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[bookmark: _Toc218598274]Abstract
	This report demonstrates the concept of shaped charges, including their general principles, adoptions and uses by civilian industry and military forces, then features the rationale for their design, material choices and calculations.
After is the introduction of the modelling software ABAQUS, its benefits and limitations before modelling two separate two dimensional designed shaped charges before comparing one of the designs to the same design but in the third dimension.
The two designs compared in this report are a conical design and a trumpet shaped liner. Comparisons can be made between the two about the jet produced during the simulations and inferring results from them using real-world validation of these assumptions.
1.0 [bookmark: _Toc218598275]Introduction to Shaped Charges
A traditional explosive charge, exerts pressure in every direction, often wasting most of the energy produced, as it is released to atmosphere on most sides. A shaped charge (SC) however is an explosive device which can achieve significant armour penetrating characteristics by exploiting a phenomenon that occurs from when recesses exist in the explosive charge. These recesses harnesses more of the potential energy of the explosive compound powering the charge, and send it into a single direction, focusing on one target. This allows for smaller, more portable charges to achieve the same or better effect on target that a larger standard charge would have created without usage of shaped charge technology.
This takes advantage of a shockwave’s ability to reflect off a material with a different density and focus this reflection onto a liner which then collapses under explosive loading. This liner will be acted upon by the force exerted by the explosive fill and be propelled away from the exploding charge at significant speed as a jet, often ranging in the high single, to low double digits of speed when measured in kilometres per second.
Modern methodology creates a triangular shaped cavity which can be revolved into a conical cavity, increasing the amount of explosive that will focus into the cavity, or the triangle can be extruded planarly into a triangular prism, focusing the force into a line or other shape depending on the extrusion.
In order for the jet to achieve maximum armour penetration, it needs to form correctly, and this takes a distance related to the diameter of the shaped charge. This is known as the “standoff distance”.
If the jet encounters the target early, before it has fully formed into a point, it will have a wider diameter, wasting energy which could have been used to perforate the armour to a greater extent through a smaller hole. Instead, a larger jet produced a wider, shallower hole, possibly not penetrating all the way through the target.
As the jet moves further away from the charge the difference in velocity between the tip and the tail will cause the jet to bifurcate and spread out, resulting in the jet losing its effectiveness against the target.
These characteristics make shaped charges achieve a significant level of armour penetrating capability, for their relatively small explosive content, and without any outside system, such as being fired from a gun platform.

[bookmark: _Toc218598276]2.0 Shaped Charge Theory
[bookmark: _Toc218598277]2.1 Munroe Effect
	Shaped Charges were first discovered when observations were made those recesses or cavities in an explosive charge were observed to focus the energy and force produced, improving damage localised at the recession site.
Exploiting this observation by artificially creating a cavitation led to the discovery of Shaped Charges. This now known as the Munroe Effect.
[image: ] [6]
Figure 1 - A generic diagram of most shaped charges (a). A cutaway of a generic shaped charge (b)

[bookmark: _Toc218598278]2.2 Liner Collapse
	To give a shaped charge improved penetration ability, the high explosive fill is covered with a liner. This liner is acted upon by the explosive fill and deforms massively under the extremely high strain rate environment of an explosion and is pushed forward as the penetrator.
When the explosive is detonated the shockwave proceeds from the initial detonation site. This shockwave, moving at a near constant detonation velocity, detonates the remainder of the explosive as the shockwave front passes through it, generating the high-pressure products behind the shock front, increasing the force of the shockwave. When this shockwave encounters a change in medium or density, like when it exits the high explosive fill and encounters the metal casing surrounding the charge. Some of the shockwave is reflected back into the charge towards the liner. [7] Changes in shape to the liner, can direct the reflected shockwaves towards the liner more effectively.
[image: Shaped Charge] [8]
Figure 2 - The apex of the liner is directly in front of the detonation point for the explosive fill, meaning the shockwave from the detonator will push directly on the back of the liner.
When the shockwave is reflected back towards the liner, it acts upon the sides of the liner, squeezing it and pushing it forwards as well. The liner, contrary to popular belief, does not become molten or inverts the cone in the detonation, but is collapsed, under the extremely high strain rate environment to form a jet being propelled towards the target.
[bookmark: _Toc218598279]2.3 Jet Formation
	As a shaped charge explodes, the liner is crushed and projected forwards as a jet. This jet takes time to form; a time often correlated with the diameter of the shaped charge from whence it came. 
Different material choices for liner, and explosive HE fills affect the standoff required for optimal jet formation. Typically, copper liners give maximum penetration at 1-3 charge diameters (CD), whilst aluminium liners give maximum penetration at 5-7 CD. [9]
When the charge detonates, not all parts of the liner accelerate at the same rate, nor travel at the same velocity. This discrepancy of the velocities affects the jet at extended ranges. The jet bifurcates and splits into droplets of liner material, when it would be more effective travelling as one jet. [10] [9]
The tail of the jet travels at a comparatively slow velocity of 1-2 kilometres per second, whereas regions of the tip of the jet travel at a velocity of 3-10 kilometres per second [9], depending on charge size and liner shape.
[image: A shaped charge, principle of work ] [11]
Figure 3 – An illustration of how shaped charges we observed to have increased penetration when a liner was added, and standoff allowed between the cavity and the target.
[bookmark: _Toc218598280]2.4 Euler Equations
The Euler equations demonstrate the conservation of mass, flowrate, momentum and energy of fluids.

Equation 1 – Euler Equation for conservation of Mass

Equation 2 – Euler Equation for Mass and Flowrate

Equation 3 – Euler Equation for conservation of Energy

Equation 4 – Euler Equation for conservation of Momentum

[bookmark: _Toc218598281]2.5 Rankine-Hugoniot Equations
The above equations can be compiled into the following equation for describing normal shock.

Equation 5 – Rankine-Hugoniot Equation for velocity (u)

[bookmark: _Toc218598282]2.6 Rayleigh Line Relationship
[image: A diagram of a product line

Description automatically generated] [12]
Figure 4 – Graph, comparing Rayleigh’s liner and Hugoniot’s.
The Rayleigh line describe and compare a relationship between the reacted and unreacted explosive material. [12]

[bookmark: _Toc218598283]2.7 Jones-Wilkins-Lee Equations of State Equation
	Abbreviated to the JWL EOS, this equation is used to model the thermodynamic behaviour of an explosive, whilst its detonating. Tested and measured by detonating the explosive in a copper cylinder of known volume and recording the detonation products deform the copper cylinder. [13]

Equation 6 - Jones-Wilkins-Lee Equation of State
[bookmark: _Toc218598284]3.0 Shaped Charge Applications
[bookmark: _Toc218598285]3.1 Shaped Charge Usages and Reasoning
	Shaped Charges have military and civilian uses; civilian contractors use them for oil and gas well drilling and demolitions. Both of these scenarios use cases are for high-risk scenarios, where a single use, disposable destructive devices are ideal.
[bookmark: _Toc218598286]3.2 Civilian Shaped Charge Use Cases
Oil and gas wells use shaped charges to quickly break open the plugs at the bottom of the drill well into the rock, allowing the oil or gas to flow up the well to the pumping head. Since these wells are often between 1 and 3 kilometres deep, and once the plug has been opened the torrent of fossil fuel is not survivable for human or another destructive device. As a result, a single use shaped charge is well suited for this application.
[image: Shaped Charges For Oil Well Perforating - Drilling Manual] [14]
Figure 5 - A demonstration image of how multiple shaped charges are lowered into an oil or gas well in a "Carrier Gun" arrangement, all pointing in different directions to each other to create as many holes as possible in the well and the surrounding rock for maximum throughput.
The demolition industry uses shaped charges as well for the destruction of structural supports in large buildings. Instead of conical shaped charges, that the oil and gas industry use, the demolition industry uses linear cutting charges. These cut a line rather than a pin hole, which makes these better suited to bringing down large structures at a safe distance with a relatively small amount of high explosive.
[bookmark: _Toc218598287]3.3 Military Shaped Charge Use Cases
	The military industrial complex uses shaped charges for wartime applications the most common is for anti-tank munitions. These High-explosive anti-tank munitions (HEAT) use shaped charges to penetrate armoured targets, like tanks, fighting transports and armoured fortifications.
HEAT is often mistaken for having relation to thermal energy, its is simply an acronym.
Frequent weapon systems to feature HEAT warheads are; handheld anti-tank weapon systems, tank launched anti-tank weapon systems, tandem weapon systems (this is where two shaped charges are arranged in series to each other and the first SC fires before the second one to achieve improved penetration, or defeat countermeasures, and air to ground munitions, like rockets and bombs.
[image: ] [15]
Figure 6 - A technical drawing of a TANDEM charge RPG warhead, the left yellow cone is the forward charge, designed to active any countermeasures before the centre yellow cone, the main charge is activated.
As Shaped Charge technology has progressed, more systems use them as they are not reliant on the system impacting the target at a high velocity, this led to its adoption by an increasing number of weapon systems as well as the aforementioned civilian uses. Including defending against opposing HEAT weapon systems, with the adoption of reactive armour.

[image: ] [15] [10]
Figure 7 - An X-Ray Image of a jet passing through a detonating reactive armour tile. Taken 45 microseconds after the tip of the jet reached the tile. The reactive armour has disrupted the jet causing it to lose effectiveness.
[bookmark: _Toc218598288]3.4 Shaped Charge Design and differences
	The shape of the liner used in a shaped charge affect performance and the end result, trumpet shaped liners, though being harder to manufacture have better velocities when collapsing during detonation and achieve better penetration compared to straight walled liners. [16]
The thickness of the liner also affects the performance of a shaped charge, The thickness of the liner and the penetration depth achieved share a negative correlation. When liner thickness decreases, penetration depth gets deeper, and vice-versa.
Trumpet liners, in ideal conditions offer increased performance compared to conical liners, if ideal conditions are not present, performance can be unreliable, where conical liners are more predictable in their performance. [17]
[image: Shaped charge liner geometries.] [16]
Figure 8 - An illustration demonstrating the differences between conical and trumpet liners, both of which with and without variable thickness.
[bookmark: _Toc218598289]3.5 Designing Shaped Charges and real-world comparisons
	For this report, the design of two shaped charges is required, as aforementioned, there are numerous design methodologies for shaped charges, though for this assignment, a conical liner and a trumpet liner were selected to create simulations of for comparison and inferring data from their results.
[bookmark: _Toc218598290]4.0 Material Selection
Any material can be used as a shaped charged liner, though some material properties are more desirable as they increase armour penetration or can give secondary effects. Magnesium liners will react with water content in the target, such as concrete or underwater targets, to increase damage to that type of target. 
The kinetic energy formula indicates that to achieve a higher energy state, which is required for perforating thicker armoured targets, achieving a high velocity is essential. Though less important, having a high mass, achieved by increasing the material density of the liner, is also advantageous. [6] [18] [19]

Equation 7 - Kinetic Energy Equation
Ductility is also required to ensure that liner does not bifurcate during the explosion. Alloy materials are not sufficient to this task, as their irregular grain structure increases their strain resistance at the cost of ductility and can split when detonated. [20]
Thus, for an optimal shaped charge liner, a dense, ductile material, that is pure in composition, such as copper is ideal though not strictly necessary, materials with antipodean properties will produce a jet at a cost of armour penetration capability. [18]
The material properties of copper used for the liner in this assignment are as follows
	Density
	8960kg/m^3

	Youngs Modulus
	108Gpa (1.08E+11)

	Poisson’s Ratio (v)
	0.32

	Melting Point (Kelvin)
	1356°K

	Johnson Cook Plastic (A)
	352.1 MPa

	Johnson Cook Plastic (B)
	170.3 MPa

	Johnson Cook Plastic (n)
	0.4170

	Johnson Cook Plastic (C)
	0.0135

	Johnson Cook Plastic (M)
	0.5834


Table 1 – Material Properties for Oxygen Free Copper [1] [2] [3]
For a shaped charge to be highly effective, the liner has to collapse quickly and uniformly, to achieve this the correct explosive fill is required. An explosive with a high detonation velocity is required.  For comparison the detonation velocity of black powder is between 600-1,100 metres per second [5]. Black powder will create a shaped charge, but a more effective shaped charge will use an explosive fill with a higher velocity.
For this report all shaped charges were modelled with the explosive fill of Octol 178/22. Octol, a mix of Cyclotetramethylenetetranitramine (HMX) and Trinitrotoluene (TNT). 
HMX has a detonation velocity of 9,400 metres per second, over 15 times faster than black powder [5]. And TNT has a detonation velocity of 6,900 metres per second, over 11 times faster than black powder. [5]
Both of these explosives also feature a high brisance, being the ability of an explosive to shatter or crush nearby materials with its shockwave. Ideal for forming the jet of the shaped charge.
	Density
	1821kg/m^3

	Detonation Velocity
	8.48 km/s

	Pressure
	29.37 GPa

	Jones-Wilkins-Lee (A)
	38700000000

	Jones-Wilkins-Lee (B)
	37470000000

	Jones-Wilkins-Lee (omega)
	0.35

	Jones-Wilkins-Lee (R1)
	4.15

	Jones-Wilkins-Lee (R2)
	0.9

	Jones-Wilkins-Lee (Detonation Energy Density)
	3680000

	Jones-Wilkins-Lee (Pre-detonation Bulk Modulus)
	1


Table 2 - Material Properties for Octol 178/22 [4] [5] [6]
The choice of material for the casing should not affect the performance of the shaped charge tremendously, as the shockwave changing medium and density will reflect the shockwave as intended. 
Similar to other journals and reports, an aluminium alloy was chosen, in this case AA2024.
	Density
	2700kg/m^3

	Youngs Modulus
	73000000000

	Poisson’s Ratio (v)
	0.33

	Melting Point (Kelvin)
	794.15°K

	Johnson Cook Plastic (A)
	352000000

	Johnson Cook Plastic (B)
	440000000

	Johnson Cook Plastic (n)
	0.42

	Johnson Cook Plastic (M)
	1


Table 8 - Material Properties for AA2024 [6]

[bookmark: _Toc218598291]5.0 ABAQUS Simulation Software
	The solver used for this report was the student version of Dassault’s ABAQUS software, these simulation software packages are excellent for quickly calculating and visualising the loading of models. These software’s do have limitations however, high strain rate simulations, such as those required for this report, simulating shaped charge explosions and deformations are less reliable and may prove prone to crashing or failing to solve.
For the solver to understand the shape of the models, meshing is required, this is where the model is broken down into thousands of tiny elements that all touch and affect each other. 
A fine mesh allows materials to move in a more fluid manner, particularly under higher strain environments. However, an inherent limitation is that the student version caps the model size and the number of elements that can be assigned to only a few hundred thousand. Resulting in course meshes where materials react rigidly, and integration issues occur where large elements interact with several smaller elements.
To mitigate this for the two-dimensional models, only one half of the shaped charge will be modelled and meshed, ABAQUS features a mirror option in the boundary conditions and visualisation modes, to artificially create a full planar simulation.
For the three-dimensional model, only 180° of the conical shape will be modelled for the above reason, however due to the revolve to achieve the three-dimensional shape, the cap for the number of elements will be reached quickly, and the resulting simulation will feature a comparatively course mesh, limiting accuracy.
Other limitations are inherent to simulations including the ones for this report, this simulation is modelled in a vacuum, and no resistance is present as the jet passes through the medium of the vacuum.
A counter to the limitations on the meshing elements is adaptive or gradient meshing, though these take additional computing power and additional time to simulate or may simply fail to work for a given model. Unfortunately for the simulations for this report, either these counters were not applied or failed to do so when applied.
One counter that was applied for this assignment is the move from dependant to independent meshes of each of the individual components of the shaped charge.
The liner will be meshed to the finest extent as the high explosive fill and the casing’s results are not essential to the resultant simulation.
Using Young’s and Shear Modulus also starts to show limitations when the strain rates expressed in the model start climbing. Using Mie–Grüneisen’s Equation of State becomes increasingly reliable in higher strain rate environments though accurate, reliable sourced values are more difficult to obtain than Shear Modulus or Young’s Modulus.

[bookmark: _Toc218598292]5.1 Sketching, Meshing, Constraints of the Conical Design Shaped Charge
	The first design was the standard conical design shaped charge, featuring a straight walled case, and a retaining mechanism at the bottom to prevent the liner from being ejected from the casing.
[image: ]
Figure 9 - Meshed conical shaped liner.
As mentioned in Section 5, mesh density can affect results, and computational time, each node of the mesh requires calculating by the computational resources available. As a result of such, an infinitely small mesh is plausible to assign, if the limitations of the student version of the solver would not bar this act. Though to calculate each step of the solver would take an increasing amount of time, proportional to the coarseness of the mesh. And at a certain point, error stacking of minute miscalculations from one node to its neighbours will prevail causing issues, that are not true to life.
As with this simulation and its kin, interactions and limitations have been defined before the solver can be ran, the different bodies of the solver will not recognise or interact with one another, if full body collision is not assigned. The constraint assigned to this simulation is a mirror across the central axis of the model, in this case the x axis, this constraint meets any elemental node that encounter the limitation with an equal and opposite force. This is done to keep the simulation acting in an intended manner because of the half model created to skirt the cap on elemental nodes allocated to the student version of ABAQUS.
[bookmark: _Toc218598293]5.2 Results of the Conical Shaped Charge Two-Dimensional Simulation
[image: ]
Figure 10 - The detonation wave, occurring from the top centre of the charge travels with ease through the HE fill, but encounters issue with the change in medium to the casing, and its courser mesh.
[image: ]
Figure 11 - The blast wave is propagating downwards inside the charge, the high-pressure area, highlighted in the red, and orange colours, is the shockwave of the detonating explosive.

[image: ]
Figure 12 - The shockwave has now encountered the peak of the conical liner, and the sides of the shockwave are being reflected towards the centre of the charge after encountering the casing. Some ABAQUS error artificing can be seen in the lower regions of the casing.
[image: A blue and green kite

Description automatically generated]
Figure 13 - The Jet has formed from the conical liner, and more reflections can be seen after they have reflected off of the casing.
At this point, the corner of the casing had crashed the simulation due to an “excessively distorted elements” error. The artificing still seen in this screenshot on the lower regions of the casing wall are also still present. This simulation was run again on a finer mesh to alleviate this issue.
[image: ]
Figure 14 - The conical shaped liner simulation being re-ran after assigning a finer mesh.
[image: ]
Figure 15 - The finer mesh also helps to indicate the reflected regions of the pressure waves due to their smoother contours.
[image: ]
Figure 16 - Revolving the Simulation based off of the two-dimensional simulation aids, in understanding the concept of the three-dimensional charge simulation and be used to compare between the simulations.
[image: A colorful image of a bird with an umbrella
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Figure 17 - Closeup of the revolved, two-dimensional simulation, featuring the jet prior to the simulation crashing due to "excessive distorted elements"
A finer mesh was assigned again to ideally see more jet construction within the shaped charge; this was accomplished by sacrificing more elements from non-crucial areas to maintain adherence to the limitation on the student version of ABAQUS.

[image: A computer generated image of a blue and green object

Description automatically generated]
Figure 18 - The final improved two-dimensional design, showing great reflection of the highest-pressure areas of the shockwave.
[image: A colorful object with white text
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Figure 19 - The final step of the third simulation of the conical design, before it crashed again.
The peak pressure observed by the conical shaped liner, shaped charge was +7.913e+10 Pa, 79.13 Giga Pascals.
The peak velocity observed by this simulation before its crash was 3.2 kilometres per second.

[bookmark: _Toc218598294]5.3 Sketching, Meshing, Constraints of the Conical Design Shaped Charge
The second design was the supposedly superior design of a trumpet shaped liner, though due to limitations of ABAQUS modelling software, the pointed tip of the trumpet shaped liner proved to crash all simulations when elements in the region deformed majorly.
[image: ]
Figure 20 -Meshed Trumpet Shaped Liner, note only the right half was modelled and forces are mirrored across the x axis, and then revolved to give appearance of a hemi-spherical shape.
Meshing across the liner, HE fill and casing are of different densities according to their importance on the final result and are individually meshed to achieve such. Due to the high strain-rate environment of a shaped charge detonation it is expected that multiple nodal elements of the mesh may fail due to “excessive distortion”, if enough excessive distortion errors occur the simulation will crash. As previously mentioned, adaptive meshing can solve this issue, if the model’s geometry allows the adaptive meshing instruction to be applied, in this case, it does not. 
The expected failure point for this simulation is the sharp apex of the trumpet liner closest to the detonation site. Pointed geometry is often a cause of crashing, though this was still tested out of curiosities sake.
[image: ]
Figure 21 - The initial detonation wave of the trumpet liner shaped charge.
[image: ]
Figure 22 - The pressure wave is being reflected downwards by the thick casing, shown by the coloured rings of the shockwave.
[image: ]
Figure 23 - The Jet has started to form, and more reflections appear across the casing, returning to the liner.
[image: ]
Figure 24 - The initial shockwave has completed passing over the entire HE fill, and the jet is continuing to form.
[image: ]
Figure 25 - The simulation's final slide, after crashing due to excessive element distortion. The liner has now become a metal slug, entirely detached from the liner. Loosing pressure though the open gap in the charge. The jet has extended beyond the body of the charge.
[bookmark: _Toc218598295]5.4 Results of the Trumpet Shaped Charge Two-Dimensional Simulation
	The peak pressure observed by the shaped liner, shaped charge was +6.097e+10 pascals, 60.97 GPa.
The peak velocity observed by this simulation before its crash was in excess of 5 kilometres per second.
[image: A graph showing a graph of a graph
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Figure 26 - Velocity/Time graph for a handful of elements in the shaped charge's liner. The peak velocity recorded was in excess of 5 kilometres a second.
[bookmark: _Toc218598296]5.5 Comparison and differences of the two, two-dimensional design shaped charges.

The pressure of the conical liner was higher than the trumpet shaped liner, likely due to the liner retention ridges at the base of the conical liner as the conical liner was forced out of the casing near the end of the simulation.
The velocity of the trumpet shaped liner was much higher, likely due to the shape of the liner, which is stated to have improved velocities [17] though this simulation progressed for a longer period, allowing that velocity to build.
[bookmark: _Toc218598297]5.6 Real world validation of the two, two-dimensional shaped charges.
	All of the shaped charge simulations used copper liners and octol as the explosive of choice, which has a detonation velocity of 8.48km/s [4], this value was much higher than that observed as the peak velocities for either the conical or the trumpet shaped liner, at 3.2km/s for conical and 5km/s for trumpet shaped. Whilst these values are lower than the detonation velocity for octol. The liner itself may have been the cause for the slower velocity observed.
After completing these simulations, I discovered that for peak velocity achieved by any shaped liner, it must be 2%-4% the diameter of the shaped charge. [9] The liner’s inserted into both simulations were close to an order of magnitude larger than this ideal value, particularly the conical liner, where the lowest velocity was observed.
Despite this complication in the results obtained, the assurance that the charge with the highest velocity observed was the supposedly superior trumpet shaped design was reassuring for the validity of the result in general, if specific values could not be inferred. [16]
[bookmark: _Toc218598298]6.0 Converting a two-dimensional shaped charge into three-dimensions.
	The two-dimensional shaped charge design that will be converted to the three-dimensional charge design is the conical design. This study subject was chosen due to possible challenges that would arise with the pointed shape of the conical liner.
[bookmark: _Toc218598299]6.1 Differences between 2D and 3D simulations, and 3D’s Limitations
	Due to software limitations, being the student version of ABAQUS, which has a limited cap on the number of elemental nodes that can be created. Generating a three-dimensional model and successfully generating a fine mesh is not possible with the software restrictions.
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Figure 27 - Comparing this screenshot of the three-dimensional meshed conical shaped charge to the two-dimensional shaped charge. The difference in the density in the mesh is apparent.
The other limitation and challenges with three-dimensional simulations is excessive distortion. Apparent when error stacking in multiple directions metastasise and larger errors appear; these errors are often highlighted as the course for simulations to fail. Three-dimensional simulations also take an excessively long time to run and often fall short of running to a reasonable time step because of these errors.
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Figure 28 - A screenshot of error stacked elemental nodes and excessive elemental distortion, The simulation crashed after this time step, despite running for a full 24-hour period to reach this part.
[bookmark: _Toc218598300]6.2 Sketching and meshing of 3D design
	Taking the first two-dimensional design and returning to its sketch, saving it and generating a new model from this sketch, a three-dimensional model is achieved. Three-dimensional models can be told apart from revolved two-dimensional ones by the lack of uniformity in the mesh between the sides of the model. This lack of uniformity often allows either side of the model to generate differently warping the final solution. The larger volume of the three-dimensional model does not allow a fine mesh density and larger elemental nodes may act erratically.
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Figure 29 - A fully meshed three-dimensional model of the conical shaped charge.
[bookmark: _Toc218598301]6.3 Results of the Conical Shaped Charge Three-Dimensional Simulation
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Figure 30 - The pressure wave has started from the back of the shaped charge and is moving evenly across the coarse mesh.
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Figure 31 - The pressure wave has progressed further and is no longer even across its span, likely due to limitations mentioned prior in section 6.1
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Figure 32 - The shockwave has started to reflect off of the casing.
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Figure 33 - The jet has begun to form, though random negative pressure errors and element distortion are starting to grow more apparent.
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Figure 34 - Error stacking has grown out of proportion and has crashed the simulation before a reasonable step time could be achieved.
To fix these errors, adaptive meshing was tried but failed to run at all under the current situation present. Smoothed particle modelling (SPH) modelling was also tested but failed to provide any benefit. Presumable due to the above error highlighted. SPH was tried to reduce the likelihood of these errors occurring, as when an elemental node becomes too deformed and damaged, it is replaced with a free particle, no longer affecting other elemental nodes. Boundary conditions may have played a part in the errors as well, presumable due to the symmetry assigned across the plane, which SPH’s are known for not interacting well with.
[bookmark: _Toc218598302]6.4 Comparisons of 2D and 3D results
A meagre velocity of 2.9 kilometres a second was achieved, lower than the two-dimensional variant of this shaped charge. This is due to the difficulties experienced with this three-dimensional model.
Peak pressure observed was higher however, with a peak pressure of 2.782e+12 Pascals observed. Or 2,782 GPa.
[bookmark: _Toc218598303]7.0 Conclusion
	In conclusion, the models produced were based on real world design principles, in geometry and material selection for optimal shaped charge characteristics. Despite this due to issues with modelling, velocities observed by the models is not comparable to real world examples and may prove to be invalid. Reasons likely boil back to charge design, namely thickness of the liner, and meshing difficulties.
These results highlight several improvements that could be made to both charge designs. The conical liner must be made to the optimal 2-4% of charge diameter, and more explosive fill may be required to achieve desired velocities [9]. Some fine tuning may also be required, as with noticed with the trumpet shaped liner. Despite the time step running for a longer duration, most of the liner material was not consumed, and in reality, where outside forces and resistance is in play, these undeformed elements will add drag, slowing the velocity of the penetrator.
Other considerations include fine tuning the high and angle of the casing of the shaped charge, to accurately reflect the shockwaves towards the liner at an optimal angle and pressure for it to be collapsed effectively and achieve superior performance.
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Appendix A - Material Properties of AA2024
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Appendix B - Material Properties of Octol
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Appendix C – 2D Conical Shaped Charge Progression, First design (Crashed)
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Appendix D – 2D Conical Shaped Charge Progression, Second Design
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Appendix E – 2D Conical Shaped Charge Progression, Second Design Mirrored
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Appendix F- 2D Trumpet Shaped Charge Progression – First Design
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Appendix G – 2D Trumpet Shaped, Shaped Charge Velocity Time Graph
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Appendix H – 3D Conical Shaped Charge Progression – Final Design
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