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This report presents an investigation into the design and performance of shaped charges, focusing on the fluid-like behaviour of metallic liners under extreme explosive loading.
Using ABAQUS the study evaluates the effectiveness of different liner materials and geometries using the Jones Wilkins Lee (JWL) equation of state for high explosives and the Johnson-Cook (JC) plasticity model for metal deformation.
2D simulations compared titanium and copper liners at 4mm and 6mm thick, revealing that titanium achieves nearly double the tip velocity of copper due to its low density. However, the study identifies that a trade-off is titanium’s brittleness which poses a risk of jet fragmentation.
The research evolves into 3D modelling, addressing simulation instability through surface-to-surface interactions and weld constraints. Finally, the study explores Smooth Particle Hydrodynamics (SPH) as a mesh free alternative to Finite Element Analysis (FEA). SPH demonstrated better handling of high strain material flow, and the results highlight the need for hybrid modelling to fully capture the jet formation.
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A shape charge is an explosive device which is designed to focus energy into a very narrow jet capable of cutting metals or piercing armour. The structure of a shape charge is comprised of a shell/ casing containing a high explosive charge, a detonator and a thin metal which lines a cavity. The cavities tend to be conical or hemispherical. The high explosive creates a detonation wave which causes the liner to collapse inward. The liner forms an extremely hot, high velocity jet which can reach several kilometres per second. [1] This jetting effect occurs due to the interaction of the detonation wave with the cavity geometry, which produces an unstable fluid phenomenon known as the Richtmyer–Meshkov instability. [2], [3] Uses of shape charges include the petroleum industry for penetrating geological formations, military such as torpedoes, missiles and High Explosive Anti-Tank (HEAT) rounds, construction for cutting steel and demolishing structures and finally aerospace. Shape charges are used in aerospace as separation devices and to simulate micrometeorite impacts.
The aim of this report is to investigate the design and performance of shaped charges using Finite Element Analysis (FEA) software. Different liners and explosives are tested using ABAQUS, with the results then examined to determine the effects. Material models such as Jones-Wilkins-Lee (JWL) for explosives, and Johnson-Cook (J-C) for metals are utilised to find the optimal configurations. A history of shaped charges is explored to give context to the simulations.


[bookmark: _Toc226462665]Literature Review and Material Modelling
[bookmark: _Toc226462666]Shaped Charge History
Kennedy [4] states that Max von Foerster first reported experiments on hollow charges in 1883. In 1886 Gustav Bloem filed a patent for hemispherical cavity metal detonators, designed to concentrate the explosive force. However, [5] Charles Munroe has been credited with first discovering the idea for shaped charges in 1888. Munroe detonated explosives which had the US navy initials inscribed. He found that the initials we’re reproduced on the target and that forming a cavity opposite the point of detonation increased the penetration of the shape charge. This effect is known is now known as the Munroe effect.
[6] Munroe made the first shape charges by using a tin can and tying sticks of dynamite all around the outside of the can. The base of the can formed the liner, and the device could successfully be used to pierce thick iron safes. In 1938 Franz Rudolf Thomanek is credited with identifying the “lining effect”. World War II led to rise in use of shaped charges as armour piercing weapons, especially against heavily armoured tanks.
[7] In 1939 Dr Mohaupt demonstrated to the British military an armour piercing projectile. Following Mohaupts trials, the British military developed the world’s first hollow charge anti-tank projectile, the No.68 rifle grenade, followed by the more powerful PIAT (Projector Infantry Anti-Tank) capable of piercing armour 115mm thick. One of the earliest operational uses was in 1940 [8] German paratroopers used hollow charges at Fort Eben-Emael in Belgium to disable anti-aircraft machine guns.
The use of hollow charges during WWII led to intense research and developing the use of liners. [9] In 1948 Garrett Birkhoff developed a theory of steady jet forming. In 1952 Pugh et al. expanded on this by proposing the PER theory. This explained that the liner doesn’t collapse all at once, instead the top of the cone collapses faster than the bottom. In 1963 radioactive tracers were used to prove the metal was moving as predicted by math.

[bookmark: _Toc226462667]Jet Formation
Shaped charged jets are formed by a high explosive detonating behind a metal liner. The detonation wave travelling at extreme speed, usually around 8000m/s, forces the liner to collapse towards the centre. [10] The forces are so great that the strength of the steel has negligible effect on the process, and the steel can be treated as though it were a perfect fluid. The metal liner speeds up to several km/s within a matter of microseconds. The inner surface is squeezed into a thin ultra-high velocity jet, and the outer part forms a slower bulk called a ‘slug’. Figure 2‑1 below illustrates this showing how a RDX shape charge forms. The jet reaches around 6000m/s and the slug only around 428m/s.
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[bookmark: _Ref225163244][bookmark: _Toc226462965]Figure 2‑1 [11] RDX Shaped Charge Jet Formation
The shape charge jet uses kinetic energy to penetrate armour. [12] The pressure caused by the jet is so high that the material of the armour is pushed out of the way.
[bookmark: _Toc226462668]Numerical Modelling
[13] Finite Element Analysis (FEA) Software such as ABAQUS are used by engineers to simulate complex mathematical problems to predict real world results. By reducing wastage of failed physical experiments, computer modelling on FEA software save companies time and money. They can predict the failure of weaknesses within the design before money is spent on production, and simulations can be set up and altered quickly to speed up research. Two key equations for ABAQUS to simulate the effects of a shaped charge are Jones-Wilkins-Lee (JWL) Equation of State for high explosives, and the Johnson-Cook model for the liner and case metals.
[bookmark: _Toc226462669]Jones-Wilkins-Lee Equation of State
[14] The JWL equation of state is a mathematic model used to describe the expansion of detonation products in high explosives. 

P Pressure A High pressure B Intermediate pressure ω Low pressure
R1, R2, A, B and ω are specific to each explosive. 
The JWL defines how much chemical energy is converted into kinetic energy, how quickly the energy of the detonation can collapse the liner into a jet and the pressure behind the liner. The explosives tested in this report were Comp B and RDX.
[bookmark: _Toc226462670] Johnson-Cook Model
The Johnson-Cook plasticity and damage model is used for simulating material behaviour under extreme conditions. [15] This model can provide a comprehensive description of the viscoplastic and thermomechanical responses of the material. The accuracy of the J-C model works by accounting for three factors simultaneously, strain hardening, strain rate sensitivity and thermal softening. This is important for shape charges as the J-C model can be used to accurately simulate the behaviour of the liner and case after the detonation event. The J-C equation is shown below. [16]

σ Stress A Initial yield stress B Strain hardening constant εn Equivalent plastic strain C Strain rate hardening constant ε˙ Normalised effective plastic strain rate m Thermal softening coefficient Tr Room temperature Tm Melting temperature of the material







[bookmark: _Toc226462671]2D Modelling and Analysis
[bookmark: _Toc226462672]2D Sketch
A 2D Sketch was created in Abaqus, based on a design illustrated by [17] Yeom and shown below, and using a common shaped charge angle of 60 as per [9] Jiang et al.
[image: ]
[bookmark: _Toc226462966]Figure 3‑1 [17] Shaped Charge Design
This design was chosen to represent common shaped charge specifications and referenced designs were chosen to allow a comparison of results. The dimensions of the shell and explosive remained the same throughout the simulations. The thickness of the liner was however modified to test the effect thickness had on the performance of the shaped charge. The material properties of the shell remained constant, assigned with the properties of steel. The explosive and liner properties were switched to assess the impact of using different materials.
[image: ]
[bookmark: _Toc226462967]Figure 3‑2 ABAQUS 2D Shell Sketch
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[bookmark: _Toc226462968]Figure 3‑3 ABAQUS 2D HE Sketch
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[bookmark: _Toc226462969]Figure 3‑4 ABAQUS 6mm Liner 2D Sketch
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[bookmark: _Ref226040145][bookmark: _Toc226462970]Figure 3‑5 ABAQUS 4mm Liner 2D Sketch
[bookmark: _Toc226462673]2D Mesh
Meshing breaks a part down, into many smaller geometric simpler shapes. These simple shapes are called elements. This is necessary for FEA analysis as this allows the calculations to be carried out at each node. The nodes are the points where the edges, or corners, of elements meet. In 2D meshing there are two common options for element shapes, Tri (triangular) or Quad (Quadrilateral). [18] Tri elements were used for all parts of the simulation as they are better for representing sharp edges and complex shapes. They can however be stiffer than Quad elements meaning that they require finer refinement. Different 2D meshes were tested, but the one with the best results is shown below in Figure 3‑6 and was used for all 2D simulations. The mesh is densest in the liner, followed by the explosive. A high mesh density in the explosive to track the shock wave and even higher density in the liner is needed to capture the collapse and jet formation. A coarser mesh is acceptable for the shell case as its only role is to confine the explosive.
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[bookmark: _Ref225863751][bookmark: _Toc226462971]Figure 3‑6 2D Mesh
[bookmark: _Toc226462674]Material Parameters
The following material parameters were researched and used for the ABAQUS simulation. Table 1 shows the non-explosive properties for the liners and case, whilst Table 2 shows the explosive properties. Two liners were simulated to compare the effects of changing materials, and so Copper and Titanium were chosen as they are commonly used as shape charge liners. Copper shape charges are heavier and penetrate with less velocity but are more ductile and hold their shape better than Titanium liners. Steel was chosen for the shape charge case. Two different explosives were also tested, RDX and Comp B. RDX has more energy than Comp B, therefore it is expected that the RDX simulations would reach a higher velocity.
[bookmark: _Ref225448568][bookmark: _Toc226138145]Table 1 - Non-Explosive Material Parameters J-C
	Parameter
	Copper [9]
Liner 1
	Titanium [18]
Liner 2
	Steel [9]
Case

	Density g/cm3
	8.96
	4.43
	7.83

	Youngs GPa Modulus
	115
	113.8
	210

	Poissons Ratio
	0.343
	0.342
	0.30

	A GPa
	0.09
	0.88
	0.792

	B GPa
	0.292
	0.331
	0.510

	n
	0.31
	0.8
	0.26

	m
	1.09
	0.34
	1.03

	Tmelt K
	1356
	1605
	1793

	T0 K
	293
	293
	293

	C
	0.025
	0.012
	0.014

	ε˙0 s-1
	1
	1
	1






[bookmark: _Ref225448600][bookmark: _Toc226138146]Table 2- Explosive Material Parameters JWL
	Parameter
	RDX [19]
	Comp B [19]

	Density kg/m3
	1806
	1717

	A GPa
	609
	524.2

	B GPa
	13
	7.678

	R1
	4.5
	4.2

	R2
	1.4
	1.10

	Omega
	0.25
	0.34

	Detonation Wave Speed m/s
	8239
	7980

	Reference Energy GPa
	9.0
	7.0





[bookmark: _Toc226462675]2D Results
[bookmark: _Toc226462676]Simulation 1: RDX explosive Copper liner 6mm thick
The first design tested was composed of a 6mm liner with copper material properties assigned. RDX properties were assigned to the explosive. The results in Figure 4‑1 demonstrate how the explosion originates from the detonation point in the centre base of the shell, then the shockwave propagates through the explosive towards the liner. The shockwave reaches a peak pressure of 19.8GPa in 3.00µs. As the shockwave hits the point of the liner the pressure distribution shifts, which is what initiates the fluid-like flow of the copper liner. The jet formation can be seen in Figure 4‑2. The graph in Figure 4‑3 shows the leading nodes of the jet are travelling at more than 9000m/s, matching the detonation wave speed. The bulk of the jet reaches 6000m/s which is the expected velocity of a SCJ At 20.8µs the peak pressure of the jet reaches 2.79TPa. This is incredible pressure through a tiny cross-sectional area.
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[bookmark: _Ref225873048][bookmark: _Toc226462972]Figure 4‑1 RDX 6mm Liner Shock wave
[image: ]
[bookmark: _Ref225873374][bookmark: _Toc226462973]Figure 4‑2 RDX 6mm Liner Jet Formation
[image: ]
[bookmark: _Ref225873504][bookmark: _Toc226462974]Figure 4‑3 RDX 6mm Liner Jet Velocity
[bookmark: _Toc226462677]Comp B explosive, Copper liner 6mm thick
A second simulation was then run, changing only the explosive material properties to Comp B. This simulation also successfully formed a shape charged jet. Figure 4‑4 shows that the Comp B had a slightly higher detonation wave peak pressure of 23.97GPa at 3.1µs. This would provide a higher shock to the liner. The RDX however provided a higher pressure at the tip of the jet. As the jet forms in Figure 4‑5 the pressure at the tip of the jet is 2.32TPa. 
The jet velocity is shown in Figure 4‑6. The velocity at the tip of the jet reaches 10,000m/s which is considerably quicker than the 9,000m/s jet from the RDX. The Comp B also had a tighter bunch of particles at the peak velocity than the RDX. The slower detonation wave of the Comp B appears to result in more mass remaining in the slug rather than forming the jet. [21] The Omega parameter from the JWL equation governs the Grüneisen equation of state portion, which is the expansion at the end of an explosion. Comp B having a higher Omega value would mean that its gases would provide the liner with a more sustained push opposed to the RDX. This might explain the Comp B having a thicker, faster tip of a jet, whereas the RDX jet is more concentrated. The concentrated RDX jet would be expected to achieve a better penetration depth.
[image: ]
[bookmark: _Ref225878515][bookmark: _Toc226462975]Figure 4‑4 Comp B Shockwave
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[bookmark: _Ref225878537][bookmark: _Toc226462976]Figure 4‑5 Comp B Jet Formation
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[bookmark: _Ref225879304][bookmark: _Toc226462977]Figure 4‑6 Comp B Jet Velocity


[bookmark: _Toc226462678]RDX explosive, Titanium liner 6mm thick
The next simulation was run to compare a copper liner to a titanium liner. The explosive material was reverted to RDX as it had the preferred performance characteristics. The liner properties were switched to titanium, the shell remained as steel, and the dimensions were unaltered.
Titanium (4.43g/cm3) is around only half as dense as copper (8.96g/cm3) which made a big difference to the results. The clearest effect is shown by the tip velocity in Figure 4‑8. The maximum titanium jet tip velocity (18,000m/s) was nearly double the copper jet tip velocity (≈ 9,200m/s). The lines on the titanium jet velocity plot are also much more spread-out than the copper liner, which suggests more variance between the tip of the jet and the slug. 
This is reinforced by Figure 4‑7, where you can see a long, thin jet forming. At the point of this snapshot the pressure is also double the copper was at a similar point. Titanium 492.8GPa vs Copper 210 GPa. This could be a result of the materials higher yield strength creating a higher internal pressure.
Whilst the high velocity suggests that titanium would make a good SCJ liner, it only shows part of the story. The low density of titanium allows it to quickly reach a high velocity; however, the copper jet has a higher momentum making it harder to stop. [22] Titanium is also very brittle, which is recorded by its strain hardening exponent (n). This means the material cannot redistribute stress effectively and therefore is associated with brittleness. In the case of a SCJ this would cause the jet to fragment.
[image: ]
[bookmark: _Ref226033605][bookmark: _Toc226462978]Figure 4‑7 Titanium Liner Jet Formation
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[bookmark: _Ref226034007][bookmark: _Toc226462979]Figure 4‑8 Titanium Liner Jet Velocity


[bookmark: _Toc226462679]RDX explosive, Copper liner 4mm thick
The final simulation was run to examine the difference between the 6mm liner and a thinner 4mm liner. RDX and copper were found to be the most effective materials, and therefore were used, with the standard steel shell. The sketch in Figure 3‑5 was created and replaced the previous 6mm model.
Reducing the thickness of the liner increases jets velocity as well as the time taken to reach it. You can see from the graph in Figure 4‑10 that the bulk of the jet has sped up, from the 6mm liners 4000-6000m/s to 4500-7000m/s at 4mm. More of the liner is also reaching the maximum velocity of 9000m/s. The stepper gradient also shows that it reaches these speeds quicker than the thicker liner. This is because removing some of the mass makes the liner easier to move. This is because the lower mass is easier to move.
A long thin jet can be seen in Figure 4‑9. The 4mm liners peak pressure is higher (227.6GPa) than the 6mm liner (210 GPa). The internal pressure is also about 17.6 GPa higher. The higher pressure is a result of higher velocity collisions at the stagnation point. [23] The stagnation point is the point of highest pressure where the collapsing sides of the liner meet at the centre axis and is explained by Bernoulli’s principle. The stagnation point is what initiates the fluid-like flow of the liner.
The 4mm liner, like the titanium one, creates a long thin high velocity jet. Just as with the titanium liner however, its weakness will be its ability to hold its shape compared to the sturdier 6mm design. Finding the optimum liner thickness is a compromise between jet velocity and mass. Many more simulations would be required to identify the best solution to a specific issue, but this is where the benefit of a FEA simulator outweighs traditional real-life testing.

[image: ]
[bookmark: _Ref226048776][bookmark: _Toc226462980]Figure 4‑9 4mm Liner Jet Formation
[image: ]
[bookmark: _Ref226047301][bookmark: _Toc226462981]Figure 4‑10 - 4mm Liner Velocity
[bookmark: _Toc226462680]3D Simulation
[bookmark: _Toc226462681]Modelling
The final chosen design consisted of the steel shell, RDX explosive, and a 6mm copper liner. This was chosen due to its performance and stability. For further analysis a 3D model was then created. The previous 2D drawings we’re converted to 3D using an axisymmetric approach and are shown in Figure 5‑4 below. Profiles of the three components were sketched and then rotated around the centre axis creating symmetrical shapes required for a shaped charge.
Once the geometry was created, section manager was used to assign the material properties to the three sections which would define the specific material behaviours. 
[image: ]
[bookmark: _Ref226107470][bookmark: _Toc226462982]Figure 5‑1 3D Shell
[image: ]
[bookmark: _Ref226107473][bookmark: _Toc226462983]Figure 5‑2 3D Explosive
[image: ]
[bookmark: _Toc226462984]Figure 5‑3 3D Liner
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[bookmark: _Ref226107493][bookmark: _Toc226462985]Figure 5‑4 3D Complete Shaped Charge
[image: ]
[bookmark: _Toc226462986]Figure 5‑5 Material Assignment
A new mesh was required due to the additional complexity of a 3D shape charge simulation. Tetrahedral elements were used due to the complex shapes of the shape charge, for example tetrahedral elements better fit the sharp angle of the liner, and curves at the base of the explosive and shell than hex elements. Hex elements also cannot cope as well with the massive plastic strain caused by the shockwave, if they become too squashed or stretched it causes errors which will stop the simulation. Wedge elements are known to be stiff which can cause artificial pressure spikes.
The 3D mesh had to be incredibly dense around the liner, especially at the point, as this is where the stagnation point would occur, causing extreme pressure and velocity. The Mesh is coarser at the outer edges and the shell, as these are areas of less interest in jet formation, and don’t experience the same pressures as the liner.
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[bookmark: _Toc226462987]Figure 5‑6 3D Mesh
[bookmark: _Toc226462682]Failed Simulation
The first simulation was run with limited results. The run failed quite early and the explosive has stretched escaping the shell before forming a jet. The expected cause of this was a lack of defined mechanical constraints and the contacts between specific parts of the assembly. The detonation wave initiated, but the HE failed to impart much of its energy into the liner in a uniform manner. Instead of collapsing the liner, the HE and perhaps part of the shell show irregular element deformation, causing the stretched, jagged elements in Figure 5‑7.
[image: ]
[bookmark: _Ref226111382][bookmark: _Toc226462988]Figure 5‑7 3D First Simulation
[bookmark: _Toc226462683]Surface to Surface interactions and Weld Simulation
To resolve the issues in the first simulation, surface to surface interactions were added between the HE and the case Figure 5‑8 and the HE and liner, as seen in Figure 5‑9.  This provides the required logic for the solver to calculate the high velocity collisions between the explosive and the metal liner. By defining the surfaces, it ensures detonation pressure from the RDX is correctly mapped as a normal force against the liners surface, forcing the metal to collapse inwards, rather than overlapping.
A weld constraint was also inserted between the liner and the shell, shown in Figure 5‑10. The idea was to prevent the liner from separating from the shell and allowing the HE to escape through the sides. The confinement should direct the explosive energy to the centre of the liner to better create the jet, whilst stabilising the rest of the design.
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[bookmark: _Ref226111538][bookmark: _Toc226462989]Figure 5‑8 Surface to Surface Interaction HE to Case
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[bookmark: _Ref226111786][bookmark: _Toc226462990]Figure 5‑9 Surface to Surface Interaction HE to Liner
[image: A blue object with lines and dots

Description automatically generated]
[bookmark: _Ref226112084][bookmark: _Toc226462991]Figure 5‑10 Weld Constraint Liner to Shell
The new simulation was run, and the results are show in Figure 5‑11. The structural stability was improved, which allowed the simulation to run for longer. In this run the different sections remained bonded as single parts. Some of the HE still managed to escape through the liner, but there was now a long enough run to be able to see the jet starting to form.
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[bookmark: _Ref226112867][bookmark: _Toc226462992]Figure 5‑11 3D Surface to Surface and Weld Simulation Jet Formation
The 3D simulation ran for a similar duration to the 2D simulation. The velocity results however are quite different. The 2D peak velocity was around 9000m/s, whereas Figure 5‑12 shows the 3D peak velocity has slowed to around 8000m/s. The reason for the lower peak velocity could be the mesh. 3D meshes have far more data to process and so require far finer meshes. With out a super fine mesh, which would require a massive amount of processing power, the simulation averages out the behaviour over a wider area of a part. Also noticeable from the velocity graph is that the nodes from the 3D simulation are also considerably more bunched together. This could be a result of the mesh and using tetrahedral elements. In a 2D simulation the nodes are arranged into rows and columns, where as a 3D mesh links the nodes in an interconnected way which links their behaviour.
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[bookmark: _Ref226115901][bookmark: _Toc226462993]Figure 5‑12 3D Surface to Surface and Weld Simulation Liner Velocity


[bookmark: _Toc226462684]Smooth Particle Hydrodynamics (SPH)
[24] SPH is a mesh free Lagrangian method where fluid is represented by moving particles rather than a fixed grid. Each particle carries properties like mass, velocity and energy. The particles don’t act alone, they interact with each other, so SPH works by combining their values. This is particularly useful when fluids deform a lot, such as in the fluid-like behaviour of a SCJ. SPH prevents elements from distorting like they have in the previous simulations.
The next simulation involved splitting the liner in two, allowing the top of the liner to still have a tie constraint to the shell, and the bottom half to be converted to particles for SPH. The new sketch, shown in Figure 6‑1 was created. The material properties, RDX, copper and steel we’re assigned to the relevant parts, Figure 6‑2. A new mesh was created, Figure 6‑3, the liner remained dense. The bottom half of the liner would start the simulation as elements and then be converted to particles once it starts to behave as a fluid-like material. The interactions were recreated, Figure 6‑4, and the weld, Figure 6‑5, which joined the top half of the liner to the shell. A trial simulation was run to establish when the stagnation point occurred, giving the desired time for the elements to be converted to particles for SPH. This was set to 5.4006E-06.
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[bookmark: _Ref226126468][bookmark: _Toc226462998]Figure 6‑5 Separated Liner Weld
The results of the SPH simulation are shown in Figure 6‑6. Unfortunately, the simulation failed to run for very long. It is possible to see the sides of the liner starting to collapse which is identifiable from the multicoloured V. There is a start of a smooth jet forming which is a result of the particles being able to slide past one another, which the elements were unable to do. The previous simulations show the jet forming at around 20µs. This SPH simulation ran until 11.2µs which is why the jet isn’t very visible.
[image: A close-up of a cup

Description automatically generated]
[bookmark: _Ref226131309][bookmark: _Toc226462999]Figure 6‑6 SPH Jet Formation
The SPH run largely failed, but it was evident from the trial run that the mesh was largely successful. The SPH was removed and the liner was reverted to elements for one final simulation. The jet formation in Figure 6‑7 shows a cohesive high velocity jet, with the correct behaviours for a SCJ. Figure 6‑8 shows a tight bunching of nodes, suggesting a stable jet.
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[bookmark: _Ref226133608][bookmark: _Toc226463000]Figure 6‑7 Separated Liner Jet Formation
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[bookmark: _Ref226133722][bookmark: _Toc226463001]Figure 6‑8 Separated Liner Jet Velocity



[bookmark: _Toc226462685]Conclusion and Recommendations
This report has investigated how FEA solvers like ABAQUS can be used to simulate complex material behaviours involved in shape charge jet formation. The research has proven that the Munroe effect can be predicted by using the JWL equation of state for explosives, and the J-C model for metallic liners.
Key findings from the 2D simulation revealed that a titanium liner can achieve significantly higher jet tip velocities when compared to copper due to a lower material density, although they are also prone to fragmentation due to the materials brittleness. The different materials may be preferred depending on its use. Reducing the thickness of the liner from 6mm to 4mm increased the stagnation point pressure and allowed the liner to accelerate more rapidly. The tinner liner however runs the same risk of fragmentation due to lacking surrounding material.
The 3D modelling highlighted the importance of correct contact and refined meshing for the success of a simulation. Initial 3D simulation failures were resolved by implementing surface to surface interactions and weld constraints, which reduced element overlap and confined the HE’s energy. A limitation of the 3D modelling was observed in the velocity results. The averaging of tetrahedral elements, high costs of powerful processors, and time taken to achieve a sufficiently fine 3D mesh resulted in lower peak velocities.
Using SPH would provide the gold standard of simulation results, as it is better suited to simulating fluid flow than FEA elements. However, it is notoriously difficult to run properly due to mathematical requirements and high computational costs. The particles are constantly affected by their neighbour particles which consumes high processor power. Further testing could be conducted to resolve the issues in this report when using SPH. Adjustments could be made to the hybrid approach of FEA and SPH, as well as further adjustments in step time, which may be able to resolve the issues found.
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