark: _Toc229993789]Figure 21- Strain in 3D Model
The mesh was further refined shown in figure 22 to improve the contact between the HE and the liner, however the simulation failed to run due to errors therefore the job used the mesh in figure 20 for analysis.
[image: ]
[bookmark: _Toc229991184][bookmark: _Toc229991569][bookmark: _Toc229993790]Figure 22 - Refined experimental mesh of 3D Model
The velocity within the jet showed a gradient but it was not as strongly visible as the 2D model. As the jet formed the velocity increased towards the tip with a lower velocity slug travelling behind the tip.
[image: ]
[bookmark: _Toc229993791]Figure 23 - Velocity Gradient in 3D Model

A velocity-time graph was produced for this model using a selection of nodes from each part of the jet and showed a clear gradient with the tip travelling between 6-8km/s. In comparison to the 2D model graph shown in figure 13.  The velocities were travelling in a higher region of between 7 and 9km/s in figure 13 whereas the 3D model had lower velocity between 7-8km/s in the tip.
[image: ]
[bookmark: _Toc229991185][bookmark: _Toc229991570][bookmark: _Toc229993792]Figure 24 - Velocity Time Graph of 3D Model










[bookmark: _Toc229597811][bookmark: _Toc229659252][bookmark: _Toc229994244]4.2.1SPH Modelling of 3D Model 
The smooth Particle Hydrodynamics (SPH) method was introduced to the model to deal with velocity detonation and extreme deformation taking place in the model. The SPH was set to act when the stress in the liner supassed a determined value. This increased the run time of the simulation and the formation of the liner in particle form.
At a time of 4.8e-5, the non-SPH model had a maximum velocity of 1.006e4 compared to a much greater velocity of 7.706e3 visible in the SPH model.  However, in the SPH model many particles had deleted due to extreme deformation. In this comparison an extremely coarse mesh was used.  The comparison between the models can be seen in figure 26.
[image: ]
[bookmark: _Toc229993793]Figure 25 - Comparison of 3D Model with SPH and Non-SPH
In both models, the velocity is clearly seen to be much greater at the tip compared to the slug. The meshing quality of both models hindered the results as it led to incorrect calculations taken place for each time step from the effect of the previous calculations being incorrect. The extreme distortion of elements was also seen with severely deformed mesh elements not expected in shaped charge performance. 






The run time of the SPH model was much greater and showed the formation of a high velocity jet in figure 26. It was seen that the jet began to refine towards the tip with a larger area at the slug. 
[image: ]
[bookmark: _Toc229993794]Figure 26 - Jet Formation in 3D SPH Model
Velocity-Time graphs were produced for the 3D models shown in figure 27. It was clear that the SPH model produced results closer to that of the 2D model, however the velocities were much lower. In both 3D models there was a clear velocity gradient shown on the graph.
[image: ]











[bookmark: _Toc229993795]Figure 27 - Velocity-Time Graphs of 3D Model (Left) and 3D SPH Model (Right)


The elements in the 3D simulation underwent sever distortion with some deleted elements show in figure 28. The strain throughout the liner was high with values over 2 times greater than the original length.
[image: ]
[bookmark: _Toc229991188][bookmark: _Toc229991573][bookmark: _Toc229993796]Figure 28 - excessively distorted elements in 3D model
The strain in the 3D liner was not as accurate as the 2D liner with the concentrated areas not appearing in the central axis and not being very saturated in the tip of the jet.
[image: ]
[bookmark: _Toc229993797]Figure 29 - Strain in jet Formation of 3D Model
In summary the 3D Model did not provide an accurate representation of Model 1 with discrepancies in areas including, stress, strain and jet formation.






[bookmark: _Toc229597814][bookmark: _Toc229659255][bookmark: _Toc229994245]4.3 - Further improvements to models
The model could have been improved by adding a target material to the simulation to validate results both experimentally and mathematically. Using a mathematical equation for the penetration depth into a target can be done using the equation below [12]: 

Z is the jet length from the virtual origin from the target
 is jet tip velocity
 is the jet rear velocity
 is the square root of target jet density ration given by 
This would improve the validation of a behaviour of a shaped charge and improve future reach for efficient standoff distances and cone diameter. Within computer aided engineering, using meshing tools such as adaptive meshing would also improve the accuracy of simulated results.
[bookmark: _Toc229994246]Conclusion 
In conclusion shaped charges offer a small and effective geometry suitable for use in many industries. The modelling of shaped charges using computer aided engineering software allowed for the behaviour of liner material, explosive material and behaviour to be analysed. The modelling of the shaped charge can prove difficult due to the many interactions and extreme conditions faced by the mechanisms. This report shown that the geometry of a liner and selection of materials can heavily influence the performance and jet characteristics of a shaped charge.
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