

Executive Summary
This study has been conducted and compiled to explore two main topics. Firstly, how computational modelling can be utilised and optimised for use in shaped charge design, and secondly the influence explosive material performance has on shaped charge penetration. The shaped charge concept is introduced before the mechanism behind liner collapse, jet formation and target penetration are detailed. These support further discussions on the factors influencing shaped charge performance and the use of computational modelling in literature. A practical exploration of computational modelling is then conducted using Dassault Systems ABAQUS software package. The general model set up including constituent material models is outlined before 2D, and 3D modelling is conducted. The 2D modelling is validated against analytical theories of jet formation before being used to show the performance increase attained by using higher performance explosives. 3D modelling is then compared to this 2D modelling to highlight the benefits and drawbacks of each technique. Finally, a mixed Meshed and Meshless 3D modelling approach is presented and developed before it is compared to 2D modelling results. This highlights the benefits of such an approach but also the requirement for further research prior to practical implementation.       
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1.0 Introduction
[bookmark: _Toc186908014]1.1 The Shaped Charge Concept
[bookmark: _Hlk186815463]Shaped charges, also called cumulative charges in the former USSR [1], are specialized explosive devices within the directed energy warhead family. They aim to focus explosive energy in a specific direction to enhance localized effects [2]. This is achieved through shaping the explosive charge and leveraging the Munroe effect [3], also known in central Europe as the Von Foerster or Neumann effect, named after contributors to the theory [4]. A typical shaped charge consists of a high explosive (HE) cylinder encased by a material and with a shaped cavity at one end, usually lined with a thin material like copper [5]. The cross-section of a shaped charge is illustrated in Figure 1.
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[bookmark: _Ref186816082][bookmark: _Toc186908056]Figure 1- Cross section of a shaped charge [5]
[bookmark: _Hlk186815469]The nomenclature depends on the presence of a liner: unlined charges are called hollow [2] or cavity charges [6], while lined charges are shaped or cumulative charges. Upon detonation, the shock wave travels through the HE, reaching the cavity liner [7]. The immense pressure causes the liner to collapse, forming a high-velocity jet of material [8]. This process converts about 20–30% of the charge’s chemical energy into kinetic energy [2], delivering intense localized forces onto a target. Due to these effects, shaped charges see application across military, industrial, and academic fields [5].
Shaped charge theories have developed through many contributors, including Gurney’s theories on explosive metal driving and Munroe, Von Foerster, and Neumann’s work on cavity charges [3]. The originator of lined shaped charges is disputed, with Neumann (Germany), R.W. Wood (UK), and Korolev and Pokrovsky (Russia) all claiming credit [4]. All initially used the effect to improve detonators and blasting caps, before the concept was scaled up for use in warheads such as the Bazooka, Panzerfaust, and PIAT during World War Two [5]. Post-war advancements established shaped charges a key missile technology [9].
These charges are especially effective in anti-armour systems due to their independence from impact velocity, enabling deployment over long ranges and from various platforms [10]. Tandem warheads also tackle the challenges of advanced armour systems, such as explosive reactive armour, using a preliminary charge to neutralize active protection before the main charge penetrates [4].
While early civilian uses faced challenges due to inappropriate applications and the use of low-velocity explosives [4], advancements have made shaped charges invaluable for mining and the oil and gas industries [1], [4], [11]. Scientists have also simulated high-velocity atmospheric impacts, aiding satellite and spacecraft design [12]. Despite design complexities, particularly in military applications, continued research is vital to counter evolving armour technologies [13], [14].
[bookmark: _Toc186908015]1.2 Shaped Charge Formation and Penetration Mechanisms
[bookmark: _Hlk186815475]Understanding the underlying mechanisms of shaped charge formation is crucial for their study design. The idealized theory of the shaped charge effect can be divided into distinct stages: explosive detonation, liner collapse, collapse point jetting, and jet elongation [2].
Upon detonation, the spherical detonation wave propagates through the high explosive (HE) until it reaches the apex of the lined cavity [6]. This wave sweeps across the liner with a tangential velocity greater than the explosive's detonation velocity due to the angle of incidence [2]. The detonation products' high pressure causes the liner material to collapse symmetrically toward the central axis [6], [9]. As the wave moves across the liner, it alters the projection vector of liner elements, causing them to converge at varying points along the central axis [2]. This process is depicted in Figure 2.
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[bookmark: _Ref186816133][bookmark: _Toc186908057]Figure 2 - Process of shaped charge formation [15]
[bookmark: _Hlk186815486]As the collapsing liner elements meet at the axis, a jetting region forms. In this region, the liner behaves as a perfectly incompressible fluid due to extreme forces [16]. The shifting projection vector during collapse, causes the high-pressure jetting region to split into two components: a high-velocity jet (around 10 km/s) and a low-velocity slug (around 1 km/s) [2]. Although the slug contains 80-85% of the liner material, the jet holds most the kinetic energy [16]. Over time, the velocity gradient between the jet and slug elongates the jet. If uninterrupted, the jet stretches beyond its material limit, fragmenting into discrete particles [2], as shown in Figure 3. These fragments often deviate from the jet axis, reducing penetration.
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[bookmark: _Ref186816194][bookmark: _Toc186908058]Figure 3 - Velocity gradient and fragmentation effect of a shaped charge [9]
[bookmark: _Hlk186815493]When the jet impacts a target, its extreme velocity generates intense pressure. This pressure renders the strength of both the jet and target negligible, with both behaving as perfect fluids [2]. This results in plastic flow, displacing the target material and forming a penetration channel [11]. Evidence supporting this includes the observation that the target does not lose mass during penetration, suggesting it is merely displaced [16]. Penetration is best understood in segments, with each jet segment entering the crater left by the previous one until the jet is consumed [2], as depicted in Figure 4. Residual jet material is exclusively responsible for behind-armour so full penetration is required to ensure lethality [16].
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[bookmark: _Ref186816239][bookmark: _Toc186908059]Figure 4 - The process of piecewise jet penetration [2]
[bookmark: _Hlk186815497]Although qualitative, this description closely mirrors analytical hydrodynamic models. Although early models including Birkhoff’s hydrodynamic model did not capture variable jet velocity [3], [15] it was improved by Pugh, Eichelberger, and Rostoker. They introduced the non-steady variable collapse velocity PER model. This captures jet elongation and is now widely accepted [4], [16].
[bookmark: _Toc186908016]1.3 Factors Influencing Shaped Charge Performance
[bookmark: _Hlk186815503]Based on the presented target penetration theory, penetration is improved through two main processes: elongating the jet length to provide more jet for consumption and enhancing the jet's penetrative power per unit of length. For the former, sacrificing jet diameter for length imposes no penalty, as the reduced diameter increases the localized force [7]. The latter is achieved by increasing the jet's total kinetic energy, either by raising jet velocity or its density [8], [14]. However, jet velocity and effective length depend on interlinked factors, including geometry, material choice, manufacturing quality, and deployment scenario [17].
General rules for shaped charge geometries are published. For example, a US Army Military Command Pamphlet suggest that CD in inches should equal (T+2/5) for a copper cone of diameter CD and steel plate with desired penetration of T. The cone angle should be 40–60% and liner thicknesses 2–4% of CD [3]. Other guidelines suggest wider cones reduce jet velocity [7], varying liner thicknesses adjust jet length [5], and thinner liners increase jet velocity and length, thus improving penetration [16]. These rules require caution, as exceeding optimal thresholds can produce inverse effects, see Figure 5. Hence, charge geometries must be tailored to the materials, explosives, and the intended use [8].
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[bookmark: _Ref186816321][bookmark: _Toc186908060]Figure 5 - Effect of liner thickness on penetration. Note reduced penetration bellow 0.6mm [16]
[bookmark: _Hlk186815508]The liner material significantly affects performance and is governed by density, ductility, and acoustic velocity [8]. Low-density liners, like aluminium, yield higher tip velocities but transfer less energy due to reduced mass [7]. High-ductility metals allow the jet to stretch further, forming longer, more penetrative jets, making the most ductile alloy of a material optimal [3], [7]. Acoustic velocity influences jet formation speed and structural integrity under stress, maintaining jet coherence. Copper, combining ductility, density, and cohesion, produces long, straight, high-energy jets [8],[14]. Innovations with exotic materials like tungsten-copper alloys and molybdenum can improve performance by up to 30%, but their high costs often make them commercially un-affordable [13], [14].
[bookmark: _Hlk186815512]Explosive materials also impact performance, as they determines the energy available for the jet formation mechanism [11]. High Energy Dense Materials (HEDMs) are preferred for their ability to enhance jet velocities, see Figure 6, with common choices evolving from TNT to RDX and now HMX [3], [11]. Energetic material engineers must also manage "Run Up" distance and wave shaping. Run-up distance refers to the explosive length needed from initiation point to liner apex to reach peak power with insufficient run-up reducing performance [3]. Wave shaping improves penetration by ensuring the detonation wave is planar and perpendicular to the charge's central axis, this increases penetration by up to 40% [18].
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[bookmark: _Ref186816447][bookmark: _Toc186908061]Figure 6 - Relative jet penetration at varied standoff distances for Octol, LX-14 and LX-19. Note the increase in penetration from Octol to LX-14 and LX-19 is in line with their increasing explosive power [18]
[bookmark: _Hlk186815517]Deployment scenarios also affect performance, with standoff distance (SOD) being a critical factor. As SOD increases, jet tip velocity decreases while effective jet length grows [1]. This enhances penetration up to a point, beyond which jet fragmentation occurs [16]. Fragmentation can misalign the jet's axis, reducing penetration effectiveness [5], [16]. Conversely, short SODs prevent full jet formation, reducing penetrative power [5]. Identifying the optimal SOD is complex due to interdependence with charge design, see Figure 7. Generally, however, dense, ductile copper liners perform well at short SODs (1–3 CD), while lower-density materials like aluminium suit longer SODs (5–7 CD) [3], [4].
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[bookmark: _Ref186816542][bookmark: _Toc186908062]Figure 7- Standoff distance against penetration for various liner materials. Not the different maxima values for differing materials [18]
[bookmark: _Hlk186815522]Finally, manufacturing quality is crucial as charge symmetry underpins the axisymmetric shaped charge formation process [19]. Manufacturing defects, such as off-centre explosive initiation, air bubbles, or liner inaccuracies, cause radial drift, where the jets deviate from the charge axis [19]. Radial drift results in jet elements striking crater edges instead on centre, reducing penetration [3]. Additionally, the liner's microscopic structure, influenced by its manufacturing process, affects jet quality. Consistent raw material quality and manufacturing precision are therefore critical for reliable charge performance [4].
[bookmark: _Toc186908017]1.4 Computational Modelling for Shaped Charge Design
[bookmark: _Hlk186815531]The interconnected variables associated with shaped charge performance make charge design challenging. This is further compounded by the limitations of analytical jet formation models, which fail to capture the designs nuances. Historically, charges were developed iteratively through expensive experimentation. Fortunately, computational modelling, specifically Finite Element Analysis (FEA), and advances in computational power have enabled numerical models and simulations to replace these trials [9]. While early models, including the HOCC and PIESES codes, still struggled to model complexities of jet formation [3], modern approaches effectively simulate both jet formation and penetration  [7], [20].
Early tools like PENJET expedited research into standoff distance without requiring practical experimentation [3]. Similarly, at Lawrence Livermore National Laboratory, their in-house hydrodynamic code CALE even facilitated the design of the world’s largest shaped charge, capable of penetrating 3.4 meters of armour steel [3]. This achievement highlights how computational modelling can push the boundaries of shaped charge design.
The range of software available for shaped charge modelling is vast. Examples include AUTODYNE [2], [4], [5], [7], [8], [10], [13], [14], [19], [20], LS-DYNA [2], [6], [10], DYTRAN [2], DYNA2D [16] and ABAQUS by Dassault Systems [9], [16], with AUTODYNE frequently cited as the most popular software for studying explosive mechanics [10]. While these tools can simulate the entire process of jet formation and penetration, they often lack the high resolution offered by high-fidelity computational models [7] such as ALE3D from Lawrence Livermore National Laboratory and ALEGRA from Sandia National Laboratories [21]. These high-fidelity models, though more accurate, are typically more complex reducing accessibility.
Multiple computational methods are available for solving shaped charge problems. Each method has unique characteristics, making the selection process critical to ensuring quality outputs.
Lagrangian modelling, which uses a mesh structure where nodes move with the material flow, retains material within cell definition ensuring mass conservation [2]. This approach improves the tracking of material deformation and is accurate for strain and penetration analyses. Mesh mobility can lead to excessive distortion, causing premature model termination. Techniques like adaptive meshing and element erosion mitigate these effects [2], [8] but cannot solve them for high-deformation scenarios like jet formation [2], [3].
Eulerian modelling offers an alternative, employing a fixed mesh were material flows between elements. This eliminates distortion during high-deformation scenarios [16], [20]. In this method, multiple materials may coexist within a single mesh element, with boundaries mapped using interface-capturing techniques [2]. Eulerian modelling struggles with accurately tracking free surfaces, material interfaces, and history-dependent behaviours, making it more suitable for jet formation than penetration studies where the accuracy of stresses underpin penetration  [2], [16], [20].
To address the limitations of both approaches, some software provides Arbitrary Lagrangian-Eulerian (ALE) and Multi-Material Arbitrary Lagrangian-Eulerian (MM-ALE) methods [1]. These models simulate the shaped charge in a Eulerian regime and the target in a Lagrangian regime [8], [12]. A fluid-structure coupling algorithm then manages their interaction. This mitigates mesh distortion challenges during jet formation while preserving accuracy during penetration analysis [6], [10].
Non-mesh-based techniques, such as Smoothed Particle Hydrodynamics (SPH), model materials as discrete particles, with interparticle interactions governed by kernel functions which approximate the densities and pressures over a defined radius [2], [7]. SPH performs well in high-deformation conditions due to its lack of deformable mesh but tends to be less accurate, with minor discrepancies between numerical and experimental results [7].
Most software supports both 2D and 3D modelling, with the option of using axisymmetric configurations. 2D modelling is often chosen to reduce computational demands [13], [14] utilising a charges axial symmetry to model a “slice” of the full charge. In many cases, this does not significantly impact accuracy due to the axisymmetric nature of shaped charge formation [1], [6], [20]. 
[bookmark: _Hlk186815539]3D modelling remains essential for studying asymmetric effects like radial drift, which cannot be captured in 2D. While 3D modelling requires increased computational resources, its additional accuracy and detail are critical for complex studies [19]. Axisymmetric modelling, when applied to both 2D and 3D domains, further enhances computational efficiency by using rotational symmetry to mirror results. Although not suitable for studying asymmetric effects, this approach accelerates research, enabling quick and cost-effective studies that drive innovation in shaped charge design [1], [13], [14].
[bookmark: _Toc186908018]1.5 Scope of Presented Research
Presented in the remainder of this paper is a computational investigation into the shaped charge jet formation process and the how the selection of explosive material can influence shaped charge performance.
Modelling will first be conducted in two-dimensions (2D) to aid computational efficiency. This will explore the model’s ability to simulate shape charge formation and validate the non-steady liner collapse theory discussed above. After completing model validation, it shall then be used to investigate the influence of explosive power on shaped charge performance.
Once the results of the 2D model have been obtained, three-dimensional (3D) modelling will then be conducted. This will look to explore the influence of dimensionality on computational modelling results.
To finish a more complex 3D model will be studied to understand how hybrid meshed, and meshless models can be used in unison for shaped charge modelling. This aims to better understand the benefits and challenges of such approaches and draw conclusions on their suitability for use in future studies.


[bookmark: _Toc186908019]2.0 Overarching Modelling Methodology
[bookmark: _Hlk186795536]Although studies are to be conducted in both two and three dimensions and with varying modelling techniques the studied geometries, materials and modelling software is kept consistent to ensure the results are comparable and representative. This section of the report outlines these factors.
[bookmark: _Toc186908020]2.1 Studies Charge Geometry
[bookmark: _Hlk186795540]The geometry chosen for this study is the US Ballistic Research Laboratories BRL-82 precision shaped charge, extensively used by American researchers [22]. This charge, shown in Figure 8 is identical to an earlier charge designed by DiPersio et. al. in 1965, shown in Figure 9.
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[bookmark: _Ref186816818][bookmark: _Toc186908063]Figure 8 - BRL-82 precision shaped charge [2]
[bookmark: _Ref186816829][bookmark: _Toc186908064]Figure 9 - DiPersio precision shaped charge [15]

[bookmark: _Hlk186795549]Precision charges are manufactured to tight tolerances, specifically regarding liner wall thickness and concentricity [2], ensuring manufacturing defects do not influence experimental results. The well-defined geometries allow the BRL-82 to be easily modelled using computer aided design software, and hence it was selected for use in this study. 
[bookmark: _Toc186908021]2.2 Studied Explosive Materials 
[bookmark: _Hlk186795545]Whilst the Liner (Copper) and Casing’s (Aluminium) materials remained faithful to the technical drawings the explosive fill was altered to amplify the performance difference between the two studied charges.
Charge A utilised a cast TNT, Figure 10, explosive fill representing a low performance low-cost charge [23]. Charge B utilised an extremely high-performance experimental CL-20, Figure 11, based explosive fill named LX-19 (95.8% CL-20 / 4.2% Estane). CL-20’s explosive power stems from its high density, endothermic heat of formation, high nitrogen content and optimal oxygen balance which cumulate to provide a detonation velocity above 10 km/s [11].
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[bookmark: _Toc186908065][bookmark: _Ref186911771]Figure 10 - Chemical structure of TNT [24]
[image: A molecule structure with red and blue letters
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[bookmark: _Ref186817287][bookmark: _Toc186908066]Figure 11- Chemical structure of CL-20 [24]

[bookmark: _Hlk186795556]This energetic performance provides a 10-15% increase in jet penetration compared to HMX based explosives [11] highlighting why designers favour high performance explosives for shaped charge design [3].
[bookmark: _Toc186908022]2.3 Modelling Software and Numerical Regime 
[bookmark: _Hlk186795562]Whilst AUTODYNE is desirable for shaped charge modelling, due to software costs, accessibility and institutional licencing arrangements this software was not available. As such, modelling was conducted using the Dassault Systems ABAQUS 2024 FEA software package.
ABAQUS offers Lagrangian, Eulerian and more complex SPH approaches within its explicit dynamics modelling suite. Lagrangian modelling was selected acknowledging the model’s limitation in extreme deformation scenarios due to its superior surface tracking, strain calculation, computational efficient and ease of implementation. 
[bookmark: _Toc186908023]2.4 Constituent Material Models 
[bookmark: _Hlk186795571]To model the behaviour of materials a set of constituent material models were utilised. The details of each are outlined below.
[bookmark: _Toc186908024]2.4.1 Jones Wilkens–Lee Equation of State
[bookmark: _Hlk186795576]The Jones Wilkens–Lee (JWL) Equation of State (EOS) models the pressures caused by the release of chemical energy during an explosion [16] through the relationship between thermodynamic systems [1]. It is defined in Equation 1.
[bookmark: _Ref186817330][bookmark: _Toc186908103]Equation 1- JWL EOS [1], [6], [14]
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[bookmark: _Hlk186795581]Where A, B, R1, R2 and Ѡ are material constants, E is the internal energy per unit volume and Ѡ is the relative volume of explosive [6], [14].
Material constants may be predicted using thermochemical codes such as JAGUAR but are often calibrated using experimental results [25].
[bookmark: _Toc186908025]2.4.2 Johnson-Cook Plasticity Model
[bookmark: _Hlk186795588]The Johnson-Cook (J-C) Plasticity model is a specific type of Misses isotropic plasticity model [16], developed for high velocity impacts and explosive detonations (15). It is defined in Equation 2.
[bookmark: _Ref186817466][bookmark: _Toc186908104]Equation 2 - Johnson-Cook Plasticity Model [16]
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[bookmark: _Hlk186795594]Where ε-pl is the plastic strain, ε-°pl is the plastic strain rate and A, B. C, n and m are measured material properties [16]. Θ Bar is defined as in Equation 3.
[bookmark: _Ref186817474][bookmark: _Toc186908105]Equation 3 - Johnson-Cook Plasticity Model Temperature Dependence [16]
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[bookmark: _Hlk186795601]Where θ is the material temperature, θ melt is the melting temperature and θ transition is the transition temperature [16].
The use of alternate strength models such as the Steinberg-Guinan Model [13] are shown to have little influence in modelling results [21]. Hence, J-C was chosen due to data availability within literature.
[bookmark: _Toc186908026]2.4.3 Johnson-Cook Damage Model
[bookmark: _Hlk186795606]The Johnson-Cook Damage model proposes that fracture strain is dependent on the stress triaxiality ratio, strain rate, and temperature. This is represented in Equation 4.
[bookmark: _Ref186817538][bookmark: _Toc186908106]Equation 4 - Johnson-Cook Damage Model [9]
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[bookmark: _Hlk186795611]Where εf is the plastic strain to fracture, D1, D2, D3, D4, and D5 are empirically determined constants, ε is the plastic strain rate, ε0 is the reference strain rate, T is the current temperature, T0 room temperature and Tm the melting temperature [9].
When paired with the J-C Plasticity model this provides more accurate modelling outcomes and the simulation of material fracture.
[bookmark: _Toc186908027]2.4.4 Mie–Grüneisen Equation of State 
[bookmark: _Hlk186795615]The Mie–Grüneisen EOS defines a liner relationship between the shock velocity and particle velocity upon impact [8], defining the pressure in a shock compressed material using Equation 5 and expanded materials using Equation 6.
[bookmark: _Ref186817602][bookmark: _Toc186908107]Equation 5 - Mie–Grüneisen EOS for shock compressed material [6], [7]
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[bookmark: _Ref186817671][bookmark: _Toc186908108]Equation 6 - Mie–Grüneisen EOS for shock expanded materials [6], [7]
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[bookmark: _Hlk186795620]Alternate models including the Shock EOS are also popular [10], [13], [14] but Mie–Grüneisen was chosen again due to data availability.
[bookmark: _Toc186908028]2.5 Material Property Constants
[bookmark: _Hlk186795626]A comprehensive literature review was conducted to identify each materials constituent modelling constants. This is presented in Appendix A. Table 1 and Table 2 shows the values used within this presented study. These were chosen based on their completeness and the reputability of their source.



[bookmark: _Ref186817773][bookmark: _Toc186821790][bookmark: _Toc186908098]Table 1- Constituent modelling constants for metallic materials
	
	Copper
	Aluminium

	
	Value
	Source
	Value
	Source

	General Material Properties:

	Density (kg/m3)
	8960
	[26]
	2712
	[8]

	Shear Modulus (GPa)
	25
	[8]
	69
	[8]

	Specific Heat (J/kg K)
	383
	[26]
	910
	[8]

	Johnson-Cook Plasticity Model

	Initial Yield Stress, A (MPa)
	90
	[26]
	262
	[8]

	Strain Hardening Coefficient, B (MPa)
	292
	
	162.1
	

	Strain Hardening Exponent, n
	0.31
	
	0.2783
	

	Thermal Softening Exponent, m
	1.09
	
	1.34
	

	Melting Temperature, Tmelt (K)
	1356
	
	925
	

	Reference Temperature, Tref (K)
	295
	
	293.5
	

	Strain Rate Coefficient, C
	0.025
	
	0.015
	

	Reference Strain Rate, εό (1/s)
	1
	
	1
	

	Johnson-Cook Damage Model

	D1
	Not required as material strength overcome during hydrodynamic jet formation phase.
	-0.77
	[8]

	D2
	
	1.45
	

	D3
	
	0.47
	

	D4
	
	0
	

	D5
	
	1.6
	

	Fracture Energy (J)
	
	9.4
	[27]

	Mie-Gruneisen Equation of State

	Elastic Wave Velocity, C (m/s)
	3940
	[8]
	5380
	[8]

	Slope Values, S
	1.489
	
	1.337
	

	Gruneisen Parameter, Γ
	1.99
	
	2.1
	






[bookmark: _Ref186817777][bookmark: _Toc186821791][bookmark: _Toc186908099]Table 2 - Constituent modelling constants for explosive materials
	
	TNT
	LX-19

	
	Value
	Source
	Value
	Source

	General Material Properties:

	Density (kg/m3)
	1630
	[23]
	1.942
	[17]

	JWL Equation of State

	Detonation Wave Speed (m/s)
	6930
	[23]
	9208
	[17]

	A (Pa)
	3.71E+11
	
	1.64E+12
	

	B (Pa)
	3.23E+09
	
	1.86E+11
	

	omega
	0.3
	
	0.55
	

	R1
	4.15
	
	6.5
	

	R2
	0.95
	
	2.7
	

	E0 (Pa)
	7.00E+09
	
	1.15E+10
	

	Detonation Energy Density, E0 (J/Kg)
	4.29E+06
	
	5.92E+06
	

	Pre-detonation Bulk Modulus (PA)
	9.00E+09
	[9]
	9.00E+09
	[9]


Notes:
· [bookmark: _Hlk186795633]Whilst charge liners may be modelled exclusively using an EOS in the hydrodynamic regime, research shown addition of a strength model significantly impacts the jets internal energy during the later stages of formation [21] hence the J-C plasticity model was applied. 
· Pre-Detonation Bulk Modulus of both TNT and LX-19 was taken from a representative polymer bonded explosive due to the scarcity of available information within literature. 
[bookmark: _Toc186908029]2.6 Surface Interactions
Surface interactions dictate how materials behave in contact with one another. For simplicity a general explicit contact was used on all components with “Hard” normal behaviour and “Frictionless” Tangential behaviour.  This means components can slide over one another with no resistance but will impact during collisions.       


[bookmark: _Toc186908030]3.0 Two-Dimensional Modelling Study
[bookmark: _Toc186908031]3.1 Introduction
This section explored the 2D axisymmetric modelling of Charges A and B. The methodology is presented before mesh sensitivity and model robustness studies are conducted. The model’s ability to simulate liner collapse will then be validated before performance comparison between Charges A and B is conducted. Results from this work will be used to inform the remaining modelling conducted. 
[bookmark: _Toc186908032]3.2 Two-Dimensional Modelling Methodology
2D axisymmetric modelling was selected to improve computational efficiency, despite this preventing the study of asymmetric effects. To enable this a line of symmetry boundary condition, as depicted in Figure 12 was applied, ensuring correct charge formation.
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[bookmark: _Ref186817903][bookmark: _Toc186908067]Figure 12 - Charge assembly and boundary conditions as used for 2D modelling


[bookmark: _Toc186908033]3.3 Mesh Sensitivity Study
For meshed numerical models’ a reduction in mesh size improves model accuracy asymptotically [19]. Smaller meshes however, increase the required computational resource [2]. Mesh sensitivity studies determine the balance between accuracy and cost [6], [8].
Preliminary work utilised variable density meshes. These were discarded due to poor stability. A mesh sensitivity study was conducted using Charge A with uniform 1.0mm, 0.75mm and 0.5mm meshes across all components. Tri versus Quad elements was also studied at 0.75mm. The stability and computation cost of each test is presented in Table 3.
[bookmark: _Ref186817958][bookmark: _Toc186821792][bookmark: _Toc186908100]Table 3 - Mesh sensitivity study, testing completed and computational efficiency results
	Mesh Size (mm)
	Element Shape
	Number of Elements
	Frames Produced
	Run Time (s)
	Extrapolated Run Time (s)

	1.0
	Tri
	10,177
	947
	638
	674

	0.75
	Tri
	18,024
	765
	873
	1141

	0.75
	Quad
	10,368
	151
	5
	33 **
(Inconclusive due to early failure)

	0.5
	Tri
	40,368
	254
	569
	2240



Model accuracy was assessed based on jet tip velocity convergence. These results are represented in Figure 13 through to Figure 16.
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[bookmark: _Ref186818111][bookmark: _Toc186908068]Figure 13 - Jet tip velocity against time: 1mm Tri Mesh test
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[bookmark: _Toc186908069]Figure 14 - Jet tip velocity against time: 0.75mm Tri Mesh test
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[bookmark: _Toc186908070]Figure 15 - Jet tip velocity against time: 0.75mm Quad Mesh test
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[bookmark: _Ref186818120][bookmark: _Toc186908071]Figure 16 - Jet tip velocity against time: 0.5mm Tri Mesh test
Results show the 0.75mm Quad mesh and 0.5mm Tri mesh failed to produce stable models. As such these were discounted.
The 1.0mm Tri and 0.75mm Tri mesh models had jet velocities 5km/s and 6km/s respectively. Due to the failure of the 0.5mm model convergence could not be assessed. Stress and jet formation analyses was then conducted to select the preferable model.
Figure 17 compares the liner apex stresses at t = 8.1e-6 seconds. The 0.75mm meshed model shows more complex stress distributions than the 1.0mm model. This suggests it can better represent the liner collapse mechanism.
	1.00mm Tri Mesh
	0.75mm Tri Mesh
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[bookmark: _Ref186818191][bookmark: _Toc186908072]Figure 17 - Stress distribution in liner apex at t = 8.1e-6 seconds
To confirm the superiority of the 0.75mm model jet shape was compared at t = 7.65e-5 seconds. This is shown in Figure 18.
	1.00mm Tri Mesh
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	0.75mm Tri Mesh
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[bookmark: _Ref186818264][bookmark: _Toc186908073]Figure 18 - Jet shape at t = 7.65e-5 seconds (Comparative scale)
The 1mm model produces a shorter, thicker jet. This combined with the lower velocity and simplified stress distribution suggests the model is less accurate. Hence, despite the increased computational cost, 1141s run time vs 674s, the 0.75mm Tri Mesh model was used in all further models.
[bookmark: _Toc186908034]3.4 Model Robustness Study
When transferred for use with Charge B the 0.75mm Tri Mesh model became unstable and terminated prematurely. Table 4 shows how this issue was investigated and resolved.
[bookmark: _Ref186818312][bookmark: _Toc186821793][bookmark: _Toc186908101]Table 4 - Model robustness investigation process
	Run Description
	Timesteps Complete
	Cause of Failure
	Next Steps

	0.75mm Tri Mesh Model – Charge B
	178
	Excessive distortion is in the High Explosive. 
	Investigate the use of distortion control.

	Distortion control activated for the HE with the default control values of 0.1
	452
	Excessive distortion in either the HE or Case 
	Investigate the effects of varying distortion control factor.

	Distortion control factor increased to 0.5
	432
	Excessive distortion in either the HE or Case 
	Investigate if decreasing distortion control factor influences stability.

	Distortion control factor decreased to 0.05
	424
	Failure in both the case and HE.  Case appears to be excessively deforming and not failing as expected. 
	Investigate enabling element deletion in the case. 

	Fracture energy for AL case set to 0 to simulate worst case scenario.
	964
	Excessive distortion in HE. 
Significant improvement in run-time.
	Apply material accurate fracture energy and evaluate effects

	Fracture energy for AL set to correct value
	>837
(Terminated due to PC crash)
	Excessive distortion in HE.
	Satisfied current run time allows for effective jet formation analysis.



The model utilising case element deletion and material accurate aluminium fracture energy was used for all further modelling.
[bookmark: _Toc186908035]3.5 Liner Collapse Validation 
Prior to comparing Charge A and B, the modelling results for Charge A were explored to validate the model against the widely accepted PER theory of non-steady liner collapse. To do so the velocity gradient of the jet was inspected. Figure 19 shows the regions evaluated with Figure 20 and Figure 21 showing the velocities reported.
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[bookmark: _Ref186818487][bookmark: _Toc186908074]Figure 19 - Jet locations studied during liner collapse validation
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[bookmark: _Ref186818493][bookmark: _Toc186908075]Figure 20 - Jet tip velocity against time plot for Charge A during liner collapse validation
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[bookmark: _Ref186818511][bookmark: _Toc186908076]Figure 21- Jet tail and slug velocity against time plot for Charge A during liner collapse validation
The results show the expected velocity gradient from around 0.25km/s in the slug to 1.25km/s in the tail and through to around 6km/s in the jet tip. This confirms the model can simulate non-steady hydrodynamic liner collapse and is suitable for charge performance comparison.
[bookmark: _Toc186908036]3.6 Influence of Explosive Power 
Theoretical data suggest Charge B (LX-19) should significantly outperform Charge A (TNT). The first evidence for this is shown in Figure 22.
	Charge A (TNT) @ 6.9e-6 s
	Charge B (LX-19) @ 5.2e-6 s
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[bookmark: _Ref186818578][bookmark: _Toc186908077]Figure 22 - Comparison of pressure within the explosive fill immediately prior to liner contact
This shows the pressure generated by LX-19 to be around 3.3e10 Pa compared to 1.662e10 Pa for TNT suggesting LX-19 provides more energy into the system for jet formation.
This is further supported by the results shown in Figure 23. 
	Charge A (TNT) @ 7.8e-6 s
	Charge B (LX-19) @ 6.0e-6 s
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[bookmark: _Ref186818624][bookmark: _Toc186908078]Figure 23 - Max Principle Stress distribution in the liner prior to jet formation
This shows the Maximum Principle Strain on the liner apex. Red areas are tension, orange through black compression. Charge B shows stronger and more widespread regions of compression supporting the suggestion that LX-19 transfers more energy into the liner.
Figure 24 and Figure 25 show the jet tip velocities for Charge A and B.
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[bookmark: _Ref186818730][bookmark: _Toc186908079]Figure 24 - Jet tip velocity against time for Charge A (TNT)
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[bookmark: _Ref186818734][bookmark: _Toc186908080]Figure 25 - Jet tip velocity against time for Charge B (LX-19)
These plots show Charge B has a 50% increase in jet velocity compared to Charge A at ,9km/s versus 6km/s. Figure 26 and Figure 27 then show the effective jet length for each charge.
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[bookmark: _Ref186818821][bookmark: _Toc186908081]Figure 26 - Effective jet length for Charge A (TNT) at t = 8.37e-5 seconds
[image: ]
[bookmark: _Ref186818825][bookmark: _Toc186908082]Figure 27- Effective jet length for Charge B (LX-19) at t = 8.37e-5 seconds

These show Charge B to have a 140% increase in effective jet length over Charge A during the same timestep at 502.53mm to 207.23mm. This combined with the increase in jet velocity suggests Charge B would have a greatly increased depth of penetration compared to Charge A.
It must be noted however, that factors such as standoff distance and jet fragmentation would affect real world penetration. Hence whilst these results qualitative show the improved performance of more powerful explosives, additional research is required to obtain quantitative results. 



[bookmark: _Toc186908037]4.0 Three-Dimensional Modelling Study
[bookmark: _Toc186908038]4.1 Introduction
[bookmark: _Hlk186803886]This section explores the use of for 3D Axisymetric modelling for shaped charge design comparing this to the previously conducted 2D Modelling. This modelling explores the TNT filled Charge A specifically, due to its proven stability during testing. The methodology will be outlined before results are presented and discussed.
[bookmark: _Toc186908039]4.2 Three-Dimensional Modelling Methodology
[bookmark: _Hlk186803891]The 3D geometries used were created by revolving the 2D sketches around their central axis. This results in a large increase in node count; hence an axisymmetric approach was again used to improve efficiency. The plane of symmetry used to implement this is shown in Figure 28.
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[bookmark: _Ref186818960][bookmark: _Toc186908083]Figure 28 - Charge assembly and boundary conditions as used for 3D modelling



[bookmark: _Hlk186803896]Despite the use of an axisymmetric technique the 3D model exceeded the node limit, 250000, of the software licence. To remedy this the mesh was redefined. The mesh was varied across individual parts to increase mesh density in the explosive fill and liner, these are the most important regions. The corrected mesh densities are given in Table 5 and visualised in Figure 29.
[bookmark: _Ref186819048][bookmark: _Toc186821794][bookmark: _Toc186908102]Table 5 - Mesh density across associated shaped charge components
	Component
	Element Shape
	Element Size

	Case
	2.00mm
	Tetrahedral

	High Explosive
	1.25mm 
	Tetrahedral

	Liner
	1.25mm
	Tetrahedral

	Retaining Band
	2.00mm
	Tetrahedral



[image: ]
[bookmark: _Ref186819012][bookmark: _Toc186908084]Figure 29 - Mesh density comparison between 3D modelling (left) and 2D modelling (right)


[bookmark: _Toc186908040]4.3 Model Stability Analysis
[bookmark: _Hlk186803900]The conversion to 3D modelling had a significant negative impact on models’ stability with the model terminating after 312-time steps and 3.11e-5 seconds in 3D compared to the 1000 timesteps and 1e-4s in 2D. In both cases when termination occurred it was due to excessively distorted mesh elements. This is a known challenge with Lagrangian meshing regimes.
As the mesh density changed between 2D, and 3D robust conclusions cannot be drawn. This behaviour suggest however, 3D models are less stable and exacerbate the challenges of Lagrangian modelling.
[bookmark: _Toc186908041]4.4 Jet Formation Comparison
[bookmark: _Hlk186803905]The jet formation in 2D and 3D is compared in Figure 30. The 2D model is revolved 180° to aid comparison.
	2D Jet Formation t = 3.11e5
	3D Jet Formation t = 3.11e5
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[bookmark: _Ref186819112][bookmark: _Toc186908085]Figure 30 - Jet formation comparison for Charge A in 2D and 3D
[bookmark: _Hlk186803909]Again, although the variation in mesh density hinders comparison, the 2D and 3D results appear similar, suggesting both regimes can effectively simulate jet formation. In both models the jet appears to experience radial drift with the splintering of the jet tip. This may be an artifact of the modelling technique or may suggest unoptimized charge design. Further modelling is required to determine this.
[bookmark: _Toc186908042]4.5 Jet Velocity Comparison
[bookmark: _Hlk186803913]The jet tip velocity was also compared between the 2D and 3D models with results presented in Figure 31 and Figure 32.
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[bookmark: _Ref186819206][bookmark: _Toc186908086]Figure 31- Jet tip velocity against time plot until t = 3.11e-5 seconds for Charge A using 2D modelling
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[bookmark: _Ref186819210][bookmark: _Toc186908087]Figure 32 - Jet tip velocity against time plot until t = 3.11e-5 seconds for Charge A using 3D modelling


[bookmark: _Hlk186803918]These plots show in the limited timeframe available that the 3D model predicts greater jet velocities at 7km/s compared to 5km/s. This could suggest the 3D model better predicts the energy transfered into the liner improving the accuracy of the model outputs. Without a comprehensive picture of the full jet formation process and consistency in mesh density this conclusion again cannot be validated.
[bookmark: _Toc186908043]4.6 Advantages of Three-Dimensional Modelling 
[bookmark: _Hlk186803922]Despite the observed challenges of 3D modelling this technique did provide significant improvements in the modelling of case expansion and subsequent fracture. This is visualised in Figure 33 and Figure 34.





[image: A green and black kite

Description automatically generated with medium confidence]
[bookmark: _Ref186819314][bookmark: _Toc186908088]Figure 33 - Aluminium case breakup at t = 3.11e-5 seconds for Charge A using 2D modelling
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[bookmark: _Ref186819320][bookmark: _Toc186908089]Figure 34 - Aluminium case breakup at t = 3.11e-5 seconds for Charge A using 3D modelling
[bookmark: _Hlk186803927]

These figures show how 3D modelling provides improved detail regarding case fragmentation allowing for individual fragments to be located and analysed. Although beyond the scope of this work, analysing the velocity and mass of these fragments can allow lethality modelling to be performed helping to evaluate secondary warhead effects such as anti-personnel applications.  


[bookmark: _Toc186908044]5.0 Hybrid Three-Dimensional Modelling Study
[bookmark: _Toc186908045]5.1 Introduction
Due to the challenges faced when exploring 3D Lagrangian modelling, additional research was conducted into how multi method numerical models may be used to improve 3D model performance. This again focused on Charge A.  Drawing inspiration from mixed Arbitrary Lagrangian-Eulerian (ALE) modelling techniques presented in literature and the increasing popularity of SPH modelling approaches, a mixed meshed and meshless multi method model combining Lagrangian and SPH modelling techniques was developed. The process of developing, testing and refining this method is presented below. 
[bookmark: _Toc186908046]5.2 Initial Model Development
Preliminary efforts aimed to convert liner elements to SPH particles when a set strain was reached. This, theoretically, can be achieved using the Element Control options in ABAQUS as shown in Figure 35.
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[bookmark: _Ref186819395][bookmark: _Toc186908090]Figure 35 - SPH conversion to particles controls, Element Control options in Element Type ABAQUS
This would prevent excessive distortion whilst retaining the accuracy of Lagrangian modelling. This, however, did not function and SPH conversion did not occur. The conversion was then set to occur at t = 3e-5 s, just prior to model failure, but again this did not function correctly. 
It was identified that setting SPH conversion to occur at zero seconds, did cause the liner mesh to be converted to SPH particles. These particles, however, did not obey the enforced boundary conditions as shown in Figure 36.



	Liner @ t = 0 s
	Liner @ t = 7.8e-5 s
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[bookmark: _Ref186819454][bookmark: _Toc186908091]Figure 36 - SPH particle behaviour using axisymmetric 3D geometry
 Investigations into this issue failed so the model was altered to use a full 3D geometry without symmetry, mitigating the issue. This version of the mixed Lagrangian-SPH model was then used for further analysis.
[bookmark: _Toc186908047]5.3 Analysis of Model Performance
The mixed Lagrangian-SPH model was able to simulate most of the jet formation process in 3D before failing due to high explosive mesh distortion. This however, allowed comparison to 2D results. Jet velocity was considered first and is shown in Figure 37 and Figure 38.
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[bookmark: _Ref186819539][bookmark: _Toc186908092]Figure 37 - Jet tip velocity against time for Charge A using 2D Lagrangian modelling
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[bookmark: _Ref186819543][bookmark: _Toc186908093]Figure 38 - Jet tip velocity against time using 3D Mixed Lagrangian-SPH modelling


These velocity time traces match exceptionally well with both predicting jet tip velocities of 6km/s. This prompted the effective jet length to be compared is Figure 39 and Figure 40.
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[bookmark: _Ref186819642][bookmark: _Toc186908094]Figure 39 - Effective jet length at t = 8.35e-5 seconds for Charge A using 2D Lagrangian modelling
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[bookmark: _Ref186819646][bookmark: _Toc186908095]Figure 40 - Effective jet length at t = 8.35e-5 seconds for Charge A using 3D Mixed Lagrangian-SPH modelling
Unlike jet velocity, jet length varied between the two models, 284.72mm for the 2D model and 268.29mm for the 3D Lagrangian-SPH model. This supports the findings of literature which suggest SPH modelling is inherently less accurate [7] with minor discrepancies between numerical and experimental results.
By simulating the latter stages of jet formation, the mixed 3D Lagrangian-SPH approach also simulated the process of jet fragmentation, caused by excessive elongation, as can be seen in Figure 41.
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[bookmark: _Ref186819722][bookmark: _Toc186908096]Figure 41 - Close in image of jet tip fragmentation at t = 8.35e-5 seconds using 3D Mixed Lagrangian-SPH modelling


The depiction of jet fragmentation further demonstrates the advantages of this mixed approach, being able to capture elements of jet behaviour not possible in 2D and 3D Lagrangian modelling. Further research would be required however, to validate if this observed behaviour matches experimental results.
Despite the discrepancy in effective jet length, the similarities in velocity and presence of fragmentation suggest this mixed 3D Lagrangian-SPH approach holds merit enabling significant improvements to stability compared to pure Lagrangian approaches.
[bookmark: _Toc186908048]5.4 Further Model Development and Exploration
As the model was still found to terminate due to distortion in the high explosive, additional research was conducted into full SPH models. This aimed to remove the use of a mesh, eliminating distortion. It was identified however that SPH particles of different components failed to interact. This led to a test where the high explosive and liner were modelled using SPH particles and the case using a Lagrangian mesh. These results are shown in Figure 42.

	Full Model 
at t = 0 s
	Full Model
 2.5 e-5 s
	Liner and Case
t = 2.5 e-5 s
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[bookmark: _Ref186819854][bookmark: _Toc186908097]Figure 42 - Effect of SPH particles on a Lagrangian mesh (case) and alternate SPH modelled components (liner)

These results how SPH particles can damage and drive Lagrangian meshes but cannot interact with other SPH modelled components. This suggests ABAQUS poorly models inter material particle contact. Additional research however would be required to draw and substantial conclusions about the software capabilities.

[bookmark: _Toc186908049]6.0 Overarching Conclusions and Recommendations
[bookmark: _Toc186908050]6.1 Conclusions 
This study has demonstrated how computational modelling software, such as ABAQUS, can help engineers understand the shaped charge formation process and methods for improving charge performance. 
The mesh sensitivity and model robustness studies show the importance of understanding the influence of model parameters prior to model exploitation, highlighting specifically, how minor alterations in model set up can dramatically effect model stability and accuracy. 
Comparison between TNT and LX-19 filled shaped charges qualitatively showed that more powerful explosives produce longer, higher velocity jets indicating the potential for increased target penetration.
The 3D modelling conducted highlighted the challenges of Lagrangian meshing when studying shaped charge formation and indicated that mesh distortion is exacerbated in 3D. This suggests alternate modelling methods, such as SPH or Eulerian, may be preferable to Lagrangian approaches.
Despite this the improved case expansion and fracture results showed 3D modelling provides wider benefits when evaluating all up-warhead lethality and enables more detailed studies to be conducted.
Finally, the mixed Lagrangian-SPH 3D modelling clearly demonstrates the benefits of combining Meshed and Meshless approaches to improve 3D model stability. 
The similarity of results with 2D models suggests both methods are effective for studying shaped charge formation and highlight how 2D modelling can be used instead of 3D to improve computational efficiency.
Exploration with SPH modelling also highlighted shortcomings in ABAQUS’s inter-particle interactions showing the need for caution when exploiting alternative techniques. 


[bookmark: _Toc186908051]6.2 Recommendations for Future Work
Further research would prove highly beneficial for expanding and consolidating the conclusions presented within this research.
For the mesh sensitivity study, additional time should be spent exploring a wider range of mesh densities to practically show the asymptotic relationship between mesh density and accuracy.
For the comparison of energetic material, future work should look to simulate the penetration of each charge into target materials. This study should include tests at varying standoff distances allowing the performance difference to be quantitatively stated.
 Due to the challenges of Lagrangian meshing in 3D it is recommended that work is conducted to explore how alternate modelling regimes, such as Eulerian modelling, influences the stability and more importantly accuracy of 3D modelling. This may also guide the methods used for future research.
Finally, while the mixed Lagrangian-SPH 3D model presented in this paper shows promise, significant further research should be conducted into fundamental understanding how this model functions. This should be tied with a comprehensive review into SPH modelling in ABAQUS as understanding the cause of poor interparticle interaction performance is essential for ensuring confidence in the modelling results.
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[bookmark: _Toc186908054]Appendix A – Material Property Study
	Material:
	Cu
	Cu
	Al
	Al
	Cu
	Cu
	Cu
	Cu
	Cu
	Al
	Cu
	Cu
	Al
	Al
	Al

	Detail:
	
	Cu-ETP
	EN AC-44200
	
	Red
	OFHC
	OFHC
	
	
	
	
	OFHC
	2024-T341
	7039
	7075

	Source:
	[28]
	[29]
	[30]
	[31]
	[6]
	[16]
	[32]
	[33]
	[8]
	[8]
	[10]
	[26]
	[26]
	[26]
	[26]

	General Material Properties:

	Density (kg/m3)
	8940
	
	2730
	2700
	8930
	8960
	8960
	8960
	8930
	2712
	
	8960
	1770
	2770
	

	Shear Modulus (GPa)
	
	
	
	26.9
	
	
	
	
	25
	69
	
	
	
	
	

	Youngs Modulus (Gpa)
	100
	
	70
	70
	
	125
	
	
	
	
	
	
	
	
	

	Poisions Ratio
	0.31
	
	0.33
	0.3
	
	0.3
	
	
	
	
	
	
	
	
	

	Specific Heat (J/kg K)
	385
	
	
	910
	
	
	
	385
	390
	910
	
	383
	875
	875
	

	Johnson-Cook Plasticity Model

	Initial Yield Stress, A (MPa)
	99.7
	100
	110
	167
	90
	1425
	1425
	350
	615.8
	262
	
	90
	265
	337
	

	Strain Hardening Coefficient, B (MPa)
	262.8
	263
	330
	596
	210
	168
	168
	275
	667.7
	162.1
	
	292
	426
	343
	

	Strain Hardening Exponent, n
	0.23
	0.23
	0.1
	0.551
	0.31
	0.12
	0.12
	0.31
	0.255
	0.2783
	
	0.31
	0.34
	0.41
	

	Thermal Softening Exponent, m
	0.98
	0.98
	1
	0.859
	1.09
	1
	1
	1.09
	1.078
	1.34
	
	1.09



	1
	1
	

	Melting Temperature, Tmelt (K)
	1338
	
	
	893
	1356
	1356
	1356
	1356
	1624
	925
	
	1356
	775
	877
	

	Reference Temperature, Tref (K)
	
	
	
	300
	293
	293
	
	288
	298
	293.5
	
	295
	295
	295
	

	Strain Rate Coefficient, C
	0.029
	0.029
	0.008
	0.001
	0.025
	0.032
	0.032
	0.025
	0.0134
	0.015
	
	0.025
	0.015
	0.01
	

	Reference Strain Rate, εό (1/s)
	
	
	
	1
	
	
	
	1
	1
	1
	
	1
	1
	1
	

	Johnson-Cook Damage Model

	D1
	
	
	
	0.0261
	
	
	
	
	0.25
	-0.77
	
	
	
	
	

	D2
	
	
	
	0.263
	
	
	
	
	4.38
	1.45
	
	
	
	
	

	D3
	
	
	
	-0.349
	
	
	
	
	-2.68
	0.47
	
	
	
	
	

	D4
	
	
	
	0.247
	
	
	
	
	2
	0
	
	
	
	
	

	D5
	
	
	
	16.8
	
	
	
	
	0.61
	1.6
	
	
	
	
	

	Fracture Energy (J)
	
	
	
	
	
	
	
	
	
	
	
	
	
	7.43 - 11.37
	2.1 - 16.0

	Max Strain at Failure
	
	
	
	2
	
	
	
	
	
	
	
	
	
	
	

	Mie-Gruneisen Equation of State

	Elastic Wave Velocity, C (m/s)
	
	
	
	
	3.90E+07
	
	
	3940
	3940
	5380
	3958
	
	
	
	

	Slope Values, S
	
	
	
	
	1.49
	
	
	1.489
	1.489
	1.337
	1.497
	
	
	
	

	Gruneisen Parameter, Γ
	
	
	
	
	
	
	
	2
	1.99
	2.1
	2
	
	
	
	





	Material:
	Comp B
	TNT
	TNT
	Comp B
	TNT
	TNT
	Comp B
	HMX
	HMX
	Comp B
	Comp B
	PBXC-19
	C-1
	LX-19

	Detail:
	
	
	
	
	
	
	
	
	
	
	
	95% CL-20
	94.5% CL-20
	95.8% CL-20

	Source:
	[23]
	[23]
	[9]
	[6]
	[16]
	[32]
	[10]
	[1]
	[8]
	[8]
	[14]
	[11]
	[25]
	[17]

	General Material Properties:

	Density (kg/m3)
	1717
	1630
	1730
	1717
	1630
	1630
	1717
	1890
	1891
	1717
	1717
	1.896
	1.945
	1.942

	JWL Equation of State:

	Detonation Wave Speed (m/s)
	7980
	6930
	8193
	7980
	6930
	6930
	7980
	9110
	
	
	
	9083
	9100
	9208

	A (Pa)
	5.24E+11
	3.71E+11
	6.09E+11
	5.24E+11
	3.74E+11
	3.74E+11
	5.24E+11
	7.78E+11
	7.78E+11
	5.24E+11
	5.24E+11
	2.64E+12
	1.89E+12
	1.64E+12

	B (Pa)
	7.68E+09
	3.23E+09
	1.30E+10
	7.678E+09
	3.23E+09
	3.23E+09
	7.678E+09
	7.71E+09
	7.07E+09
	7.68E+09
	7.68E+09
	2.68E+10
	1.62E+11
	1.86E+11

	omega
	0.34
	0.3
	0.25
	0.34
	0.3
	0.3
	0.34
	0.3
	0.3
	0.34
	0.34
	0.5
	0.547
	0.55

	R1
	4.2
	4.15
	4.5
	4.2
	4.15
	4.15
	4.2
	4.2
	4.2
	4.2
	4.2
	6.13
	6.5
	6.5

	R2
	1.1
	0.95
	1.4
	1.1
	0.95
	0.95
	1.1
	1
	1
	1.1
	1.1
	1.5
	2.75
	2.7

	E0 (Pa)
	8.50E+09
	7.00E+09
	
	8.50E+09
	
	2.70E+09
	
	
	
	
	8.50E+09
	1.15E+10
	1.15E+10
	1.15E+10

	Pre-detonation Bulk Modulus (PA)
	
	
	9.00E+09
	
	
	
	
	
	
	
	
	
	
	



[bookmark: _Toc186908055]Appendix B – Supplementary Information
Supplementary information relating to the research conducted in this paper may be found at the following OneDrive location: 
https://uowtsd-my.sharepoint.com/:f:/g/personal/2217998_student_uwtsd_ac_uk/EpCHcl1YYTZNgz_1zvPnEbwB-tTQ9R3QGnPhqQhqh_TNJg?e=WkFcXj
Note: This link will expire on the 3rd of January 2027
This folder contains the following files:
	File Name:
	Description:

	TNT_3D_SPH.mp4
	An MP4 video file showing the full simulation of Charge A (TNT) using the presented Mixed 3D Lagrangian-SPH Method.

	BRL-82-Model-0_75mm_TNT.cae
	A CAE model file containing the 2D shape charge model used for Charge A (TNT).

	BRL-82-Model-0_75mm_LX-19.cae
	A CAE model file containing the 2D shape charge model used for Charge B (LX-19).

	BRL-82-Model-3D_TNT.cae
	A CAE model file containing the 3D shape charge model used for Charge A (TNT).

	BRL-82-Model-3D_TNT_SPH_360.cae
	A CAE model file containing the Mixed 3D Lagrangian-SPH shape charge model used for Charge A (TNT).



Unfortunately, no model output files could be provided due to file size limits. Through running these model files however, the results obtained in this paper should be replicated. 
Please contact the author, Leo Smith (2217998) should you desire to share any of these files beyond use alongside this report.
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Figure 1. The collapse of a shaped charge with a conical liner.
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Figure 1. Speeds of the resulting individual components of the collapsing liner.
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Figure 1-5 Schematic description of jet penetration process [4]
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Figure 12. The jet penetration depth rates in the target for various thicknesses of liner.
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where ¢ is the plastic strain, ¢ is the plastic strain rate, & is the reference strain rate, T is the current
temperature, Ty is the room temperature, T}, is the melting temperature, A, B, C, n and m are the J-C
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Fig. 1 Cross-section of a typical shaped charge




