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[bookmark: _Toc218595969]1 Introduction

[bookmark: _Toc218595970]1.1 Introduction and Context
[bookmark: _Hlk218448228][bookmark: _Hlk218596292]1.1.1 Shaped charges represent a class of explosive device designed to concentrate energy during detonation into a highly concentrated area. In contrast to conventional high explosives, which distribute their energy usually roughly even in all directions, shaped charges use geometric shaping of material properties to create a response that focuses explosive energy as much in one chosen direction as possible. The energy focussing capability enables shaped charges to create penetration depths many times greater than those possible by using equivalent mass explosives. [9]

[bookmark: _Hlk218596296]1.1.2 A defining feature of a shaped charge is the inverted liner alongside an open area in-front of the shaped charge, the liner is typically made from a metallic material such as copper or aluminium. Once the explosive has been detonated and the pressure waves travels through the explosive, the liner collapses inwards which forms a high velocity jet that can penetrate dense materials. This capability means the shaped charge has a wide range of applications, including being used against military armour, demolition, mining and oil / gas well perforation. [9] [10]
	
[bookmark: _Hlk218596311][bookmark: _Hlk218596303]1.1.3 Throughout the development of shaped charges, they have proven challenging to analyse due to the extreme conditions and nature of the explosive reaction. The jet formation moves over microseconds and involves extreme pressures exceeding hundreds of gigapascals, temperatures of several thousand kelvin, and very high strain rates. Under these conditions, conventional experimental techniques are quite limited, and materials in the jet behave in a hydrodynamic manner rather than following the traditional solid mechanical assumptions. [5] [9] [13]

[bookmark: _Hlk218596315]1.1.4 As a result, numerical modelling and simulation are critical tools for understanding shaped charge behaviour and vital in the development and design decisions. Modern techniques like hydrocodes allow for high energy / shock wave propagation and plastic deformation to be modelled, however, it is highly sensitive to the modelling assumptions like mesh sizing and material models, requiring careful validation and interpretation of these values. [2] [13]

[bookmark: _Hlk218596319]1.1.5 This report presents a numerical investigation of shape charge behaviour using Abaqus CAE and Abaqus Solver. The focus of the report is on modelling methodology and critical analysis rather than optimisation alone. A staged approach is used, beginning with multiple axisymmetric simulations of 2D linear deformation charges. These simulations are used to analyse pressure wave propagation and liner deformation and to select a final design. A three-dimensional model of the selected liner is then developed, allowing investigation of adaptive meshing strategies, smoothed particle hydrodynamics (SPH), and mesh sensitivity effects.


[bookmark: _Toc218595971]2 Background: Shaped Charges and Operating Principles 

[bookmark: _Toc218595972]2.1 Shaped Charge Fundamentals
[bookmark: _Hlk218448233][bookmark: _Hlk218596325]2.1.1 A shaped charge typically is made up of three primary components: a high explosive charge, a metallic liner, and an external casing. The explosive provides enough energy to collapse the liner, the liner deforms into a jet shape, and the casing provides containment and structural support. The casing influences the detonation wave symmetry, which is critical for achieving a uniform liner collapse, the material properties of the case define how much energy is directed to the liner as it absorbs and deflects most of the explosive energy. [5] [9] [10]

[bookmark: _Hlk218596329]2.1.2 The effectiveness of a shaped charge is usually measured in terms of penetration capability, which depends on jet velocity, mass, shape and brake up behaviour. Walters and Zukas state penetration depth is approximately proportional to jet length and velocity provided the jet remains coherent throughout the penetration process. [9]

[bookmark: _Toc218595973]2.2 Munroe Neumann Effect
[bookmark: _Hlk218448242][bookmark: _Hlk218596334]2.2.1 The Munroe effect describes the focusing of explosive energy caused by the presence of an air cavity in front of the explosive charge. When a detonation wave encounters a hollow cavity, the wave reflections and refractions cause the energy to concentrate toward the cavity axis. Neumann later extended this concept by demonstrating the influence of cavity geometry on the focusing process. [12]

[bookmark: _Hlk218596339]2.2.2 In shaped charges, this effect is exploited by lining the cavity space with a metallic liner. The converging detonation wave transfers momentum into the liner, causing it to collapse inward at high velocity into the cavity and forming a jet before it reaches the target. The efficiency of this energy transfer is governed by the liner geometry, material properties, explosive characteristics and standoff distance to target. [9]

[bookmark: _Toc218595974]2.3 Jet Formation and Liner Collapse
[bookmark: _Hlk218448247][bookmark: _Hlk218596343]2.3.1 Once detonated, the explosive creates a detonation wave that propagates through the charge at a detonation velocity. When the wave reaches the liner, extreme pressures act normal to the linear surface, driving rapid inward collapse. Through this process, the liner behaves in a hydrodynamic way, with inertial forces dominating material strength. [9]

[bookmark: _Hlk218596347]2.3.2 The collapse produces two distinct components: a high-velocity jet and a slower moving slug. Material near the liner apex is accelerated to the highest overall velocities and forms the jet, while the material further back and near the edges of the liner form the slug. Jet tip velocities on optimised designs can exceed Mach 25. [3] [9]

[bookmark: _Hlk218596358]2.3.3 Coherence refers to the jet and its extent to which it maintains a continuous, aligned mass of material, without premature breakup and dispersion. A poorly coherent jet breaks up early, develops strong internal instabilities and can show radial dispersion, which leads to loss of penetration capability. [1] [9]

[bookmark: _Toc218595975]2.4 Influence of Liner Geometry
[bookmark: _Hlk218448251][bookmark: _Hlk218596361]2.4.1 Liner geometry is one of the key features of a shape charge that defines its performance. Narrow liners tend to have the highest velocity with a lower mass and thinner jet / slug, wider cones produce the opposite with lower velocities but with more mass and thicker jet / slug. Curves and variable thickness of the liner can be used to reduce velocity gradients along the jet, improving coherence and delaying breakup. Numerical modelling is particularly valuable for exploring geometric variation efficiently and accurately, over the period of two weeks, at a basic student level of understanding of Abaqus, multiple simulations were run, and results gathered, which would have been very difficult to replicate from real life experimentation or other methods of teaching. [3] [9]

[bookmark: _Toc218595976]2.5 Numerical Modelling of Shaped Charges
[bookmark: _Hlk218448255][bookmark: _Hlk218596363]2.5.1 Numerical modelling of shaped charges typical employs explicit hydrocodes capable of simulating shock physics, high strain rates and large material deformations. In Abaqus/Explicit, several modelling approaches are available, including Lagrangian, Eulerian, Arbitrary Lagrangian-Eulerian (ALE), and SPH formulations. [2]

[bookmark: _Hlk218596369]2.5.2 Lagrangian methods track material deformation directly but suffer from severe mesh distortion during liner collapse. Eulerian methods avoid mesh distortion but introduce numerical diffusion at material interfaces – this is where the mesh is fixed in space and material flows through it, which gets rid of mesh distortion but because material interfaces are advected across stationary elements, numerical averaging occurs, this is the solver replacing sharp physical changes with smoothed, averaged values. ALE formulations combine aspects of both approaches, allowing limited mesh motion while controlling distortion. SPH is a mesh free particle method well suited to problems involving extreme deformation but sensitive to particle spacing and smoothing parameters. [7] [11] [13]

[bookmark: _Toc218595977]3 Literature review

[bookmark: _Toc218595978]3.1 Literature Review Introduction
[bookmark: _Hlk218448260][bookmark: _Hlk218596377]3.1.1 The behaviour of shaped charges has been studied extensively due to their effectiveness in high penetration applications. Even with a long history of work towards them, the physical process of detonation wave propagation, liner collapse and jet formation remain very complicated. The extreme pressures, strain rates and material deformations involved during the use of a shaped charge present significant challenges for the experimental observation, analysis and numerical simulation. Many different approaches have been developed to try and conquer these challenges, leading to a wide range of computational approaches and material models. This section reviews the principal numerical methods used for shaped charge modelling, the material models commonly adopted, and the numerical techniques required to achieve stable and accurate simulations. [9]

[bookmark: _Toc218595979]3.2 Computational Modelling Approaches 
[bookmark: _Hlk218448264][bookmark: _Hlk218596384]3.2.1 Early investigation into shaped charge behaviour was mostly analytical and experimental. Some early work such as “Explosives with lined cavities” was published in 1948, shows established foundational concepts such as jet formation mechanisms and the influence of liner geometries. However, these approaches are very limited in their ability to capture detailed responses of the liner and explosive products particularly under realistic geometrical and material conditions. As a result, numerical simulation has become the more prominent tool for modern shaped charge analysis. [11] [12]

[bookmark: _Hlk218596388]3.2.2 Lagrangian formulations are among the earliest and most popular numerical approaches for shaped charge modelling. In this method, the mesh deforms with the material, allowing material interfaces to be tracked accurately. This is very useful when looking into interactions between explosive, liner and casing materials. However, several studies report that Lagrangian methods suffer from severe mesh distortion during liner collapse and jet formation, which leads to a premature end and failure of the simulation. In “Lagrangian simulation of linear shaped demolition charge formulation”, Gazonas showed that excessive distortion of the liner near the apex can significantly affect predicted jet velocities and shapes, highlighting the limitations of purely Lagrangian approaches fir problems involving extreme distortion. [14]

[bookmark: _Hlk218596445]3.2.3 To overcome mesh distortion issues, Eulerian formulations can be used. In this, the mesh remains fixed in space while materials flow through it, eliminating mesh entanglement even under large deformation. In “Numerical simulation of conical and linear shaped charges using a Eulerian multi-material model”, it is shown that a multi-material model can simulate both conical and linear shaped charges while also being well suited for detonation wave propagation. One drawback of this method is the numerical diffusion between material interfaces, where sharp boundaries between explosives and solid materials become smeared. As mentioned before, this diffusion can reduce the accuracy of the liner collapse and jet coherence, especially when fine geometric features are involved.

[bookmark: _Hlk218596452]3.2.4 Arbitrary Lagrangian-Eulerian (ALE) methods have been developed as an effort to combine the advantages of both methods into one superior formulation, the mesh motion is decoupled from the material motion, allowing controlled mesh smoothing during the simulation. This enables improved handling of large deformations while maintaining better interface definition than a purely Eulerian method. ALE is provided in most commercial explicit solvers including Abaqus and are commonly used in shaped charge studies due to their balance of stability and accuracy.

[bookmark: _Hlk218596459]3.2.5 Lastly, the most recently developed mesh free method, smoothed particle hydrodynamics (SPH). This method represents materials as interacting particles rather than elements, removing mesh distortion completely. In SPH, physical field variables are evaluated by interpolating information from neighbouring particles using a smoothing kernel function, which defines the spatial influence of each particle over a finite support region. This approach allows SPH to accommodate large material motion. However, it can also introduce numerical challenges related to particle consistency and shock resolution. [7] [8] [11]

[bookmark: _Hlk218448268][bookmark: _Hlk218596464]3.2.6 Overall, literature suggests that there is not a single method that is optimal for all simulations. Instead, the choice of method depends on the specific needs of the problem being investigated.

[bookmark: _Toc218595980]3.3 Material Models Used in Shaped Charge Simulations 
[bookmark: _Hlk218448272][bookmark: _Hlk218596470]3.3.1 Shaped charge simulations require material models that are accurate and capable of representing extreme pressures, large plastic deformation and high strain rates. The detonation products of an explosive are commonly described using the Jones-Wilkins-Lee (JWL) equation of state, which works by capturing the pressure-volume-energy relationship of detonation wave propagation. For metallic liners, Johnson Cook formulation is commonly used due to its ability to handle strain hardening, strain rate and sensitivity efficiently. Despite the widespread use, these models still struggle with damage evolution and fragmentation, limiting its accuracy for later stages of jet breakup. Both can be used together, JWL equations of state and JC plasticity, which is standard practice in shaped charge modelling, utilizing positive aspects of both. [13]

[bookmark: _Toc218595981]3.4 Mesh and Numerical Techniques 
[bookmark: _Hlk218497655][bookmark: _Hlk218448276][bookmark: _Hlk218596476]3.4.1 Accurate numerical modelling of shaped charges is highly sensitive to mesh resolution, particularly in areas of high pressure and liner collapse. Fine sectioning is needed to create realistic shock fronts and get an accurate jet formation; however, excess refinement of the mesh results in increased computational cost and can cause a much higher run time for the simulation. Most studies use locally refined mesh in the most important areas – liner apex and explosive-liner interface. This combined with adaptive meshing and mesh deletion help to manage high deformation and stress while improving accuracy and maintaining more reasonable run times. [13]

[bookmark: _Toc218595982]3.5 Closing Summary 
[bookmark: _Hlk218448281][bookmark: _Hlk218596482]3.5.1 The literature review indicates that the shaped charge modelling is mainly governed by trade-offs between numerical stability, interface consistency and computational efficiency. Mesh based Lagrangian formulations provide accurate tracking of material interfaces but suffer on mesh distortion during liner collapse, while Eulerian and mesh free approaches improve robustness at the cost of numerical diffusion and reduced interface definition. Using a hybrid technique, including ALE and SPH is commonly used to balance the requirements of an accurate simulation. Despite widespread use of established models such as JWL EOS and JC plasticity, their limitations predicting jet breakup and deformation remain evident.

[bookmark: _Toc218595983]4 Methodology
[bookmark: _Toc218595984]4.1 2D Software and Solver Selection
[bookmark: _Hlk218497664][bookmark: _Hlk218448289][bookmark: _Hlk218596487][image: A screenshot of a computer

Description automatically generated]4.1.1 All simulations were created using Abaqus. The software is highly capable of shock wave propagation and large deformation modelling; throughout simulation this software allowed for very small-time increments which were vital for analysing the shock wave. 

[bookmark: _Hlk218596492]4.1.2 Abaqus has a list that can be worked through to achieve a successful simulation, starting on designing a part, all the way through to starting the job and analysis on the visualisation tab. One of the main disadvantages of using Abaqus was that the software had recently upgraded to a newer version, this changed the usual well-known process of achieving good results, so it was much harder to get started while learning initially. 
Figure 1, Abaqus selection drop down


[image: A sketch of the shaped charge design.]
[bookmark: _Toc218595985]4.2 2D Geometry and Design Parameters
[bookmark: _Hlk218448294][bookmark: _Hlk218596496]4.2.1 For an initial test, a shaped charge from another paper was used as a reference shape, with some basic measurements on it, a similar shape projectile could be replicated on Abaqus. [1]
Figure 2, Example Geometry [1]


Figure 3, First Test Geometry


[bookmark: _Hlk218448297][bookmark: _Hlk218596507]4.2.2 Once all the measurements were assigned to the Abaqus model, the sketch could be viewed as an assembly (Right of Figure 3). The model is created as a radial cross section; this is done as the model can be revolved around the centre line and either viewed as a full three-dimensional model or viewed with a flat cross section that can be viewed as a two-dimensional result. By doing this, the strain on the operating system / computer is severely reduced, allowing for more frequent test simulations while still capturing evidence of pressure wave formation, wave propagation, liner collapse and jet formation. 
[bookmark: _Hlk218497680][bookmark: _Hlk218448304][bookmark: _Hlk218596511]4.2.3 After the initial design, two liner shapes were created with the classic and proven cone shape, these were created with vastly different cone angles, this was done to see how the shock wave would react when meeting the liner at different angles.



Figure 4 & 5, Shallow V liner (Left) Deep V Liner (Right)


[bookmark: _Hlk218497688]
4.2.4 To follow this up, a curved / circular liner was created. Following the same pattern as the previous two liners, one more shallow and one deeper liner were drawn. This was similarly done due to curiosity on how the shock wave would interact with the liner. An initial assumption was that the software may struggle more with a curved liner as the mesh would be more complicated due to the curvature.




Figure 6 & 7, Shallow Circular Liner (Left) Deep Circular Liner (Right)


[bookmark: _Hlk218497692]4.2.5 Finally, two hybrid liners were created by integrating curvature from the second liners to the first liners straight edges. One created with a curved tip, and one created with a completely curved liner but with the original pointed tip. Every liner was created by using the same width so that it would pair up to a case design that was kept the same for each simulation, no variation of material, shape or size was added for the case and explosive fill design. 




Figure 8 & 9, Curved Apex Shallow V Liner (Left) Trumpet Shallow V Liner (Right)



[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc218595986]4.3 2D Material Models and Properties
[bookmark: _Hlk218448330]4.3.1 The explosive was modelled using parameters obtained from established literature sources. The explosive was modelled using JWL equation of state to represent the pressure-volume-energy behaviour of the detonation products. The liner material was modelled using an elastic / plastic formulation with Mie–Grüneisen equation of state, under detonation forces, liner behaviour is mainly pressure and inertial effects, a simplified strength model is enough to create liner collapse and jet formation.
Figure 10, Assigning Material Properties


[bookmark: _Hlk218448335][bookmark: _Hlk218497699]4.3.2 The case was modelled as just a simple linear elastic material, as it mainly provides confinement and does not undergo extreme deformation like the liner would, only an expansion.Figure 11, 12, 13 & 14, Material Property Assignment


[bookmark: _Hlk218497705]
4.3.3 For initial testing, materials were created with simple properties so that the first simulations could run quickly and not abort instantly. Copper was used for the liner, Steel for the case and TNT for the explosive fill. These materials have vast research done on them and generic property values are easy to find for them. Once the materials were inputted to Abaqus, they could be assigned to their corresponding parts in the software. At this stage, a detonation point had to be determined. The coordinates from the base of the explosive charge were used to ensure a symmetric wave propagation.

[image: A screenshot of a computer
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[bookmark: _Hlk218448339]

Figure 15, Material Selection Manager

4.3.4 For initial simulations, generic values were provided that were known to work, these would be used at the beginning to confirm that the model would work and not be limited by material input. Material properties for each material were found from published work online and shown below.

	D/mm.μs⁻¹
	P /GPa
	A /Mbar
	B /Mbar
	R1
	R2
	w
	E

	6.953
	20.61
	3.56818
	0.151052
	4.50526
	1.41052
	0.3
	0.0965093


Table 1, JWL Values for TNT [15]


	D Kg/m³
	P /GPa
	v
	k
	c
	TE 10⁻⁶/°C

	8913
	117.2
	0.33
	388
	385
	15.8


Table 2, JC Values for DHP Copper [16]



	A /MPa
	B /MPa
	n
	C
	m
	Fe
	Mn
	P
	s

	50.103
	176.091
	0.5176
	0.1056
	0.5655
	0.46Table 3, JC Values for AISI-1045 Steel [17]

	0.75
	0.04
	0.05





[bookmark: _Toc218595987]4.4 2D Boundary, Step and Interaction Conditions
[bookmark: _Hlk218497714][bookmark: _Hlk218448344]4.4.1 An axisymmetric symmetry boundary condition (XSYMM) was applied along the central axis of the model to enforce zero displacement while allowing axial movement. This reduces stress on the computer and software while keeping the physical behaviours of the liner collapse and jet formation. All other boundaries were left unconstrained to minimise artificial wave reflections during the simulation.
[image: A screenshot of a computer
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Figure 16 & 17, Step Manager (Left) Boundary Condition (Right)



[bookmark: _Hlk218448349]4.4.2 Initially, one step was used, and set to 0.0005 which allowed for plenty of time for the detonation and jet formation. If the step was too short, then the simulation may have ended before adequate results were captured. Setting the step time too long allowed for the time to be monitored on the first simulation and altered to a shorter step in future to save computing time.

[bookmark: _Toc218595988]4.5 2D Meshing and Modelling Techniques Used
[bookmark: _Hlk218448355]4.5.1 At the beginning of testing, a uniform mesh was used for every part of the shaped charge. This was useful for simple simulations but to get more detailed jet, mesh localised refinement was utilised for later simulations. The benefit of using a graded mesh was it allowed for more detailed reactions in the areas where there was a lot of interaction between the different parts meshes, while also leaving the less relevant areas as a coarse mesh that saved computational cost. To help with premature abortion of the simulation, element deletion was used, this acted by deleting elements that became too deformed, so that instead of crashing the whole simulation, the one element would be removed, and the rest of the simulation would carry on.
[image: A screenshot of a computer
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Figure 18 & 19, Localised Mesh Assigned (Left) Element Type Control (Right)


[bookmark: _Hlk218448358]
4.5.2 To further help manage distortion-based failure, Arbitrary Lagrangian-Eulerian (ALE) adaptive meshing can be used. In a conventional Lagrangian formulation, elements deform with the material, which can lead to several extreme mesh deformations, ALE decouples mesh motion, allowing for the mesh to be smoothed or rezones independently while still tracking material behaviour. In some of the later 2D models, adaptive meshing was applied to different parts within the assembly. This allowed for better liner collapse element quality; adaptive meshing was implemented through adding a second step at a predetermined time (just before the pressure wave reached the liner). This allowed for the high stress adaptive meshing to only be done when it was needed, reducing computational cost and time for the complete simulation.

[bookmark: _Toc218595989]5 2D simulation Results and Analysis 

[bookmark: _Toc218595990]5.1 Initial Experimental Designs
[bookmark: _Hlk218448364][bookmark: _Hlk218596611][bookmark: _Hlk218497732]5.1.1 The first simulations all showed promising starts and showed a pressure wave beginning in the correct spot and working its way through the explosive realistically. However, each one that was attempted was struggling to mesh the liner corner where initial contact happened. A different shape of case was added to try and get the simulation running more, but the same issue persisted. After some random changes to try and find what was making it abort so early, it turned out that by using a fine mesh, the tiny mesh sections were distorting massively and causing abortion early on into the simulation.Figure 20, 21, 22 & 23, Initial Test Result (Left 1) Adapted Case Results (Right 3)

[bookmark: _Hlk218448369]

[bookmark: _Hlk218497736][bookmark: _Hlk218596614]5.1.2 Another concerning area was the explosive fill distorting out the side of the liner, this was thought to be causing the early aborting simulations, but it was found that when the explosive left the confined area, distortion became severely less, and it was not a cause for concern.

[bookmark: _Hlk218596616]5.1.3 With a coarser mesh, the liner could deform much more before the simulation was aborted. While this was quite an unrealistic shape, it was the furthest that had been managed to model so far, a clear collapse, slug and jet formation can be seen. This was the first use of revolving the model through 360 degrees to imitate a 3D model, while only using the 2D radial slice design.

Figure 24, Liner Collapse and Jet Formation of an Initial Test








Figure 25, Dense Mesh Test




[bookmark: _Hlk218448375]
[bookmark: _Hlk218497742]



[bookmark: _Hlk218596622]5.1.4 Above shows the finest mesh that could be used before the liner became too fine and caused failures in the slug which caused the simulation to abort. This was using a 180-degree view of the model, instead of the 360 degrees previously used, this gave a good view of the internal deformation of the liner.

[bookmark: _Toc218595991]5.2 Comparison of Liner Designs
[bookmark: _Hlk218448379][bookmark: _Hlk218596625]5.2.1 When testing the different liners, it was immediately clear that the software was struggling to model the curved liners, this was because of the thin space of explosive where the liner connected to the case. To combat these causing failures, a cut out was made of the case to allow for a thicker edge of explosive that could be meshed more easily. Experimentation with mesh refinement was done around the edges of this, to further the realism of the deformation of each part.

Figure 26, 27 & 28 Expanded Cut Out Case for Easier Meshing


[bookmark: _Toc218595992]5.3 Pressure Wave Propagation 
[bookmark: _Hlk218448383][bookmark: _Hlk218596630]5.3.1 Using the larger circular liner as an example, a clear high-pressure wave can be seen moving through the shaped charge explosive fill. As the pressure moves outward and downward, a clear pressure gradient develops, with progressively lower pressures towards the initial detonation point as the pressure wave propagates downwards. Initially the case begins to deform, which absorbs some of the energy, but reflects some of it back towards the middle which can be seen in the lower pressure areas down the sides of the explosive wave.
[bookmark: _Hlk218448393]Figure 29 & 30, Final 2D Design (Shallow Circular) - Progression Screen Shot 1 (Left) & 2 (Right)


[bookmark: _Hlk218497757][bookmark: _Hlk218596662][image: ][image: ]5.3.2 As the pressure wave contacts the liner, before any collapse of the liner starts, the rapid speed of the explosive engulfs all sides of the liner, in the centre of the liner where first contact was made, the pressure wave cancels out a small amount as pressure is reflected instead of being absorbed and collapsing the liner. Once the pressure becomes strong enough to overpower the liner, most of the high-pressure wave is forced through the centre of the liner and begins pushing it forwards while collapsing from the sides.Figure 31 & 32, Final 2D Design (Shallow Circular) - Progression Screen Shot 3 (Left) & 4 (Right)



[bookmark: _Hlk218497761][bookmark: _Hlk218596666]5.3.3 The pressure wave moves through the explosive and is almost completely absorbed by the liner, with all the highest pressure contained within the slug of the liner. The sides of the liner continue to collapse, while the jet begins to form. It can be seen here that the edges of the liner have not collapsed completely into the slug or jet.

[image: ][image: ]Figure 32 & 33, Final 2D Design (Shallow Circular) - Progression Screen Shot 5 (Left) & 6 (Right)

[bookmark: _Hlk218497764][bookmark: _Hlk218596672]5.3.4 The high-pressure wave continues to force the collapsed liner forwards, creating a large jet formation out of the front of the shaped charge. The case has deformed and now has a large distance between it and the liner, the explosive fill did not spill out the sides of the case like in previous tests, this may have been because of element deletion or adaptive meshing.
[image: ]





Figure 34, Final 2D Design (Shallow Circular) - Progression Screen Shot 7



[bookmark: _Hlk218497767][bookmark: _Hlk218596678]5.3.5 This is how far the liner could deform before the simulation aborted, a clear slug and jet formed from the liner can be seen.

[bookmark: _Toc218595993]5.4 Liner Deformation and Jet Formulation
[bookmark: _Hlk218497770][bookmark: _Hlk218448412][bookmark: _Hlk218596681]5.4.1 Each liner was tested to see how far each simulation could run, under as similar as possible simulations. As shown below, every liner completed the collapsing stage, but the software struggled when the jet began to form, and the mesh was becoming too distorted over the entire liner.
 Figure 35 & 36, Shallow V Liner – Progression Screen Shot 1 (Left) & 2 (Right)
Figure 37 & 38, Shallow V Liner – Progression Screen Shot 3 (Left) & 4 (Right)


   









[bookmark: _Hlk218497774][bookmark: _Hlk218596685]5.4.2 The first liner that was tested, was the most basic, the shallow V liner. Throughout the entire deformation, high pressure areas can be seen in red in two areas where the slug is pushed through into a jet. These high-pressure areas cut off the liner instead of pushing it forwards to create a better slug shape, this results in a long and thin slug that did not push enough material to the jet. As the jet does not have enough material, it can be seen to start thick and become thinner the further along it goes. 
Figure 39 & 40, Deep V Liner – Progression Screen Shot 1 (Left) & 2 (Right)
Figure 41 & 42, Deep V Liner – Progression Screen Shot 3 (Left) & 4 (Right)












[bookmark: _Hlk218497781][bookmark: _Hlk218596690]5.4.3 Secondly, the deep V liner was tested. The liner did not run for as long as the shorter version of itself, this was because of the liner being much longer and going through much more deformation before the slug could become a jet. Similarly to before, the slug is long and thin as the simulation fails to push the slug forward much after liner collapse.

Figure 43 & 44, Shallow Circular Liner – Progression Screen Shot 1 (Left) & 2 (Right)
Figure 45 & 46, Shallow Circular Liner – Progression Screen Shot 3 (Left) & 4 (Right)


[bookmark: _Hlk218497784]








[bookmark: _Hlk218596701]5.4.4 Interestingly, this liner collapsed and created a much better slug and jet formation. As the pressure was more evenly distributed to the apex of the liner, the slug successfully pushes through and forms a long and coherent jet. The only downside of this, the deformation of the mesh was the most extreme so far.
Figure 47 & 48, Deep Circular Liner – Progression Screen Shot 1 (Left) & 2 (Right)

Figure 49 & 50, Deep Circular Liner – Progression Screen Shot 3 (Left) & 4 (Right)














[bookmark: _Hlk218497788][bookmark: _Hlk218596705]5.4.5 The deeper circular liner showed similar results to the previous shallow liner, but more set back in to the shaped charge due to the liner apex being much closer to the detonation point. The mesh looks a lot more disrupted and bumpier, possibly showing a worse coherence than the shallow version.
Figure 51 & 52, Curved Apex Shallow V Liner – Progression Screen Shot 1 (Left) & 2 (Right)

Figure 53 & 54, Curved Apex Shallow V Liner – Progression Screen Shot 3 (Left) & 4 (Right)












[bookmark: _Hlk218497791][bookmark: _Hlk218596708]5.4.6 The final liners were tested to see the effects of combining the V and curved liners. The curved apex on the V liner made the shaped charge adopt the negative of the curved liner with extreme distortion at the tip. This combined with the curve being much smaller and finer mesh, lead to a very early simulation failure.
Figure 55 & 56, Trumpet Liner – Progression Screen Shot 1 (Left) & 2 (Right)

Figure 57 & 58, Trumpet Liner – Progression Screen Shot 3 (Left) & 4 (Right)













[bookmark: _Hlk218497796][bookmark: _Hlk218596711]5.4.7 Trying the other way round, similarities of the deep liner are seen. The simulation ran longer than the curved tip liner, however, the pressure wave cut off the liner and did not form a slug properly and tiny jet formed before the simulation aborted due to extreme distortion.

[bookmark: _Toc218595994]5.5 Selection of Final Design




Figure 59 & 60, Best Previous Liner Collapses – Shallow V (Left), Shallow Circular (Right)




[bookmark: _Hlk218497802][bookmark: _Hlk218596717]5.5.1 The best results from the 2D tests showed the shallow curved and V liner as clear winners. Both liners managed to run for long total times, which allowed for sufficient time to analyse the entire liner collapse and jet formation. The shallow liners worked best for the shaped charge geometry; any deep liner was collapsing too harshly to create the desired slug and jet. Out of the two, the V liner was chosen to be replicated in 3D modelling because of the simplicity; the curved liner had the better slug and jet formation; however, the mesh was becoming extremely distorted, and this may cause a 3D model to have unreasonably long run times and premature failure of simulation.

[bookmark: _Hlk218596720]5.5.2 Meshing the V liner was much easier for Abaqus, with straight lines and only one point it was a simpler process to fill the space with an evenly shaped mesh. As the mesh was triangular shaped, for the circular liners it was creating a much more complicated mesh that would be harder to replicate in 3D.

[bookmark: _Toc218595995]6 3D Modelling and Analysis

[bookmark: _Toc218595996]6.1 3D Model Setup and Testing
[bookmark: _Hlk218458065][bookmark: _Hlk218596724]6.1.1 The three-dimensional model was easily generated by using the two-dimensional geometry; by reusing the original component sketches, the sketches were revolved around the axis of symmetry to create corresponding 3D solid parts, this ensured consistency between models. 

[bookmark: _Hlk218596727]6.1.2 This allowed the 3D simulation to retain identical liner angles, thickness and charge dimensions while extending the analysis beyond the 2D parameters. Material definitions, interaction properties and detonation parameters had to be reassigned to the new parts, but similarly the material profiles were already created so they could be reassigned directly as the 2D ones were before.

[bookmark: _Hlk218596731]6.1.3 Initial 3D testing proved that computational stresses were much higher than before, a fine mesh like the 2D shaped charge was used at first, but this led to the simulation aborting before the detonation could even start. To get it to run, a coarser mesh was used, and adaptive meshing turned off.Figure 61, 62 & 63, Initial 3D Test Progression









[bookmark: _Hlk218458070]
[bookmark: _Hlk218596736]6.1.4 Interestingly, after the initial pressure wave passed through the explosive charge, the whole model would stay at a consistent equal pressure over the entire unit even when some areas were deforming more than others. A visible high pressure red wave would pass through like the 2D charges but wouldn’t give a varying pressure reading in the liner, charge or case afterwards.
[bookmark: _Hlk218596747]6.1.5 With the mesh much coarser and no adaptive meshing, the simulations were proving difficult to get to run to see any jet formation, most simulations were aborting after the slug formed and initial jet formation started.

[bookmark: _Toc218595997]6.2 Adaptive Meshing and SPH in 3D
[bookmark: _Hlk218448450]
[bookmark: _Hlk218596753]6.2.1 To get the simulation to run further, ALE and SPH methods were experimented with. Due to the computational strain from using ALE, it was set to only switching to ALE just before the time point of aborting in the previous simulation. Due to using ALE, a finer mesh could be used, however the issue of extreme distortion was still causing failure at the initial jet formation, this attempt got a bit further though.
Figure 64 & 65, Fine Mesh 3D Simulation - Progression Screen Shot 1 (Left) & 2 (Right) 
Figure 66 & 67, Fine Mesh 3D Simulation - Progression Screen Shot 1 (Left) & 2 (Right)













[bookmark: _Hlk218458079][bookmark: _Hlk218596756][bookmark: _Hlk218598480]6.2.3 Similarly to the 2D models, the apex of the liner was not being pushed as much and almost acted as a fixed point that the mesh was not moving from. This was causing the mesh to distort a lot more than expected. 







Figure 68 & 69, SPH Time Implemented Simulation - Progression Screen Shot 1 (Left) & 2 (Right) 
Figure 70 & 71, SPH Time Implemented Simulation - Progression Screen Shot 1 (Left) & 2 (Right)












[bookmark: _Hlk218458082][bookmark: _Hlk218596760]6.2.4 Instead of ALE, further simulations were done using SPH on a timer to change the liner to particles after detonation. This created a particle slug and jet formation, with bad coherence in the jet. This simulation failed due to the explosive distorting excessively.
Figure 72 & 73, SPH From Initial Detonation Simulation - Progression Screen Shot 1 (Left) & 2 (Right) 
Figure 74 & 75, SPH From Initial Detonation Simulation - Progression Screen Shot 1 (Left) & 2 (Right) 














[bookmark: _Hlk218458085][bookmark: _Hlk218596762]6.2.5 Starting off the explosive fill as an SPH model allowed the particles to expand outwards out of the case without all being directed down towards the liner. This did appear to form a slug, but due to most of the explosive energy going completely through the case, this result was not valid.

[image: ][image: ]Figure 76 & 77, SPH Overflowing - Progression Screen Shot 1 (Left) & 2 (Right) 




[bookmark: _Hlk218458088][bookmark: _Hlk218596765]6.2.6 Another issue with SPH was that when the 3D model was cut down the centre to give a split open view, the particles were not bound to not passing through the centre cut like the other simulations were, altering results further. This was minimised by turning SPH on as late as possible, so all the force was downwards.

[bookmark: _Toc218595998]6.3 Results, Failures and Comparison with 2D





Figure 78 & 79, Final 3D Liner Collapse (Left) & Final 2D Liner Collapse (Right)



[bookmark: _Hlk218458092]
[bookmark: _Hlk218596769]6.3.1 Looking at the furthest point in the 3D simulation compared to a similar point in the 2D version, overall, a similar shape liner is produced but not identical. Both struggled with moving the apex of the liner, this would happen instantly in real life as the force would push the liner entirely forward. If the 3D had run further, it may have produced a thin jet like the 2D model. 
Figure 80, 81 & 82, Different Failures Achieved While Testing ALE / SPH






[bookmark: _Hlk218497835]

[bookmark: _Hlk218458095][bookmark: _Hlk218596777][bookmark: _Hlk218598500]6.3.2 The most difficult part of 3D modelling was getting a simulation to run without an extravagant extreme distortion failure, in the end, a full 3D simulation could not be completed.

[bookmark: _Toc218595999]7 Discussion of Numerical Accuracy, Limitations and Improvements for Future Work
[bookmark: _Hlk218458099]
[bookmark: _Hlk218596782]7.1 The simulations showed the numerical and practical challenges associated with modelling shaped charge detonation and liner collapse, particularly when extending analysis from two dimensional axisymmetric formulations to full-on three-dimensional methods. The 2D simulations proved to be the most numerically robust, allowing pressure wave propagation, liner deformation, slug and jet formation consistently across multiple liner styles. Even though it was the most robust, it may not have been a very accurate simulation though. A more realistic explosion would have caused much more movement of the liner towards the target, more effort could be put towards liner reaction in the future and the different effects of mesh sizing instead of liner shape, also it may have been better to try the curved liner for 3D modelling as it showed the most coherent jet. 

[bookmark: _Hlk218596785][bookmark: _Hlk218598507][bookmark: _Hlk218596788]7.2 The transition to 3D modelling introduced significant numerical difficulties, with simulations failing shortly after the initial jet formation due to severe mesh distortion within the liner. Multiple mitigation strategies were explored, including adaptive meshing, Arbitrary Lagrangian-Eulerian formulations and Smoothed Particle Hydrodynamics were implemented using both threshold and time-depending approaches. Despite these efforts, progress was not made. This could indicate limitations within the solver or users’ knowledge of the software. Overall, the results emphasise the sensitivity of shaped charge simulations to formulation choice, mesh strategy and material representation under extreme distortion.

[bookmark: _Toc218596000]8 Conclusions
[bookmark: _Hlk218458104]
[bookmark: _Hlk218596791]8.1 In this report, a numerical investigation into the modelling and analysis of shaped charges was presented, with an emphasis of liner deformation and liner shape. A literature review was completed to establish the theoretical basis of shaped charge operation and key challenges in simulation, including extreme stress rates, large deformation, and material interface tracking. Building on this foundation, a structured modelling approach was implemented in Abaqus, progressing from 2D axisymmetric simulations of multiple liner geometries to a 3D Modelling of a selected design.

[bookmark: _Hlk218596796][bookmark: _Hlk218598517]8.2 The 2D simulations successfully captured the primary physical mechanisms of a shaped charge behaviour and allowed assessment of the different effects that changing the liner geometry has. Although ideal slug and jet formation were not fully achieved in every design, the circular liner showed the best coherence. Three-dimensional modelling increased physical realism but was limited by numerical instability, with mesh distortion preventing full jet formation despite the application of advanced techniques such as ALE and SPH.

[bookmark: _Hlk218596800]8.3 In conclusion, while the study was constrained by numerical limitations, it met its objectives by critically evaluating modelling strategies and demonstrating the practical challenges of shaped charge simulation. The work highlights the need for careful integration of geometry selection, material modelling, and numerical formulation, to provide a clear foundation for future studies incorporating alternative liner designs, enhanced damage models and experimental validation.
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Deep Circular Liner



Figure 83 & 84, Shallow V Liner Energy Values and Velocity Graph







Figure 85 & 86, Shallow Curved Liner Energy Values and Velocity Graph




Figure 87 & 88, Deep Curved Liner Energy Values and Velocity Graph









Figure 89 & 90, Deep V Liner Energy Values and Velocity Graph







Figure 91 & 92, Trumpet Energy Values and Velocity Graph








Figure 93 & 94, Curved Apex V Liner Energy Values and Velocity Graph
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