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This report covers the impact of the geometrical interface between the liner and the case on the performance of a shaped charge. It highlights the application of shock physics to the ballistic scenario and gives an overview on shaped charges and their history. Using Abaqus explicit dynamics, two 2D models are simulated, and the more successful of them is run again as a 3D model for a higher level of accuracy. Smoothed particle hydrodynamics are used on the 3D model, and there is a comparison and evaluation of the set of results acquired from each simulation.
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[bookmark: _Toc230468739]Introduction
[bookmark: _Ref229997299][bookmark: _Toc230468740]Background Information on Shock Physics
[bookmark: _Hlk230079531]Shock physics is the is the study of materials that undergo a load and produce shock waves. This could be from a rapid impact, or something more complex such as an explosion [1]. The importance of shock physics is apparent from an ordnance, munitions and explosives (OME) perspective when considering the behaviours of an explosive device undergoing a detonation. Knowing the physical reasoning behind these behaviours allows for a complex delve into adapting the aspects of the device to enhance or adapt its performance as necessary.
A shock wave is a disturbance that moves faster the speed of sound of the material it travels through. It is caused by a large release of energy, which dictates an abrupt change in the thermodynamic properties of the material, such as pressure, density and temperature. The wave propagates through the material at its supersonic speed, but the region immediately behind the shock front is subsonic, meaning there is an area of extremely rapid change of thermodynamic properties [2] [3].
The behaviours exhibited in these regions (in front and behind the shock front) are governed by the Rankine-Hugoniot conditions. These relationships link together several of the thermodynamic properties of the material (such as pressure, density, internal energy and fluid velocity) and are derived from the fundamental equations of conservation of mass, energy and momentum [4].
[bookmark: _Toc230468808]Equation 1 – Rankine-Hugoniot equation of mass conservation [4].

[bookmark: _Toc230468809]Equation 2 – Rankine-Hugoniot equation of momentum conservation [4].

[bookmark: _Toc230468810]Equation 3 – Rankine-Hugoniot equation for the conservation of energy [4].

[bookmark: _Hlk230079543]Where in equation 1, 2 and 3:
· Subscripts 1 and 2 are the states of the material in front of and behind the shock front,
· ρ is density,
· u is particle velocity,
· P is pressure,
· and E is specific enthalpy [5] [6].
The ability to mathematically connect these thermodynamic properties using the Rankine-Hugoniot equations allows for other important characteristics of a shock wave to be calculated, such as the shock speed and normal angles [4], while ultimately highlighting the ways in which the material undergoing the impact reacts (via compression and temperature change) to the shock.
Another very important application of these equations is that their solutions are used to plot and define the points on a Hugoniot curve. The Hugoniot curve, for any given material, is the graph that represents all the possible material shock states behind the wave front that can be reached from its initial state [7].
It is plotted on a pressure-volume diagram and is used to determine the final state of a material after experiencing a shock wave [8], if the shock velocity is specified. If the initial and final states are both specified, it can instead be used to determine the shock velocity [9] by connecting the two points of the curve with a tangential Rayleigh line. The shock velocity is directly proportional to the square root of the magnitude of the gradient of the Rayleigh line [10]. 
[image: ]
[bookmark: _Toc230468767]Figure 1 – An example of a Hugoniot curve [11].
[bookmark: _Toc230468741]Background Information on Shaped Charges
[bookmark: _Hlk230079553]A shaped charge is a cylindrical explosive device that has a conical metallic liner at the opposing end to the detonator, which creates a hollow space [12]. When the detonation occurs, a shock waves propagates through the explosive material until it reaches the peak of the liner. It moves at such a speed that it causes the liner to collapse in on itself, forming a penetrating metal jet [13].
[image: ]
[bookmark: _Toc230468768]Figure 2 – Formation of a penetrating jet from a shaped charge liner [14].
[bookmark: _Hlk230079560]Shaped charges were created through the discovery of a phenomenon known as the Munroe Effect (also referred to as the hollow-charge effect and cavity effect), named after American chemist Charles Munroe, however it was independently discovered several times by others before Munroe popularised it, namely by Max Von Foerster and Franz Xaver Von Baader [15].
The Munroe effect, in its earliest observation, showed that having a hollow space at the opposite end of an explosive charge to the detonator created an enhanced damage effect against the target, despite containing less net explosive [16]. Studies showed that this effect was further enhanced when the hollow cavity was lined with a hard material, such as a metal or a glass, and when it is moved further from the target. This distance from the target is called the standoff distance [17]. The penetration of the formed jet increases as the standoff does, only up to the optimum distance where it will then decrease again [18]. 
This is because if the distance is too short, the jet will not have sufficient time to form to its full length and reach its maximum velocity, but if the distance is too far then the jet may break up into fragments resulting in an incomplete jet and therefore less penetration. The optimum distance for the standoff of any shaped charge is approximately two to five times the charge diameter [19].
[bookmark: _Toc230468742]Modelling Shock Hydrodynamics
[bookmark: _Hlk230079569]When solid materials undergo a detonation, the magnitude of the compression from the resultant shock waves causes the solids to behave as if they were in a fluid state. This phenomenon is particularly evident with shaped charges [20]. This allows for the use of hydrodynamic modelling and fluid mechanics to accurately simulate the behaviour of explosive devices.
Some of the commonly used software packages for shaped charge modelling are LS-Dyna [21], ANSYS [22] and Abaqus [23].
Circumstances involving shock hydrodynamics are usually modelled using one of two specific approaches: Lagrangian or Eulerian. These paradigms work in two drastically different ways, and it is very common to use an arbitrary Lagrangian-Eulerian (ALE) method that combines the two [24]. 
The main difference in the two methods is based on their approach to discretisation. A Lagrangian method discretises the geometry into moving nodes, while a Eulerian method discretises it into a fixed grid. This means that a Lagrangian approach allows for the particles to be analysed in accordance with their initial positions, while using a Eulerian method focuses on the variables at the nodal points, with no regards to their previous trajectories [25].
When the point of interest in the explosive modelling is the structural deformation of the material, Lagrangian methods are favoured, and when the focus is the fluid dynamics of the blast wave, Eulerian methods are used [26]. The combination of the use of both provides a more rounded result on the simulation. When using an ALE method, the two methods able to smoothly transition between one another [27] due to the Rankine-Hugoniot equations (‎Section 1.1), which shows their fundamentality to the world of shock physics.
[bookmark: _Toc230468743]Modelling Parameters
[bookmark: _Hlk230079579]Within any simulation, is crucial to provide the software with the relevant material property information. In ballistic scenarios, in particular, the damage models hold a very high importance. Without the inclusion of the correct parameters, the results of the simulation will not accurately portray the energy dissipation which may result in incorrect predictions of certain outputs such as fragmentation.
The core damage parameters required are the Johnson-Cook (JC) models, which predict the behaviour of materials when the temperature and strain rates are influential [28], as they are in a ballistic scenario. These models allow for a prediction of the plastic and elastic deformation through stress and strain calculations, and predictions of the damage initiation and evolution of the scenario [29] [30].
[bookmark: _Toc230468811]Equation 4 – The equation for the JC plastic model [29] [30].

[bookmark: _Hlk230079585]Wherein:
· σ is the equivalent flow stress, 
·  is the equivalent plastic strain, 
·  is the plastic strain rate, 
·  is a reference strain rate, 
· A is the initial yield strength, 
· B is the strain hardening coefficient, 
· n is the strain hardening exponent
· C is the strain rate effect, 
· m is the thermal softening effect, 
· T is temperature 
· And  [29] [30].

[bookmark: _Toc230468812]Equation 5 – The equation for the JC damage model [31].

[bookmark: _Hlk230079594]Wherein: 
·  is ductile failure, 
· - are failure parameters measured at or below the transition temperature,
· And all other symbols are the same as the plastic model [31].
These JC equations frequently use the Mie-Grüneisen (MG) equation of state (EOS) within calculations. The MG EOS is derived from the Hugoniot equations, showing their foundational importance to shock hydrodynamics. 
An EOS plays a crucial role within hydrodynamic coding (hydrocode). They are used to complete the equations of the conservation laws through providing pressure and internal energy values [34] and determine a material’s speed of sound [35].
[bookmark: _Toc230468813]Equation 6 – The MG EOS [36].

[bookmark: _Hlk230079601]Wherein:
· p is the pressure,
· e is the internal energy,
· The subscript 0 refers to the initial state,
· V is volume,
· And Γ is the Grüneisen parameter [36].
The JC and MG models are typically representative of behaviours when a material is in a solid state, so for a hydrodynamic problem there must be additional computation for the fluid phase. This is achieved through the use of the ideal gas laws and the Jones-Wilkins-Lee (JWL) EOS. 
[bookmark: _Toc230468814]Equation 7 – The ideal gas equation [37].

[bookmark: _Hlk230079606]Wherein:
· p is pressure,
· V is volume,
· n is number of moles,
· R is the gas constant,
· And T is temperature [37].

[bookmark: _Toc230468815]Equation 8 – The JWL EOS [38].

[bookmark: _Hlk230079613]Wherein:
· P = pressure,
· V = relative volume,
· E = specific internal energy,
· A, B and R = empirical constants of the specific explosive,
· And ω = the Grüneisen parameter [38].

[bookmark: _Toc230468744]History of the Design of Shaped Charges
[bookmark: _Toc230468745]Geometry
[bookmark: _Hlk230079622]It was widely concluded that the most penetrating jet produced by a shaped charge came from the use of a conical, copper liner [39]. This information allowed several studies to be completed to fine-tune the geometry and material compositions used within shaped charges, to develop a device that produced the highest possible penetration.
Both the cone and the whole device can be altered geometrically to change the performance of the shaped charge. The cone could be adapted in terms of its apex angle or thickness. The thickness of the liner has an 11% effect on the depth of penetration according to an experimental study [40], making it a key factor of the charge. As the thickness of the liner increases, so do the jet mass and the momentum, but the jet tip velocity and kinetic energy decrease. Penetration is dependent on jet mass and kinetic energy, meaning a middle-ground of liner thickness must be obtained to achieve maximum penetration. A further way to alter the thickness of the liner is through its uniformity. A uniform liner provides a strong, reliable jet and is easily manufacturable. A non-uniform liner, however, (varying in thickness from the apex of the cone to the base) has the potential to provide an increased penetration, but is much more complex and expensive to manufacture [41].
The angle of the apex of the cone is another important factor to be considered. The optimal angle for jet penetration has been calculated and experimentally shown to be between 35 and 60 degrees [42], [43], however shaped charges with angles of up to 120 degrees can be used when the intended use is for the device to act more like an explosively formed penetrator (EFP) and act at a further distance from the target, while still retaining certain qualities of the shaped charge jet [43]. Double-angled liners can also be used, which introduce more complications to manufacture, but do show a higher penetration than a uniform angle [44].
[bookmark: _Toc230468746]Materials
[bookmark: _Hlk230079651]In addition to the geometry of the charge, the materials used can also be altered to increase performance. An increasing density of the material used in the liner increases the performance of the charge [39], but extremely dense materials are not often used due to mass restrictions on parts and cost. It is widely agreed that copper is the most suitable material for a shaped charge liner, with the required properties to ensure a strong jet and a deep penetration, while remaining low in price. Other materials that show performance on par with or higher than copper consist of tungsten, molybdenum, tantalum, depleted uranium, tin, platinum and gold [39] [45] [46]. The less expensive of these are often alloyed with copper. 
[bookmark: _Toc230468747]Test Case
[bookmark: _Hlk230079659]The simulated test case in this report is a 2mm thick uniform copper cone with an apex cone angle of 90 degrees. Although 90 degrees is slightly over the threshold of what could be deemed as an ideal cone angle, this decision was made to limit computational cost with the aim of results that were lower in value to your average shaped charge, but high in accuracy. 
The dependent variable between the two 2D simulations is the method of interface between the case and the liner, as there is limited research on this topic. The more successful of the two simulations is then modelled in 3D to gain further information. 
[bookmark: _Hlk230079665]The selected simulation software is Abaqus using the explicit dynamics analysis system due to its Lagrangian discretisation method and the advantage this poses in high-speed, high-pressure events.
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[bookmark: _Ref230079409][bookmark: _Toc230468748]Material Properties of the Components Modelled
[bookmark: _Toc230468749]Liner
[bookmark: _Hlk230079672]The chosen material of the shaped charge liner was C10100 – an oxygen-free electronic copper of 99.99% purity. This material was chosen due to its prevalence as a liner material in most modern shaped charges [47] [48].
The tables below include the values taken from literature reviews of the material, which were then used within the simulation.
	Density / 
	Shear Modulus / GPa
	Melting Point / K

	8915
	44.0
	1356


[bookmark: _Toc230468802]Table 1 – Mechanical properties for C10100 [49].
	 / 
	S
	

	3.970
	1.479
	2.02


[bookmark: _Toc230468803]Table 2 – MG parameters for C10100 [50], [51].
	A / MPa
	B / MPA
	m
	C
	n

	124.7
	438.1
	0.33
	0.022
	0.93


[bookmark: _Toc230468804]Table 3 – JC damage parameters for C10100 [52].
[bookmark: _Toc230468750]Case
[bookmark: _Hlk230079678]The material of the case was selected to be AISI 4340 steel. This steel is high-performance, and stronger and more resistant to forces than more common steels. 4340 is known to have been used successfully as a case for explosive devices [53] [54].
The tables below show the values of the 4340 material properties that were used within the simulation. 
	Density / 
	Young’s Modulus / GPa
	Poisson’s Ratio
	Melting Point / K

	7850
	192
	0.29
	1700


[bookmark: _Toc230468805]Table 4 – Mechanical properties for AISI 4340 steel [55], [56].
	A / GPa
	B / GPa
	C
	m
	n

	0.792
	0.510
	0.014
	1.030
	0.260


[bookmark: _Toc230468806]Table 5 – JC plastic parameters for AISI 4340 steel [57].
[bookmark: _Toc230468751]Explosive
[bookmark: _Hlk230079686]Originally, the material chosen to represent the high explosive (HE) in the simulation was Composition B (Comp B), which is comprised of roughly 60% RDX and 40% trinitrotoluene (TNT), bound together by wax. When running the first simulation of the 2D shaped charge, the HE section excessively distorted and caused the simulation to fail. After attempting to rectify this issue, it was apparent that the cause of the issue was due to Comp B’s nature as a plastic explosive. Abaqus could not compute it, and therefore the detonation that took place was inaccurate, resulting in a very poor representation of a shaped charge jet. 
To combat this, TNT was chosen for the explosive instead, due to it being a rigid and crystalline explosive and lacking the plastic properties that Comp B possesses. The table below shows the JWL EOS values used in the simulation for the TNT.
	Density / 
	Detonation Velocity / 
	A / GPa
	B / GPa
	ω
	
	
	Detonation Energy Density / 
	Pre-detonation Bulk Modulus / GPa

	1654
	7241
	371.2
	3.231
	0.3
	4.15
	0.95
	4294479
	8.52





[bookmark: _Toc230468807]Table 6 – JWL EOS values for TNT [58] [59] [60].
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[bookmark: _Toc230468752]Analysis of the 2D Models
[bookmark: _Toc230468753]Design
The 2D models were drawn up as parts using the built-in computer-aided design (CAD) system within Abaqus then fitted together as an assembly. Their primary difference was that in Model A the liner was clipped into the charge, with the case wrapping around to lock it in, and in Model B the liner simply rested atop the case. All dimensions where parts interfaced remained the same across both models.
	[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc230468769]Figure 3 – Model A 2D CAD drawing.
	[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc230468770]Figure 4 – Model B 2D CAD drawing.


The material properties shown in ‎Section 2 were assigned to their respective components. In the step module, an explicit dynamic solve step was created, and the  (maximum time period) was set at  to ensure that the simulation would run for long enough to produce the required results without being excessive. Then, the frequency of plot dumps for the results was altered from an interval of 20 to 200, meaning for every one frame that would have been generated, there were now ten. 
	[image: A screenshot of a computer screen

Description automatically generated]
[bookmark: _Toc230468771]Figure 5 – Creation of the explicit dynamic solve step.
	[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc230468772]Figure 6 – Editing the field output.


It was then required to set a plane of symmetry for the 2D axisymmetric calculation, done as a boundary condition (BC) in the load module. 
	[image: A screenshot of a computer
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[bookmark: _Toc230468773]Figure 7 – Creation of the BC.
	[image: A screenshot of a computer
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[bookmark: _Toc230468774]Figure 8 – Addition of the BC to the x-axis.


Then, within the interaction module, an explicit general contact interaction was created so that all the components interacted with themselves. The behaviours included were frictionless tangential and hard contact normal.

	[image: A screenshot of a computer
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[bookmark: _Toc230468775]Figure 9 – Creation of the interaction.
	[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc230468776]Figure 10 – Interaction properties applied.


[bookmark: _Toc230468754]Mesh
Arguably the most important module within the simulation is the meshing. There should be no abrupt jumps in element sizes between parts, and the mesh should be fine enough that the elements accurately distort but not excessively.
	[image: A screenshot of a computer
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[bookmark: _Toc230468777]Figure 11 – Model A meshed.
	[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc230468778]Figure 12 – Model B meshed.


The applied mesh was tetrahedral, with the global seed of the case and the HE set to 0.003m. This meant that they nicely interfaced and there was a smooth transition for the blast wave to travel between the two components.
The point of detonation was selected to be the top of the HE on the x-axis, to replicate a real-world charge detonation. The sides of the HE in contact with the symmetrical axis, the case and the liner had graduating meshes applied; they transitioned from the global seed to 0.0015m, growing finer towards the point on the axis of symmetry where the HE meets the liner.
The liner was also graduated in the same direction, with a finer global seed of 0.002m that transitioned to 0.001m. At the very tip of the cone the element size was incredibly small, at a value of 0.0005m, to ensure correct results on the area receiving the highest distortion and an accurate formation of the jet.
[bookmark: _Toc230468755]Results
The simulation for Model B ran successfully, however Model A aborted after it reached 169 out of the 200 frames. To achieve a direct comparison of the two, the final depiction of the shaped charge was taken from the same time step on both simulations.
	[image: A screenshot of a computer
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[bookmark: _Ref230094798][bookmark: _Toc230468779]Figure 13 – Magnitude of velocity result for the full assembly of Model A.
	[image: A screenshot of a computer
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[bookmark: _Ref230094802][bookmark: _Toc230468780]Figure 14 – Magnitude of velocity result for the full assembly of Model B.


The full assembly results of Models A (Figure 13) and B (Figure 14) visually show the different response the charge had to the change in the interface of the case and liner. Model B began to separate from the case, suggesting that there was more energy lost to the surroundings and therefore less directed towards the propulsion of the jet.
This is further evidenced in the isolated view of the liner (Figure 15 and Figure 16), where it can be seen that the liner in Model A formed into a narrower, more streamlined shape. More importantly, the maximum velocities of the models varied (Figure 17 and Figure 18). The value of the jet in Model A was , while the maximum velocity in Model B only reached . This higher tip velocity indicates that the jet simulated in Model A would have had a higher penetration.
	[image: A screenshot of a computer
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[bookmark: _Ref230095785][bookmark: _Toc230468781]Figure 15 – Magnitude of velocity result for the isolated liner of Model A.
	[image: A screenshot of a computer
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[bookmark: _Ref230095786][bookmark: _Toc230468782]Figure 16 – Magnitude of velocity result for the isolated liner of Model B.



	[image: A screenshot of a graph
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[bookmark: _Ref230097231][bookmark: _Toc230468783]Figure 17 – Velocity-time graph of nodes at the tip of the liner in Model A.
	[image: A screenshot of a graph
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[bookmark: _Ref230097232][bookmark: _Toc230468784]Figure 18 – Velocity-time graph of nodes at the tip of the liner in Model B.


Another point of consideration from the results of the 2D simulations is the plastic strain experienced by the liner. In Figure 19 and Figure 20 it can be seen that the liner experiences an average plastic strain of 2.5 across both models, with a maximum of greater than 4. This means that the material is experiencing 250-400% strain, which is an excessive level of distortion, but is accurate to other simulations run by validated software and sources [61].
	[image: A screenshot of a computer
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[bookmark: _Ref230098539][bookmark: _Toc230468785]Figure 19 – Plastic strain result for the isolated liner of Model A.
	[image: A screenshot of a computer
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[bookmark: _Ref230098541][bookmark: _Toc230468786]Figure 20 – Plastic strain result for the isolated liner of Model B.



Model B has a slightly lower maximum strain experienced with a value of 4.073, while Model A has a maximum of 4.097. Model B also experienced a negative strain, which represents the compression from the force of the explosion.
For further images of the 2D Model results, see ‎Appendix A.
[bookmark: _Ref230165960][bookmark: _Toc230468756]Discussion
The results of the simulations of the 2D models suggest that the proposed design of the shaped charges are successfully penetrating due to their high tip velocities. Their high plastic strain is to be expected with the level of physical deformation of the liner, though it may generate less penetration and a larger slug. In a shaped charge ballistic scenario, C10100 has a plastic strain limit that ranges from 1000-2000% [46], significantly higher than the maximum strains experienced in the simulation. This shows that it is unlikely the simulated jets would experience break-up before penetration.
Model A was a more successful shaped charge in terms of tip velocity and aerodynamic profile, but Model B experienced a lower plastic strain. As a simulation, Model B was significantly more successful; it ran the entirety of the 200 frames, whereas Model A aborted after 169. Because of this, the selected model to simulate in 3D was Model B, with the intent of running a more complex simulation at less of a computational cost.

[bookmark: _Toc230468757]Analysis of the 3D Model
[bookmark: _Toc230468758]Design
To convert Model B into a 3D design, the 2D sketch was taken and revolved 180 degrees around the axis. Instances and parts were created and assembled, and all consequent modules were completed as they were in the 2D models.
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[bookmark: _Toc230468787]Figure 21 – Assembly of the 3D Model.
[bookmark: _Toc230468759]Mesh
Each element size remained the same as the 2D Model, with the addition of a graduating mesh of 0.003m to 0.0015m along the central axis, growing finer towards the apex of the cone.
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[bookmark: _Toc230468788]Figure 22 – The 3D Model meshed.
[bookmark: _Toc230468760]Results
The simulation did not complete, aborting after the time step of , but this granted enough time for the jet to form to a suitable length for analysis. The termination was caused by excessive element distortion, which is unsurprising given the hair-like formation of the tip in Figure 23.
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[bookmark: _Ref230159529][bookmark: _Toc230468789]Figure 23 – Magnitude of velocity result for the full assembly of the 3D model.
Figure 23 shows the expansion of the HE before the case breaks and a clear formation of the jet can be seen. The non-uniform shape of the tip of the jet is caused by the individual distortion of the elements at different stages.
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[bookmark: _Toc230468790]Figure 24 – Magnitude of velocity for the isolated liner of the 3D model.
The maximum velocity reached by the jet in 3D was , which was higher than the same design reached in its 2D simulation. This means that the shaped charge would have had a good penetration performance for the design it has, given that a 90 degree cone is not particularly penetrative compared to a 60 or 30 degree cone, for example.
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[bookmark: _Ref230160988][bookmark: _Toc230468791]Figure 25 – Selected nodes for the velocity-time graph of the 3D model.
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[bookmark: _Ref230160989][bookmark: _Toc230468792]Figure 26 – Velocity-time graph for the 3D model.
Figure 25 and Figure 26 show that the different sections of the jet were travelling at varying velocities, with a distinct difference in magnitude at the tip. This suggests that if the simulation were to have run until the  of , which was over double the time step of termination, the jet would have continued to elongate and grow more defined.
The maximum plastic strain experienced by the 3D model was also lower than its 2D counterpart, at a value of 3.941. As discussed in ‎section 3.4, the low limit for plastic strain before jet break-up occurs is 1000%, so it is unlikely that the 3D shaped charge would encounter this issue, indicating that there would be potential for higher penetration.
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[bookmark: _Toc230468793]Figure 27 – Plastic strain of the isolated liner for the 3D model.
For further images of the results for the 3D model, see ‎Appendix B.
[bookmark: _Toc230468761]Smoothed Particle Hydrodynamics
As the 3D model aborted before it could fully solve, the results obtained were not representative of a fully formed shaped charge jet. To solve this, an advanced meshing technique needed to be applied.
The most appropriate approach was to use a smoothed particle hydrodynamic (SPH) method, due to its suitability for explosive scenarios. SPH methods use a Lagrangian framework, which is more relevant to a shaped charge simulation, given that Eulerian methods are unable to accurately compute moving boundary conditions [62].
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[bookmark: _Toc230468794]Figure 28 – SPH controls.
The SPH was initiated by turning on the “conversion to particles” setting and then the job was set to run with no additional changes. The simulation aborted before progressing to the first time step.
To attempt to combat this, the viscosity settings of the system were altered. The artificial bulk viscosity was increased, to stabilise the fluid damping of the system and control the particles. When this also failed, the error message was assessed.
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[bookmark: _Toc230468795]Figure 29 – Error message obtained on first and second SPH attempt.
The error stated that the “smoothing length [was] too large” and that it was “recommended to use more uniformly distributed particles”. This indicated that there was an issue with the meshing of the part. Following the advice of the system, the graduating meshes were removed, a uniform global seed was applied, and the simulation was run again.
The simulation ran successfully, but at stable time increments of , which resulted in the simulation running for two hours and making no visible progress. The job was manually aborted, and the settings were reevaluated.
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[bookmark: _Toc230468796]Figure 30 – Job monitor of the SPH simulation with the uniform mesh.
Every module within the model was analysed, and there were no complications that could have caused this. Because of size of the time steps, it was hypothesised that the cause of the errors could be an abnormally small element. This is because all explicit dynamic solvers contain the Courant-Friedrichs-Lewy (CFL) condition, which states that within a single time step, information must not travel further than the distance between neighbouring grid points [63]. This means that, when elements excessively distort the time step grows smaller and smaller to try and accommodate that specific element until the simulation aborts. 
The original mesh was reapplied to the part, and an in-depth investigation showed a tiny element at the apex of the liner. This element was likely causing the small time increments and terminations of the simulation.
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[bookmark: _Toc230468797]Figure 31 – Element at the apex of the liner.
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[bookmark: _Toc230468798]Figure 32 – Element at the apex of the liner (zoomed in).
This element was created as a result of the CAD sketch of the part. Where the curve plateaus as it reaches the axis of symmetry, the horizontally flat section was drawn as its own line. Abaqus needs there to be a node at the start and end of every line drawn on the shape, so as the input element size was being altered, this particular element was not altering. This was rectified within the sketch module, and the simulation was run again.
[bookmark: _Toc230468762]Results
Rectifying the issue of the tiny element allowed for the simulation to run successfully and with a stable time increment of , making it much more time-efficient that using the uniform mesh.
The part converted to particles at , almost immediately as the liner began to deform.
[image: A computer screen shot of a computer screen

Description automatically generated]
[bookmark: _Toc230468799]Figure 33 – Isolated liner of the 3D model in the time step prior to particle conversion.
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[bookmark: _Toc230468800]Figure 34 – Isolated liner of the 3D model at the point of particle conversion.
The liner then continued to form into a jet as it had previously, but the elements were represented by particles instead.
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[bookmark: _Toc230468801]Figure 35 – SPH result for the isolated liner of the 3D model.



With the use of SPH, the simulation ran to full completion. This was a massive advantage over the previous simulation, as full jet length could be visually represented. There was however, a much lower maximum velocity. This could be an inaccuracy of the material properties through their behaviour as particles, but more variations of the simulation would need to be run to determine this.



9
[bookmark: _Toc290554242][bookmark: _Toc299621207][bookmark: _Toc299631432][bookmark: _Toc299631494][bookmark: _Toc299631584][bookmark: _Toc299631660][bookmark: _Toc230468763]Conclusion
[bookmark: _Toc51833419]In conclusion, the shaped charges simulated in the report all displayed results that suggested their adequacy if they were to be manufactured within the real world. Out of the 2D models, Model A was deemed more successful due to its higher tip velocity and therefore higher penetration; it was considered that the slightly higher plastic strain experienced was negligible as the values for both charges were far below the limit for C10100. This shows that when considering the geometry of the interface between the liner and the case, it is more favourable for the case to encapsulate the liner, rather than having the liner attach to the surface. This change negates the energy loss in the premature separation of the liner, accelerating the jet with a higher force and producing higher penetration.
Despite the results stating that Model A was more successful, Model B was selected to be continued as the 3D design. This was because it completed to the full run time, whereas Model A terminated at 169 frames out of the 200 instructed.
The 3D model had a higher computational cost, meaning there was less lenience with improper meshing. This caused an excessive run-time of the simulation and a termination before it completed, however the results produced up to the point of abortion successfully showed a higher velocity than both of the 2D models, suggesting both the increased performance of the shaped charge and the use of a 3D model to its 2D counterpart.
When the design was analysed, it was found that the cause of the termination of the model and its excessive run-time was an incredibly small element created as a result of the method used to draw the parts in the sketch module.



This was rectified, and the simulation was re-run with an SPH advanced meshing technique to eradicate another potential cause of the errors. The velocity results for the SPH simulation, however, were significantly lower than all of the previous simulations. This may have been due to the behaviour of the particles poorly representing the materials, but in order to determine whether the result was an inaccuracy, more runs would need to be completed.
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