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[bookmark: _Toc218591419]Abstract
This report shows computer-based modelling of a shaped charge through both 2D and 3D simulation runs. Built on existing literature, the design included a steel case, high explosive charge and a conical metal liner. Analysis took place within Abaqus using established material models for each component, with properties drawn from literature, including appropriate constitutive and equation of state models.
Four 2D axisymmetric simulations helped test how explosive and liner material combinations affect jet development and speed. Next, one design was moved into Three-Dimensional to study the effects of mesh resolution alongside numerical formulation. Coarse and refined simulations were conducted, followed by advanced meshing methods using ALE adaptive meshing along with particle-driven SPH that avoids a fixed mesh entirely. The outcome showed the sensitivity of shaped charges to mesh density and highlighted the advantages and limitations of different modelling strategies for high deformation problems 
1. [bookmark: _Toc218591420]Introduction
1.1 [bookmark: _Toc218591421]Background to Shaped Charges 
A shaped charge is an explosive device which focuses the energy of detonation into a narrow high velocity jet capable of penetrating metal and other hard materials. This effect is achieved by using a hollow cavity lined metal most commonly conical shape. When the explosive detonates the liner collapses inwards at extremely high speed forming a jet that can reach thousands of meters per second as will be shown throughout this report. A process described in detail by Walters and Zukas in their foundational work on shaped charge physics. [1]
Shaped charges have been used within the industry and the military for decades. In defence most commonly appear in anti-armour warheads, breaching systems and demolition charges. In industry they are used widely for oil and gas operations and controlled demolitions. The fundamental principles of shaped charges has remained consistent but advances in material properties used, liner geometries and explosive modelling have improved performance.
1.2 [bookmark: _Toc218591422]Importance of modelling shaped charges 
Using software like Abaqus allows the behaviour of shaped charges to be investigated safely, efficiently and accurately under controlled conditions. In this case modelling enabled ther study of how changes in material properties such as Johnson Cook for metals and JWL for explosives influence performance characteristics like jet formation and propagation. 
Mesh refinement and element type selection can significantly affect the accuracy of pressure and velocity predictions making numerical investigation and critical part of understanding shaped charge dynamics. By using different simulation approaches, including standard 2D/3D meshing, Eulerian ALE adaptive meshing and SPH it is possible to evaluate how numerical methods influence jet stability and breakup predictions.
1.3 [bookmark: _Toc218591423]Aims and Objectives 
The aim of the assignment is to design, model and analyse a shaped charge entirely using Abaqus simulation software. This includes using 2D axisymmetric simulations of multiple liner and explosive material combinations to identify a final design. The selected design is then extended to 3D in this case with additional runs using ALE adaptive meshing and SPH to investigate jet formation, stability and the influence of material and mesh parameters when compared to research and expected results. 
1.4 [bookmark: _Toc218591424]Overview of work
The workflow began with a literature review to determine liner geometry and material properties. Four 2D axisymmetric simulations were performed each with a different combination of liner and explosive materials using the same mesh refinement for all runs. Based on these results a design was selected for 3D modelling. The 3D model was first run with a coarse mesh then refined for accuracy. The refined mesh was also used in additional simulations employing ALE adaptive meshing and SPH to examine jet formation, stability and breakup behaviour. 
[bookmark: _Toc218590303]Table 1 - Summary of 2D and 3D simulation runs
	Run No.
	Simulation Type
	Liner material
	Explosive material
	Mesh type
	Notes

	1
	2D
	Copper 
	TNT
	Refined
	Base Design

	2
	2D
	Copper 
	CompB
	Refined
	Material Variation

	3
	2D
	Titanium Alloy
	TNT 
	Refined 
	Material Variation

	4
	2D 
	Titanium Alloy 
	Comp-B
	Refined 
	Material Variation 

	5
	3D
	Copper
	TNT
	Coarse
	Baseline 3D

	6
	3D
	Copper
	TNT
	Refined
	Refined Mesh

	7
	3D ALE 
	Copper 
	TNT
	Refined 
	ALE Adaptive Mesh

	8
	3D SPH 
	Copper 
	TNT 
	Refined 
	SPH 




2. [bookmark: _Toc218591425]Literature Review  
2.1 [bookmark: _Toc218591426]Shaped Charge Geometry and Cone angle 
The geometry of a shaped charge has a significant impact on its performance particularly the formation and velocity of a high-speed jet. Influential parameters consist of the cone angle of the metal liner, Material of liner and shape of the liner all in turn control the collapse dynamics and ultimately jet penetration capability. Minor variations in any factors mentioned can lead to changes in jet velocity, stability and tip formation for example [ref 2] reports that many methods to increase jet velocity and efficiency such as high detonation velocity explosives, incorporating a wave shaper into structure, high density liner materials and altering the shape of the liner. 
Other geometrical factors such as liner thickness also influence energy focusing. Thicker liners tend to produce more coherent jets but may reduce the overall jet velocity, while thinner liners increase speed at cost of stability. In this project the initial design followed literature recommendations for a 60 degree cone angle and 1.6mm liner but this was adjusted to a 48 degree cone angle due to abaqus input restrictions. 
2.2 [bookmark: _Toc218591427]Liner and Explosive Materials 
A key factor in shaped charge performance is material selection. For the liner material to collapse uniformly and generate a cohesive high velocity jet it must be adequately strong and ductile. There are many commonly used materials for liners such as copper because of its advantageous density and malleability, whereas steel or other alloys are utilized in different situations. The Johnson-Cook model which takes strain hardening, strain rate and temperature effects into consideration is commonly used to model metals. 
Explosive materials also dictate jet formation through detonation pressure and velocity demonstrated later in report. High explosives such as TNT are often represented using the JWL equation of state which “is widely used in reactive hydro simulations to describe thermodynamics of both detonation products (DP) and unreacted high explosives (HE).” [3] Variation in explosive type effects jet velocity and penetration depth as demonstrated later.
In the simulation for this assignment the material properties for the liner, casing and explosive were selected based on literature with Johnson-Cook parameters for metals and JWL parameters for TNT. The four 2D simulations using different combinations of explosive and liner materials allowed analysis of the effect of material variation on jet behaviour to determine the final 3D design.

2.3 [bookmark: _Toc218591428]Modeling Approaches 
For a safe, accurate and repeatable investigation of shaped charge behavior numerical modelling is crucial. Both full 3D and 2D axisymmetric simulations are frequently used and applied to real world senarios. While capturing the essential physics of liner collapse and jet formation 2D axisymmetric models enable the quick assessment of design variance. On the other hand asymmetries, breakdown events and interaction that 2D model are unable to fully capture are more accurately represented by 3D models. 
Meshing is a critical factor in achieving accurate results. Coarser meshes can reduce the strain on the computer and have much faster running times but may fail to represent key jet tip details and pressure waves. Whereas finer meshes increase the accuracy at the expense of simulation time. ALE adaptive meshing reduces mesh distortion in regions of high deformation while SPH particle method eliminates the mesh entirely allowing extreme deformation to be captured as it will not crash.
In this assignment the selected 3D design used standard meshing both coarse and fine, ALE adaptive meshing and SPH to investigate the differences in jet stability, tip formation and breakup while following best practice approaches as stated by literature. 
2.4 [bookmark: _Toc218591429]Relevance to your work
The literature review directly guided design choices for this assignment (see section 3). Material selection was based on established johnson cook and JWL parameters for metals and explosives and the shaped charge design was informed by performance studies including geometry’s. Using 2D simulation for faster comparison between the four material combinations, while subsequent 3D simulations including ALE and SPH provided more detailed results to evaluate the key physics principles needed for this module.
This targeted review ensured each design decision was based on evidence and aligned with relevant literature. 
3. [bookmark: _Toc218591430]Methodology 
3.1 [bookmark: _Toc218591431]Geometry setup 
The shaped charge geometry was initially designed using dimensions taken from relevant literature (reference 4). The original design showed a 60 degree cone angle which is commonly used and reported in literature to produce a stable coherent jet in model studies. However due to sketching constraints within Abaqus notably the relationship between liner height and base diameter the precise 60 degree cone angle could not be accomplished. As a result the model used a 48 degree cone angle which was the closest that could be achieved. 
The liner thickness was set to 1.6mm although the design inspiration paper [4] had a 2mm liner but from further literature research specifically [ref 5] I decided to go for the thinner liner as I wanted to experiment with faster jet velocities. The remaining dimensions were kept constant throughout all 2D and 3D simulations to ensure valid comparative analysis and can be seen from figure 1-3 below.
Both the 2D axisymmetric and the 3D designs used identical geometry. With no scaling up for the 3D model or modification between simulations. This ensured that any differences in jet formation or breakup behavior resulted from the material changes made the mesh refinements or strategies rather than geometric variation. 
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[bookmark: _Toc218590882][bookmark: _Toc218591346][bookmark: _Toc218592817]Figure 2 - Liner Sketch
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[bookmark: _Toc218590883][bookmark: _Toc218591347][bookmark: _Toc218592818]Figure 3 - HE Sketch
3.2 [bookmark: _Toc218591432]Material Models 
To accurately represent material behaviour under under high pressure and strain rates the Johnson cook constitutive model was used to describe the behaviour of metallic components in this case the liner and casing. The model takes into account strain hardening, strain rate sensitivity and thermal softening which is why it is so well suited for high deformation explosive modeling. As can be seen in reference (6) an early study on modelling using JC, it compares model predictions with experimental results from real tests which proves its utility. 
The Jones-Wilkins-Lee (JWL) equation of state was used to model the detonation behavior of the two high explosives used. This equation accurately represents the pressure, volume and energy relationship between detonation products as will be demonstrated through this report. “The JWL parameters are usually derived from thermochemical codes or experimental cylinder tests using an elaborate and arcane procedure. It is often said that the JWL parameters need to be “self-consistent”, “thermodynamically consistent”, or “consistent with the conservation laws of mass, momentum, and energy. Each parameter in the JWL equation of state is connected to the other parameters.” [7]

Four different material property variations were used in the 2D simulations to examine the influence of the liner and explosive material on the results. All 2D simulations using the same geometry and mesh, allowing direct comparison of material effects alone. The final 3D Simulations used a TNT explosive charge, a copper liner and a steel casing based on the outcome of the 2D Study.
All Johnson Cook and JWL parameters were obtained from published literature sources, ensuring accuracy and repeatability of results. 
[bookmark: _Toc218590304]Table 2 - Johnson Cook Material Paremeters (Metals)
	Material
	Density
	A
	B
	n
	m
	C
	Melting temp

	Youngs Modulus
	Poissons Ratio

	Copper
	8960
	1.425e9
	1.68e8
	0.12
	1
	0.032
	1356
	1.25e11
	0.34

	Titanium Alloy
	4430
	9.15e8
	4.97e8
	0.89
	0.65
	0.012
	1900
	1.1e11
	0.33

	Steel
	7850
	5.53e8
	6.0e8
	0.234
	1
	0.013
	1733
	2.1e11
	0.3


[8,9]
[bookmark: _Toc218590305]Table 3 - JWL Parameters for Explosive Materials
	Explosive 
	Density 
	Det Wave Speed
	A
	B
	Omega
	R1
	R2
	Det Energy Density
	Pre-Det Bulk Mod
ulus

	TNT 
	1601
	8193
	6.09e11
	1.3e10
	0.25
	4.5
	1.4
	3680000
	9.0e9

	COMP-B [4]
	1666
	8221
	
5.24e11
	7.
67e9
	0.34
	4.2
	1.1
	
4784000
	1.0e9



3.3 [bookmark: _Toc218591433]Mesh Design and Convergence Study
Fine details in High Pressure Gradients, how liners collapse and jets form during a shaped charge explosion depend heavily on mesh fineness. To strike a balance between accuracy and processing demands for the 2D axisymmetric model, multiple runs using coarse and finer mesh settings while keeping an identical setup in terms of geometry, material properties and boundary conditions. Results from a coarse mesh failed to capture liner collapse and jet tip formation clearly, while the really fine mesh demanded much longer run times without revealing much meaningful new detail, which had to be kept in mind due to the limited time nature of block release. As can be seen from (reference 11) it backs up my findings that a coarse mesh fails to adequately capture liner collapse and jet formation and as mesh density increases, it improves however, the benefits diminish beyond a certain refinement point.
A choice was made to apply a moderate mesh density throughout the four 2D simulations, balancing clarity in capturing pressure waves and jet formation with manageable computation duration. Across each of the four distinct material variations tested in 2D, this setup stayed unchanged so any shifts in outcomes could be tied directly to material properties not inconsistencies in the model structure.
For the 3D simulations a starting point involved coarse meshes to check how stable the model behaved. After that a finer mesh was used specifically focusing on the jet formation area for accuracy of results. This mesh supported two separate meshing methods ALE Adaptive meshing and SPH particles. Because everything shared the same geometric conditions and materials, differences came from the numerical techniques behind them. 
This approach aligns with common practice reported in literature like that of (reference 11), where full mesh convergence is often impractical due to computational limitations. 
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[bookmark: _Toc218590887][bookmark: _Toc218591351][bookmark: _Toc218592822]Figure 7 - 2D Case Mesh
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[bookmark: _Toc218590889][bookmark: _Toc218591353][bookmark: _Toc218592824]Figure 9 - 3D Refined Mesh Case

[bookmark: _Toc218590890][bookmark: _Toc218591354][bookmark: _Toc218592825]Figure 10 - 3D Refined Mesh HE
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3.4 [bookmark: _Toc218591434]Numerical Methods and Solver Setup
All simulations here used Abaqus explicit modelling software, a tool effective for the events a high explosive shape charge presents including major shape changes, intense material stress, high strain rates and shock wave propagation. Explicit time steps were employed to model the very fast detonation and collapse of the liner, allowing the process to be captured step by step without needing repeated equilibrium checks. 
Using an axisymmetric setup, the 2D simulations made it possible to test several material layouts efficiently without losing the essential details of how jets form. To account for asymmetries and better reflect real world jet development, the chosen configuration was later extended into three dimensions.
A method called Arbitrary Lagrangian-Eulerian (ALE) Adaptive meshing helped reduce serious mesh distortion caused by major material deformation in some 3D models. Instead of staying fixed, the mesh adjusts itself throughout the simulation through smoothing and repositioning, in ALE this is done through a rezoning (mesh smoothing) and remapping stage which supports better accuracy where it matters most in this case the liner, because traditional meshes can twist into unusable forms[11]. Also Smoothed Particle Hydrodynamics (SPH) was used for a run to model the liner and jet areas. By shifting to particles rather than relying on connected nodes, this alternative avoids tangled elements completely handling even the most intense deformations without breaking down. 
Across every simulation, boundary conditions remained unchanged, while links among explosive, liner and casing stayed uniform through suitable interface settings only change being for the SPH run were some surfacre to surface contact settings were set as can be seen in figure 19 below. Geometry matched exactly from one method to another as did material properties, making sure any variation in outcome came only from the modelling approach. 
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[bookmark: _Toc218590894][bookmark: _Toc218591358][bookmark: _Toc218592829]Figure 14 - ALE Setup p2
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[bookmark: _Toc218590899][bookmark: _Toc218591363][bookmark: _Toc218592834]Figure 19 - Surface to Surface contact for SPH
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4. [bookmark: _Toc218591435]2D Simulation results 
4.1 [bookmark: _Toc218591436]Baseline 2D Simulation Results
A baseline 2D setup formed the starting point, which comprised of a TNT explosive, paired with a copper liner and a steel case. While the mesh and geometry details are as defined in section 3. Chosen for consistency, this arrangement provided a standard frame of reference when measuring different material pairings.  
Once detonated, the explosive generates an intense shockwave through the cavity. As shown on the pressure output field the shockwave radiates outward from the initiation point which was set by plotting co-ordinates until meeting the liner surface. When this pressure wave strikes the copper cone motion begins immediately across its structure. The forces drive the copper conical segment into itself, collapsing inward toward the center line of the charge.
From the simulation data, a velocity time plot was used to measure jet behaviour quantitatively. Directly after the collapse of the liner the graph shows the velocity increasing significantly this spike stood out clearly. As the jet began to take shape and stretch forward there is a noticeable change slow in velocity. Step duration in the simulation is ran at 0.0001 seconds, precise enough to record every single stage: Full detonation, collapse of the liner and the first moments of jet development. 
Overall, the baseline 2D simulation result showed the shape charge behaviour in a realistic manner and provides a suitable reference for the remainder of the simulations with material property variations.
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Figure 21 - Pressure field detonation wave p1






Figure 22 - Pressure field detonation wave P2
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Figure 23 - pressure field detonation wave P3
[bookmark: _Toc218591367][bookmark: _Toc218592838]Figure 23 - Pressure Field detonation wave p3




[bookmark: _Toc218590903][bookmark: _Toc218591368][bookmark: _Toc218592839]Figure 24 - Pressure field detonation wave P4
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[bookmark: _Toc218592840]Figure 25 - Liner Collapse and jet tip formation sequence p1
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[bookmark: _Toc218592841]Figure 26 - Liner collapse and jet tip formation p3
Figure 26 - Liner collapse and jet tip formation p2
[bookmark: _Toc218592842]Figure 27 - Liner collapse and jet tip formation p2
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AI-generated content may be incorrect.]Figure 28 - Liner collapse and jet tip formation p4
[bookmark: _Toc218592843]Figure 28 - Liner collapse and jet tip formation p4
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[bookmark: _Toc218592844]Figure 29 - Jet tip velocity graph












4.2 [bookmark: _Toc218591437]Effect of Material Variation
Four 2D simulations were ran and explored how material properties affect shape charge behaviour. Identical setups were used throughout in terms of mesh and geometry, the only difference being the liner and explosive material properties. One run paired a TNT and Copper liner another combined Composition B and copper. A thrd using TNT alongside a titanium alloy liner and the last tested composition B and titanium alloy. This setup made it possible to separate out how material properties and pairings affect the jet formation.  
Despite all four simulations having similar outcomes in liner collapse and jet formation across all runs showing successful results, variations emerged when examining pressure levels and jet velocity, one after another the runs showed how material properties influenced performance. Simulations using Composition B pressures at detonation climbed above those seen with TNT this resulted in the jet acceleration being higher than shown in the results using TNT the jet tip velocity graph revealed these findings clearly. This provided confidence that each setup was behaving realistically because CompB is a more powerful explosive as it uses RDX when compared with just TNT alone. 
The composition B with titanium alloy liner configuration achieved the peak jet tip velocity across all four simulations at around 5000m/s as can be shown in results photos below. Because titanium is less dense than copper the collapsing liner has an increased acceleration. In addition the composition B explosive releases more energy which further enhances the jet velocity. As can be seen in (reference 12) using a titanium liner the jet tip velocity using comp B was around 30% higher than that of TNT which is less of an increase than was shown in my 2D results however this study was using 3D simulations and as will be demonstrated later in this report my 3D simulation using TNT-Copper showed a much more accurate representation of expected jet tip velocity when comparing with literature and expected results. Also to be taken into account is the thickness of my liner being 1.6mm many studies use a slightly thicker liner of 2-3mm. as can be seen in (reference 13) the difference in jet tip velocities at differing liner thickness is evidently significant this study showing a copper liner of 0.5mm,1.0mm and 2.3mm thickness showing velocity of 10,780m/s, 9,070m/s and 6,520m/s retrospectively demonstrating all variables have an impact. After detonation simulations involving composition B acted slightly less predictably than TNT simulations small distortions and irregularities In results using the pressure field unlike what was seen with TNT setups. 
Despite the different materials tested, the general form and structure of the jet showed little change across all four scenarios within the timescale examined. The jet stability and symmetry was generally persistent throughout, pointing to material properties affecting velocity more than shape for these specific mesh and geometry conditions. What stood out was how consistently the jets held their patterns even as composition varied. 
Notably, choices in liner and explosive material affect how well shaped charges perform as shown by the results of the 2D simulations (please see section 4.3). Higher jet speed emerged from composition B however TNT acted as expected but the numerical values did not quite align to expected results. This became the basis for the later 3D simulation of TNT and copper to further investigate jet behaviour using advanced modelling techniques of ALE and SPH with an aim to provide accurate results. 

4.3 [bookmark: _Toc218591438]2D Results 
For TNT-Copper results please see figures 21-29 in section 4.1 above.
4.3.1 [bookmark: _Toc218591439]Composition B-Copper
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[bookmark: _Toc218592845]Figure 30 - Det wave p1
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[bookmark: _Toc218592846]Figure 31 - Det wave p2
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[bookmark: _Toc218592847]Figure 32 - Det wave p3
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[bookmark: _Toc218592848]Figure 33 - Det wave p4
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[bookmark: _Toc218592849]Figure 34 - Liner collapse
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[bookmark: _Toc218592850]Figure 35 -  Jet formation p1
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[bookmark: _Toc218592851]Figure 36 - Jet formation p2
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[bookmark: _Toc218592852]Figure 37 - Jet formation p3
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[bookmark: _Toc218592853]Figure 38 - Jet formation p4
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[bookmark: _Toc218592854]Figure 39 - Jet formation p5
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[bookmark: _Toc218592855]Figure 40 - Velocity graph
4.3.2 [bookmark: _Toc218591440]Composition B – Titanium Alloy 
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[bookmark: _Toc218592856]Figure 41 - Det wave P1
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[bookmark: _Toc218592857]Figure 42 - Det wave p2
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[bookmark: _Toc218592858]Figure 43 - Det wave p3
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[bookmark: _Toc218592859]Figure 44 - Liner collapse
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[bookmark: _Toc218592860]Figure 45 - Jet formation p1
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[bookmark: _Toc218592861]Figure 46 - Jet formation p2
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[bookmark: _Toc218592862]Figure 47 - Velocity graph
4.3.3 [bookmark: _Toc218591441]TNT – Titanium Alloy
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[bookmark: _Toc218592863]Figure 48 - Det wave p1
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[bookmark: _Toc218592864]Figure 49 - Det wave p2
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[bookmark: _Toc218592865]Figure 50 - Det wave p3
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[bookmark: _Toc218592866]Figure 51 - Liner collapse p1
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[bookmark: _Toc218592867]Figure 52 - Liner collapse p2
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[bookmark: _Toc218592868]Figure 53 - Jet formation p1
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[bookmark: _Toc218592869]Figure 54 - Jet formation p2
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[bookmark: _Toc218592870]Figure 55 - Velocity graph
4.4 [bookmark: _Toc218591442]Summary of 2D Findings
The 2D simulations revealed how different liner and explosive materials affect jet development, even when geometry and mesh stay unchanged. Though configurations varied in composition, each one produced a formed jet after collapse proof that the design worked well for comparative evaluation and analysis. 
Despite similar jet shapes observed throughout the simulation period, velocity at the jet tip shifted noticeably based on materials used. When composition B was set as the explosive, speeds increased compared to runs with TNT. A titanium alloy liner paired with composition B explosive delivered the fastest jet tip movement amongst all tested setups. This outcome aligns with composition B’s greater energy release during detonation and the lighter density of the titanium component however even the copper liner paired with composition B showed much higher velocities both at around 5000m/s or just over. Jet structure showed little change between runs implying material properties shaped acceleration more than structure in the 2D axisymmetric model, this was to be expected as if there was an issue with structure it would have been found and rectified during the baseline simulation. 
 Despite occasional irregularities in pressure behaviour with composition B setups most likely down to some slight mesh issues. Every simulation held firm to realistic expectations and maintained numerical balance. Given how results unfolded and patterns repeated across trials, one setup was not quite as intended being the TNT – Copper which was chosen for deeper study and more accurate results through full 3D models. With that came access to refined computational meshing methods opening paths to examine how jets form, hold together or bend under strain reaching past what 2D axisymmetric simulation approach could show. 
5. [bookmark: _Toc218591443]Three-Dimensional Simulation Results 
5.1 [bookmark: _Toc218591444]Initial 3D Lagrangian Simulation (Coarse Mesh)
A first full scale 3D simulation used a Lagrangian setup, applying a coarse mesh to test how well the model held together under 3D simulation conditions, the contact interactions and overall shape charge behaviour before refining the mesh size and using some local refinement on key areas. From earlier axisymmetric work the layout stayed a TNT charge, Copper lining plu outer steel shell remained unchanged, keeping both methods aligned through shared specs. 
Using a coarser mesh lowered processing demands yet still offered enough detail to track major events during shaped charge explosions. From the start the pressure field output showed the blast wave moving through the explosive before hitting the conical shaped liner. As the simulation progressed, the collapse of the liner became visible followed by initial stages of jet formation. These observations supported that the detonation began properly and materials responded as expected in the 3D setup.
As the jet started to form the speed also began building with the jet tip reaching a peak velocity of just under 4.5km/s within the set 0.001s timeframe. Even though the general shape of the jet could be seen clearly using a coarse mesh the finer details near the jet tip were harder to capture. Small but important structures did not appear sharply such results often show up when simulations lack a finer mesh especially under extreme stress conditions. Without the smaller mesh shape changes in motion and how material stretches tend to lose clarity. 
A look at figures 56-62 reveal screenshots showing the coarse mesh setup alongside related pressure and velocity results. These visuals give into the fineness of the mesh along with the physical behaviour it produces. With the first run completed a reliable starting point was in place for further mesh refinement and confirmed the model setup, boundary conditions and contact definitions worked well enough to support deeper 3D analysis.
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[bookmark: _Toc218592871]Figure 56 - 3D Coarse Mesh
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[bookmark: _Toc218592872]Figure 57 - Det wave p1
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[bookmark: _Toc218592873]Figure 58 - Det wave p2
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[bookmark: _Toc218592874]Figure 59 - Liner collapse
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[bookmark: _Toc218592875]Figure 60 - Jet formation
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[bookmark: _Toc218592876]Figure 61 - Jet formation p2
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[bookmark: _Toc218592877]Figure 62 - Velocity graph
5.2 [bookmark: _Toc218591445]Refined 3D Lagrangian Simulation
After the first coarse mesh run the 3D setup got some more time spent on improving the mesh for a much finer mesh setup. This aimed at improving how the liner collapse and jet formation show up in the results. Identical geometry, material models, boundary conditions and time steps stayed in place so only the influence of the new mesh fineness could shift the results. 
A clearer picture of how the liner deforms and how the jet formation emerged can be seen with the finer meshing. While the coarser mesh blurred key details, the updated mesh captured and produced a more well defined jet, especially where strain is really intense near the jet tip key structures stood out more distinctly. Visuals showing the adjusted mesh layout appear in figures 63-66 and the resulting deformation behaviour is presented in figures 67-72.
A surge in jet tip velocity was produced from the refined run peaking near 6k m/s, whereas the coarser mesh managed only around 4.5k m/s so the refined run was much more accurate to expected results. This is because the fine mesh improves precision by capturing suitable shifts in material behaviour during collapse. With explosives tiny differences in motion (velocity gradients)  across regions matters greatly, coarser mesh can overlook such variations and as a results finer mesh predicts a faster jet. When simulating shaped charges a finer mesh is crucial otherwise it will be inaccurate and key aspects of jet formation can be underestimated. 
With finer mesh resolution, pressure contours reveal sharper details in the detonation wave instead of missing out key features, the capture how explosive products interact closely with the liner. Unwanted distortions seen earlier nearly vanish. As a result, the jet forms in ways that align better with real physics during the same 0.001 second window. 
A more precise result set came from the refined mesh simulation, offering clear and reliable data while setting a baseline point for using advanced meshing techniques. It becomes clear through these findings that the mesh setup strongly influences outcomes in 3D simulations or shaped charges. Specially when quantitative metrics like jet velocity are being used and compared.
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[bookmark: _Toc218592878]Figure 63 - Refined mesh
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[bookmark: _Toc218592879]Figure 64 - Refined mesh - Case
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[bookmark: _Toc218592880]Figure 65 - Refined mesh - HE
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[bookmark: _Toc218592881]Figure 66 - Refined mesh - Liner
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[bookmark: _Toc218592882]Figure 67 - Det wave p1
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[bookmark: _Toc218592883]Figure 68 - Det wave p2
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[bookmark: _Toc218592884]Figure 69 - Liner collapse p1
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[bookmark: _Toc218592885]Figure 70 - Jet formartion p1
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[bookmark: _Toc218592886]Figure 71 - Jet formation p2
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[bookmark: _Toc218592887]Figure 72 - Velocity graph
5.3 [bookmark: _Toc218591446]ALE Adaptive Meshing Attempt
Looking into Adaptive Lagrangian-Eulerian (ALE) meshing revealed a potential shift from standard approaches , aiming ti improve the jet resolution without the heavy mesh distortion seen in standard Lagrangian approaches. Studies of ALE formulation and adaptive meshing note that ALE remeshing and rezoning can maintain mesh quality and improve robustness under large deformation, offering advantages over purely Lagrangian approaches in high strain problems [14].
An adaptive mesh was implemented using the same geometry and material properties as the previous 3D run. An initial attempt showed unstable results and failure, so adjustments followed to strengthen performance specifically partitioning the copper liner making it possible to apply adaptive meshing only near the jet tip where the highest deformation and mesh distortion are likely. That way accuracy improves while retaining computational efficiency under the restricted time conditions that were present. 
Despite the modifications made, the ALE simulation did not complete successfully. The failure occurred at the beginning of the adaptive mesh due to overclosure and contact instability at the interface between the high explosive and liner. Screenshots of the ALE setup, liner partitioning prior to failure are presented figures 73-77.
Even without capturing full jet formation, the ALE study revealed key constraints tied to adaptive meshing for this particular design. Findings emphasise how contact definitions and material interactions can strongly influence outcomes in explosive driven simulations. Showing that thorough preparation matters especially when using complex meshing techniques. 
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[bookmark: _Toc218592888]Figure 73 - ALE setup p1
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[bookmark: _Toc218592889]Figure 74 - ALE setup p2
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[bookmark: _Toc218592890]Figure 75 - Liner partitioning
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[bookmark: _Toc218592891]Figure 76 - ALE setup p3
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[bookmark: _Toc218592892]Figure 77 - ALE setup p4
5.4 [bookmark: _Toc218591447]SPH Particle-based Simulation 
Smoothed Particle Hydrodynamics has potential to address issues of mesh distortion and unstable contact seen in Lagrangian and ALE methods. Because it operates without a mesh relying instead on particles SPH handles intense deformation effectively. This makes it suitable for scenarios like shape charge simulations where results need accurate et development. Unlike traditional techniques large movement within materials do not disrupt this method since no connections between points need maintaining. In particular GPU-accelerated SPH has been successfully used to simulate jet formation and penetration capability of shaped charges, demonstrating that SPH can handle complex, high velocity deformation processes without suffering from the mesh distortion issues inherent in traditional grid based methods [15]
A first SPH test was run with a detailed 3D setup, yet problems appeared right after detonation. Adjustments followed to strengthen how the model held together under extreme stress. Instead of keeping the Johnson cook damage parameters they got left out to make a new steel simple material property, which stopped the shell from distorting excessively when blast forces hit. In addition, surface-to-surface contact between the inside of the case and the outside of the High explosive to improve the interaction behaviour when explosive energy is expanding. 
Once these changes took effect the SPH run finished without errors. The collapse of the liner and formation of the jet showed up clearly in the results, with the particle based mesh allowing the materials to flow smoothly without the mesh distortion observed in the ALE approach. As the simulation progressed, some particles began to spread slightly. Still the core shape of the jet was evident .along with its velocity buildup. 
Looking at the velocity data from the SPH run successful jet acceleration occurs with values lining up closely with the fine tuned Lagrangian outcome as can be seen in figure 90 with a peak velocity of just under 5k. Screenshots of the setup, liner collapse and particle distribution are shown in figures 78-89. Where the standard grid mesh techniques struggled, the SPH method held together better numerically. It turns out to be a very good option when simulating shaped charge behaviour under extreme conditions.
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[bookmark: _Toc218592893]Figure 78 - Steel simple material
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[bookmark: _Toc218592894]Figure 79 - SPH setup p1
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[bookmark: _Toc218592895]Figure 80 - SPH Setup p2
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[bookmark: _Toc218592896]Figure 81 - SPH Setup p3
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[bookmark: _Toc218592897]Figure 82 - Det wave p1
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[bookmark: _Toc218592898]Figure 83 - Det wave p2
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[bookmark: _Toc218592899]Figure 84 - Liner collapse
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[bookmark: _Toc218592900]Figure 85 - Liner collapse p2
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[bookmark: _Toc218592901]Figure 86 - Liner collapse p3
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[bookmark: _Toc218592902]Figure 87 - Jet formation
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[bookmark: _Toc218592903]Figure 88 - Jet formation p2
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[bookmark: _Toc218592904]Figure 89 - Jet formation p3
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[bookmark: _Toc218592905]Figure 90 - SPH velocity graph

6. [bookmark: _Toc218591448]Discussion 
6.1 [bookmark: _Toc218591449]Comparison of 2D and 3D Modelling 
Working in 2D axisymmetric made it easier to study how materials affect shaped charge jets without heavy computing demands. Each of the four simulations showed similar patterns in liner collapse and jet formation, making differences between explosive and liner type visible. Still assuming perfect symmetry around one axis makes it hard to show real world irregularities like asymmetric deformation or small scale disruptions that appear as the jet develops.
The 3D simulation captured the liner collapse, jet formation and jet velocity more accurately than seen in 2D especially with mesh refinement. While 2D modelling remains valuable to sort out early designs or test variables quickly a full 3D analysis captures real jet beahviour cloely enough for accurate quantitative assessment of jet performance. 
6.2 [bookmark: _Toc218591450]Influence of mesh resolution and numerical method
There was a noticeable shift in jet dynamics when a finer mesh was used in 3D Lagrangian model. With a tighter mesh, the shape of the jet became more coherent and jet tip velocity climbed from 4.5k m/s to a more accurate 6k m/s. Such changes reflect how high speed deformation scenarios heavily depend on mesh density as coarse meshes weaken results.
Limitations with the Lagrangian method led to testing advances meshing techniques. Although the ALE framework should handle large deformation problems well, it reacted poorly to contact definitions and interface behviour. Even after adjusting key areas especially selective adaptive meshing of the liner tip the run still failed. 
In contrast, the SPH approach accurately modelled both the liner collapse and jet development while avoiding issues tied to mesh distortion. Removing the johnson cook damage parameters from the casing and applying surface-to-surface interactions improved simulation behaviour. Particle driven simulations show clear advantages especially when standard mesh dependent methods struggle. “The SPH method is capable of dealing with problems, including the free surface, deformable boundaries, moving interface and extremely large deformation. Calculated hypervelocity particles using the SPH method precisely represented the actual observed jet formation profiles of shaped charge characteristics.” [16]
6.3 [bookmark: _Toc218591451]Comparison with expected behaviour
Across the 2D and 3D simulation similar patterns occurred which are consistent with published shape charge studies. Studies report increased jet velocities when liner density is lower. Composition B produced faster jets than TNT in 2D runs, a result tied to its greater detonation pressure. In the 3D setup the boost in jet velocity for TNT fits well within values documented for similar liner shapes and substances.
Quantatitive validation and comparison isn’t in the scope of this report the matching patterns reflect key processes behind jet development. The results reinforce the importance of appropriate material modelling, mesh resolution and numerical method selection when interpreting simulation outputs. 

6.4 [bookmark: _Toc218591452]Limitations of Study  
Several limitations should be acknowledged. Material properties and certain geometrys are sources from literature so may not fully represent behaviour under all conditions. Also limited time meant extensive refinement of the model could not occur. However the model still gave meaningful insight to shape charge behaviour.
7. [bookmark: _Toc218591453]Conclusion
This study examined the modelling of how shape charge jets form, relying on both 2D and 3D simulations within Abaqus. The design of the charge was informed by literature incorporating material properties for the explosive, liner and casing. Multiple numerical techniques were explored to assess their suitability for high deformation, high strain-rate problems.
The 2D axisymmetric simulations showed material choice clearly affects jet speed, higher energy explosives combined with lighter liner density led to faster jets. Though useful for comparison, these models are limited by geometric assumptions. 3D results depended heavily on the mesh with the finer meshes producing better defined jets and higher jet velocities than a coarse mesh.
Advanced meshing techniques were used to address the drawback of standard approaches. Successful implementation of ALE adaptive meshing was difficuilt due to contact and stability issues. In contrast, SPH handled extreme deformation well. Collapse of the liner along with high velocity jet development appeared clearly free from mesh distortion. The results highlight the importance nemrical method selection when simulating shape charge behaviout 
Overall, the work demonstrates that meaningful insight into shape charge performance cam be obtained through computer modelling, provided that mesh sensitivity, material behaviour and numerical limitations are considered. 
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select “Mesh->Controls” from the main mend bar.

oK





image22.png
08 TGO A il g Ve 3 1118 O Dt w55





image23.png




image24.png




image25.png




image26.png
00 THT-COPFERo_Ansyot rafia ackag Yrsen 1O 03 114516 GHT G T 2025

stop st





image27.png




image28.png




image29.png




image30.png




image31.png
|





image32.png
s, Pressure
(hvg: 75%)
+3.1850+10
3381710
28310
23810110
2113010
lgagarin
11g77er10
13098410
10ata10
77260403
P
42 3s6ar09
31428108





image33.png
Ghvg: 75%)
By
[





image34.png
Gvg: T5%)

e
=
[





image35.png
s, Pressure
(vg: 75%)
49.9430+09
15issgat0n
71576409
ansaros
13iaz8e 109
330456409
liesdatos
1283ser08
“L0g7ev08
Zlazdarng
“Slazser0s
“£2400+03
“tiaz0a+03





image36.png
s, Pressure
(avg: 75%)
49.9430408
38i803e100
72576403
455116403
Pty
432200403
1iGraeioa
35i281e408
776408
1163109
5096+09
ssser0
83018409

oy





image37.png
5, pressure
(hvg: 75%)
+8.2300+00
470992409
+5.8502+09
+4/5182+03
1357er09
321370400
48.9630+08
4428408
“1sssat0s
3268100
0582409
13060405
5478405





image38.png
5, Pressure
(Rvg: 75%)
+1181e410
igzeaiin
la7siein
172342400
188572400
139802400
2ssgaing
e
Zii98v08
“1g3gas09
3laggerns
“3.5536405
Z6.5200+08





image39.png
s, Pressure
(Ava: 75%)
+1.503e+10
413088430
1110410
+9.1416+09
171798009
52180409
3256409
Py
“s.665e408
2682 +08
Z3sBaer0n
“6.8512400
35126+08





image40.png
s, Pressure
(hvg: 75%)
416720410
13gaai0
1124540
per
15356e10
360282108
3389240
17502408
23'daverns
55ei0
THegrerns
£ B06er03
59486403





image41.png




image42.png




image43.png




image44.png




image45.png




image46.png




image47.png
008 COMPB-UALDY A reis P Vs 74O 3 134104 GHT St T 22





image48.png




image49.png




image50.png




image51.png




image52.png




image53.png
&%

0B ent-sloy.ode  Abaqus/Expici Unofiial Packaging Veson 1 Gt 09 11133135 GHT Oaplight Tire 2025





image54.png
s, Pressure

(hvg: 75%)
10488510
aigiseto0
175108000
e ETaa000
135302000
125002000
1eassecn
157070508
25076409
535108
h7sei00
7 5isei0g
51526409

O0B: tnt-tialloy.0b  Abaqus/Explict Unoffcial Packaging Vsrsion  Fri Det 03 11:33:35 GMT Daylight Timo 2025





image1.png




image55.png
Cvg: 75%)

86860430
b ot
e
2058100
“Ll4dTein

o tot-tisloy. o

Abaqus/Expicic Unoffiial Packaging Version

£ Oct 03 11:33:35 GMT Dayight Time 2025





image56.png




image57.png
TAVAVAV,

KISREE
Rk

AN
O

L
\YAVAV

\/
N
X

7

AV
%VA
5
-
X

VAV,
- AVAYY

N/
ot
R0
Vay

AT 5

\Z*
VAV
%

VAV,
YavaY-
VAVAY.

VAVAVA
\/
K]
O
S
V#VAVAV

AVAY

AN
OVAY.

\/

\

VAVAVAVAY

AVA
\/

\\

<IN
NAVAVAVAVAVAVAVE vaio!
N VAVAVAVAVAVAVAV.A TS0
\YAVAVAVAVAVAVAVAVAVAVALY)
AVAVAVAVAVAVAVAVAVAVAVAVAVAY,
4?4?4?4?4?4?4?4?4}4’4}4’4}4
}4}4’4}4’4’4’4’4}4’4}4’4‘}4}4

NN
YA
™

]

INANAN
%vAAAA





image58.png
5, Pressure
(avg: 75%)
+1.113e+10
+1021e+10
432768408
83436400
+7.3156+09
14906409
+5/5626+09
+4.6336+09
+3.7048+09
+2.7768+09 VA AY AVaY
418476409
+3.1826+08
Z104ve+07

Varsion  Tue Nov D4 11:34:20 GMT Stand




image59.png




image60.png




image61.png




image62.png
000 1020 o K00 Bl LT Packagn version Tus o 04 1113423 G Standars Tirs 2025





image63.png
™ ey warwm s @O





image64.png




image2.png




image65.png




image66.png




image67.png




image68.png




image69.png




image70.png




image71.png




image72.png
oo sssunpt ot ackogn Vrsn Ths o 0 9,48 G ot T 225





image73.png




image74.png
Manager

Dymomic Expict
Siep2

Dyvomc xpict

Replce.| Rensme. Delee

Dz





image3.png




image75.png
ALE Adaptive Mesh Controls

None

Dismiss

S+ Edit ALE Adaptive Mesh Domain

Step: Step-2

@ Use the ALE adaptive mesh domain below:
Region: (Picked)

[V] ALE Adaptive Mesh Controls: | Ada-1
Frequency: 10
Remeshing sweeps per increment: | 1

Initial remeshing sweeps: @) Default O Value:

OK
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4 Element Type

Element Library Family

OBtandard ® Explicit
Acoustic

Geometric Order Cohesive

® Linear O Quadratic | COMtinuum Shel

Hec Wedge Tet
[ Hybrid formulation
Element Controls

Second-orderaccuracy: O Yes © No
Distortion control: © Usedefaukt O Yes O No
h 01
Conversiontoparticles: O Use default @ Yes O No
Citeron: [Time ] Threshold: 18605 pp

Element deletion:
Max Degradation: ® Usedefautt O Specity
Linear kinematic conversion: @ Use default O Specify |0

Sealing factors: Linear bulk viscosity: |1 | Quadratic bulk viscosity: |1

C3D4: A 4-node linear tetrahedron.
Note: To select an element shape for meshing,
select "Mesh->Controls" from the main menu bar.
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