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[bookmark: _Toc218585916]Abstract 
This paper presents a finite element study using ABAQUS to model shaped charge jet formation for conical and trumpet liner geometries commonly used in industrial applications. Geometry dimensions were based on established literature, with steel selected for the case, HMX for the explosive fill, and copper for the liner.
Both 2D and 3D simulations were used to investigate the influence of compressive and tensile stresses on liner deformation and jet formation, employing Johnson–Cook material and damage models alongside the JWL equation of state. Jet velocities were analysed to evaluate the impact of mesh density and mesh quality on simulation accuracy.
Both liner geometries were modelled in 2D, with only the conical shaped charge progressed to 3D. Advanced meshing techniques, including adaptive meshing and smooth particle hydrodynamics (SPH), were applied to extend simulation run time. Results showed that mesh quality plays a critical role in both accuracy and stability, that the conical liner produced the most efficient jet, and that jet formation arises from the combined action of compressive and tensile stresses. While 3D modelling captured stress propagation in greater detail than refined 2D simulations, the use of advanced meshing techniques increased simulation duration at the expense of reduced accuracy in stress and velocity predictions.
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[bookmark: _Toc218585920]1 Introduction
This paper investigates the effect of changing the geometry of a shape charge liner on the quality of jet formed in a finite element analysis simulation. The required information regarding shaped charge design, material models and finite element analysis techniques to be able to understand these effects are described in the following introduction.

1.1 [bookmark: _Toc218585921]Shaped Charge Description
Shaped charges are energetic devices that use an explosive to collapse a metal liner into a high-velocity jet capable of penetrating target surfaces [1]. They are widely used in military and civil engineering applications, such as cutting thick metal plates or inducing fractures in structures [2]. A typical shaped charge comprises a casing containing a high explosive and detonation train surrounding a concave cylindrical liner, as shown in Figure 1.

[image: ]
[bookmark: _Toc218585857]Figure 1 – 2D representation of the layout of a typical conical shaped charge
When the HE is detonated, a pressure wave propagates through the fill, causing the liner to collapse from apex to base and form a high‑velocity jet [3]. Apex material forms the jet tip, moving fast enough to behave hydrodynamically, while lower‑velocity material from the base forms a slug [4]. The resulting velocity gradient stretches the jet into a narrow, penetrative shape.
Optimal penetration is achieved by selecting appropriate standoff distance, cone angle, and liner thickness using empirical relationships [5]. Shaped charges operate via the Munroe effect, where the hollow cavity focuses detonation energy into a concentrated force [6]. Because this focusing depends on cavity geometry, different liner shapes produce different effects [7]. This study examines conical and trumpet liners.
1.2 [bookmark: _Toc218585922]Software Overview
Shaped charge jet formation was modelled using the finite element analysis software ABAQUS. Due to the problem’s multi-dimensional, multi-material, and highly nonlinear nature, featuring large deformations and strong shocks, the explicit solver was employed [8][9]. Appropriate material models were implemented to capture material behaviour, as described in Sections 1.3–1.6.
1.3 [bookmark: _Toc218585923]Johnson Cook Material Model
The Johnson Cook Material Model describes the plastic behaviour of materials when placed under conditions of dynamic loading [10]. It considers several different parameters including temperature, stress and strain rate to demonstrate the influence on a material’s behaviour [11]. This can then be used to understand a material’s mechanical response under differing conditions [12]. 
The material model can be seen below in Equation 1:

[bookmark: _Toc218333917]Equation 1 - The Johnson Cook Material Model
where  is the equivalent stress,  A is the initial yield strength of the material, B and n account for the effect of flow stress on hardening behaviour,  is plastic strain, C is the effect of strain rate, represents plastic strain rate,  is the reference strain rate and the coefficients m, T,  and  are related to temperature. 
1.4 [bookmark: _Toc218585924]Johnson Cook Damage Model
The Johnson Cook Damage Model (also referred to as Johnson Cook Failure) is used to model the ductile failure of materials undergoing high strain rates, pressures and temperatures [13]. It assumes that damage acquired while the material is undergoing plastic strain will accumulate in the material and accelerate deformation [14]. 
The damage model can be seen below in Equation 2:

[bookmark: _Toc218333918]Equation 2 - The Johnson Cook Damage Model
where  is the fracture strain,  to  are the damage model constants,  is the value of the mean stress and  is the equivalent stress
1.5 [bookmark: _Toc218585925]Jones-Wilkins-Lee (JWL) Equation of State
The Jones-Wilkins-Lee equation of state is a model comprised of both theoretical and empirical aspects that describe the expansion of detonation products relating to high explosives [15]. From this model, both the energy release and shock wave propagation during ideal detonation can be predicted through simulation [15].

[bookmark: _Toc218333919]Equation 3 - The Jones-Wilkins-Lee Equation of State
Where is the pressure, is the relative volume, is the internal energy, is the Gruneisen coefficient and , , ,  and  are constants [16].  
1.6 [bookmark: _Toc218585926]Rankine-Hugoniot Equations
The Rankine–Hugoniot equations, derived from conservation of mass, momentum, and energy, relate density, pressure, particle velocity, internal energy, and shock wave velocity [17]. They describe a material’s response to a shock wave and define conservation across the shock front [18]. In ABAQUS, they are used to model the material’s thermodynamic states during shock wave interactions [19].
1.7 [bookmark: _Toc218585927]Adaptive Remeshing 
Adaptive remeshing is a mesh improvement technique in ABAQUS that enables local refinement, coarsening, and node repositioning [20]. It mitigates excessive element distortion that can lead to simulation failure by maintaining mesh quality as topology and geometry evolve [21]. However, its use can substantially increase computational cost and simulation time [22].
1.8 [bookmark: _Toc218585928]Smooth Particle Hydrodynamics (SPH)
Smooth Particle Hydrodynamics (SPH) is a mesh-free method used in ballistics to model high-velocity impacts, penetration, detonation, and shock waves in solids and fluids [23]. It discretizes elements into particles, allowing accurate computation of large deformations without element distortion, while conserving mass, energy, and momentum [24]. 

2 [bookmark: _Toc218585929]Explicit Finite-Element Modelling 
To simulate shaped charge jet formation, the case, HE fill, and liner were modelled in ABAQUS and assigned appropriate material properties. An axisymmetric boundary condition was applied using a plane of symmetry within the load module, and the detonation point was defined within the explosive fill.
2.1 [bookmark: _Toc218585930]Geometry Creation 
2.1.1 [bookmark: _Toc218585931]2D Conical Shaped Charge
The shaped charge geometries were created in ABAQUS using the part module. The case sketch defined the explosive fill, which in turn defined the liner, ensuring full contact between components.
Dimensions were selected based on established shaped charge modelling literature [25]. The case, HE fill, and conical liner geometries are shown in Figures 2, 3, and 4, respectively.
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[bookmark: _Toc218585858]Figure 2 – Geometry of the shaped charge case
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[bookmark: _Toc218585859]Figure 3 - Geometry of the HE fill
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[bookmark: _Toc218585860]Figure 4 - Geometry of conical liner
 – Geometry of the conical liner






2.1.2 [bookmark: _Toc218585932]2D Trumpet Shaped Charge
The trumpet shaped charge was modelled using the same approach as the conical charge, with dimensions taken from existing literature to ensure jet formation [25]. The case geometry remained unchanged (Figure 5), while the HE fill was modified to maintain full contact with the liner, which was reshaped into a flared trumpet geometry (Figures 6 and 7).
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[bookmark: _Toc218585861]Figure 5- Geometry of shaped charge case
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[bookmark: _Toc218585862]Figure 6 - Geometry of HE fill
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[bookmark: _Toc218585863]Figure 7 - Geometry of trumpet liner




2.1.3 [bookmark: _Toc218585933]3D Conical Shaped Charge
The geometry used in the 3D simulation of the Conical shaped charge was the same as that used in the 2D simulation. This was achieved by altering the modelling space to 3D to create a solid deformable part.

2.2 [bookmark: _Toc218585934]Material Models
To be able to accurately replicate the behaviour of each constituent part of the shaped charge within the ABAQUS simulation, material properties were assigned within the properties module. The liner was assigned the material properties of Oxygen-Free High Conductivity (OFHC) Copper, the HE fill was given the properties of High Melting Explosive (HMX) and the case was assigned the material properties of steel. 
The properties assigned to each part are shown in the tables below [26][27][28][29]:
	Material Property
	Notation / Unit
	Value

	Young’s Modulus of Elasticity
	
	

	Poisson’s Ratio
	
	

	Density
	
	

	Yield Stress Constant
	
	

	Strain Hardening Constant
	
	

	Strain Hardening Exponent
	
	

	Viscous Effect
	
	

	Thermal Softening Constant
	
	

	Reference Strain Rate
	
	

	Melting Temperature
	
	

	Transition Temperature
	
	

	Fracture Strain Rate
	
	

	
	
	

	
	
	

	
	
	

	
	
	



[bookmark: _Toc218333930]Table 1– Material Properties of Steel [26]

	Material Property
	Notation / Unit
	Value

	Young’s Modulus of Elasticity
	
	

	Poisson’s Ratio
	
	

	Density
	
	

	Yield Stress Constant
	
	

	Strain Hardening Constant
	
	

	Strain Hardening Exponent
	
	

	Viscous Effect
	
	

	Thermal Softening Constant
	
	

	Reference Strain Rate
	
	

	Melting Temperature
	
	

	Transition Temperature
	
	



[bookmark: _Toc218333931]Table 2 – Material Properties of OFHC Copper [27][28]



	Material Property
	Notation / Unit
	Value

	Density
	
	

	JWL Parameters
	Detonation Wave Speed 
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	Detonation Energy Density
	

	
	Pre-Detonation Bulk Modulus
	

	Detonation Point
	(x, y, z,)
	



[bookmark: _Toc218333932]Table 3 – Material Properties of HMX [29]
2.3 [bookmark: _Toc218585935]Mesh Density 
To observe the effect of mesh density on both the accuracy and longevity of the simulation, a range of different meshing techniques were implemented across the different geometries. 
2.3.1 [bookmark: _Toc218585936]Initial Mesh of 2D Conical Shaped Charge
To gain an initial understanding of the performance of the shaped charge jet when simulated in ABAQUS, a mesh with no refinement was applied to the geometry. This consisted of a general seed of 0.00025m quad elements being applied to all parts of the charge. The parameters of this mesh were taken from the original paper in which the geometries were described [25].
The mesh generated within the meshing module of ABAQUS is shown in Figure 8.
[image: ]
[bookmark: _Toc218585864]Figure 8 – Initial Mesh of 2D Conical Shaped Charge
2.3.2 [bookmark: _Toc218585937]Refined Mesh of 2D Conical Shaped Charge
To improve the efficiency and longevity of the simulation, local mesh refinements were applied to each aspect of the shaped charge jet geometry. Rather than implementing quad elements as in the original research paper, it was decided to change to tetrahedral elements as they were more complimentary to the geometry.
The refined mesh generated in the meshing module is shown in Figure 9.
[image: ]
[bookmark: _Toc218585865]Figure 9 – Refined Mesh of 2D Conical Shaped Charge
A coarser global mesh of 0.002 m tetrahedral elements was applied to the case to reduce computational cost, as accurately modelling case material behaviour was not critical to the study, which focused on shaped charge jet formation. This reduced mesh density and provided an effective balance between accuracy and efficiency.
To maintain smooth mesh transitions between the case, explosive fill, and liner, local refinements were applied to the case geometry. A single-bias refinement of 0.0006–0.001 m was applied at the interface with the HE fill, while an additional refinement of 0.00025–0.002 m was applied to the back edge. A further refinement of 0.0006–0.002 m was used along the vertical edge near the detonation centre to adequately capture detonation wave propagation through the case.
The explosive fill was meshed with a global seed of 0.001 m tetrahedral elements to limit computational expense while maintaining sufficient accuracy. Local refinements of 0.00025–0.0006 m were applied along the vertical edge to capture detonation wave propagation toward the liner, and 0.00025 m at the liner interface to ensure mesh compatibility and minimise element distortion during jet formation. A final single-bias refinement of 0.00025–0.001 m was applied along the back edge to reduce unnecessary node density in less critical regions.
To maximise accuracy in capturing material behaviour, the liner was assigned a fine global mesh of 0.00025 m tetrahedral elements.
2.3.3 [bookmark: _Toc218585938]Refined Mesh of 2D Trumpet Shaped Charge 
As previously described, an initial mesh of 0.00025m of quad elements was created in the meshing module as a baseline of shaped charge jet formation performance based on previous research [25]. 
To extend simulation run time, a refined tetrahedral mesh was applied, using local refinements to reduce computational load while maintaining smooth transitions between parts. Mesh density was lowered in less critical areas to save computation time, following the same approach used for the conical charge.
The resulting refined mesh is shown in Figure 10.
[image: ]
[bookmark: _Toc218585866]Figure 10 – Refined Mesh of 2D Trumpet Shaped Charge
2.3.4 [bookmark: _Toc218585939]Refined Mesh of 3D Conical Shaped Charge
When meshing the 3D conical shaped charge, geometric depth and its impact on mesh density and node count were considered. Software and computational limits restricted the number of available nodes, resulting in a coarser mesh being applied than in 2D simulations and the use of linear rather than quadratic elements to maximise available computing power.
Mesh density was prioritised in the liner, followed by the explosive fill and then the case, with local refinements used to maintain compatibility between components while minimising total node count. The liner was assigned a general seed of 0.0015 m to capture deformation accurately, with local refinements reducing density toward the base where the jet slug forms.
The explosive fill used a coarser general seed of 0.004 m to capture detonation wave propagation, with local refinements applied to ensure compatibility with the liner mesh and limit element distortion. The case was assigned the coarsest mesh, with a general seed of 0.006 m, as its material behaviour does not influence jet formation; local refinements were again applied to ensure mesh compatibility.
The resulting mesh is shown in Figure 11.
[image: ]
[bookmark: _Toc218585867]Figure 11 – Refined Mesh of 3D Conical Shaped Charge

2.3.5 [bookmark: _Toc218585940]Adaptive Mesh Parameters for 3D Conical Shaped Charge
Despite local mesh refinements, many simulations failed due to excessive element distortion. To address this and improve result accuracy, adaptive meshing was implemented.
As adaptive meshing significantly increases computational cost, the mesh was modified to restrict its application to regions experiencing severe distortion. The conical liner was divided into two sections and rejoined using a contact condition. A finer mesh was applied to the upper liner, where distortion was greatest, while local refinements were applied to the lower section to maintain mesh compatibility.
The new conical liner mesh can be seen below in Figure 12. 
[image: ]
[bookmark: _Toc218585868]Figure 12 - New mesh of conical liner for adaptive meshing
Before applying adaptive meshing, a simulation with the updated mesh was run to identify the crash point. An additional solution step was then created to begin just before this point, minimising extra computational cost.
This step was modified using ALE adaptive meshing controls. Remeshing was performed every 2 time increments, with three smoothing iterations per remeshing operation to limit element distortion and prevent simulation failure. These parameters are shown in Figure 13.
[image: A screenshot of a computer program
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[bookmark: _Toc218585869]Figure 13 – Parameters for adaptive re-meshing
2.3.6 [bookmark: _Toc218585941]SPH Parameters for 3D Conical Shaped Charge
An alternative method to extend the simulation time before failure from excessive element distortion was SPH modelling. As with the adaptive meshing approach, the liner was divided into two sections to selectively apply SPH parameters and limit computational cost.
Nodes in the upper liner were set to convert to particles at a time threshold of 1.4 x 10-5 s, corresponding to the previously observed crash time due to distortion. These settings were defined in the mesh module’s element type options. The applied parameters are shown in Figure 14.
[image: ]
[bookmark: _Toc218585870]Figure 14 – Parameters for Initial SPH Conversion
After running the simulation incorporating SPH modelling, it was decided that further particle conversion would be beneficial to increase the run time. To reduce the computational load, the second section was set to convert to particles at a later time of 1.6 x 10-5 seconds. 
These parameters can be seen in Figure 15.
[image: ]
[bookmark: _Toc218585871]Figure 15 – Parameters for Secondary SPH Conversion


3 [bookmark: _Toc218585942]Results and Discussion 
3.1 [bookmark: _Toc218585943]Results of 2D Shaped Charge Simulations 
3.1.1 [bookmark: _Toc218585944]Jet Formation Analysis
Upon initiation, the detonation wave propagates radially through the explosive from the ignition point at the case–HE interface, as shown in Figures 16–19. A strong compressive stress wave expands toward the liner, forming a clear detonation front with increasing intensity as distance from the initiation point increases.
Behind the detonation front, a weaker compression wave propagates in the opposite direction toward the outer edges of the steel case following the blast shape. As this wave is blast-induced rather than part of the detonation front, it does not exhibit the same smooth stress gradient. The resulting upward compression of the case interior generates tensile stress on the external surface, which is more pronounced in the conical charge than in the trumpet geometry.

	Initial Mesh of 2D Conical:
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[bookmark: _Toc218585872]Figure 16 - Propagation of the detonation wave through the HE fill



	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585873]Figure 17 - Propagation of the detonation wave through the HE fill




	Initial Mesh of 2D Trumpet:
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[bookmark: _Toc218585874]Figure 18 - Propagation of the detonation wave through the HE fill

	Refined Mesh of 2 D Trumpet:
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[bookmark: _Toc218585875]Figure 19 - Propagation of the detonation wave through the HE fill




The compression wave dissipates at the case periphery and is replaced by a tension wave travelling in the opposite direction. As the detonation continues to force the case material outward, this tension wave propagates along the case surface and through its thickness, as shown in Figures 20–23. Tensile stress is distributed over a larger area in the conical charge than trumpet. All charge simulations exhibit similar stress magnitudes except the refined trumpet case, likely due to coarse case meshing limiting accuracy.
When the detonation front reaches the liner, it applies a strong compressive load to the interface. The curved liner geometry produces both radial and axial components, driving material toward the central axis. The resulting compression wave travels through the liner thickness, inducing tension on the opposite surface before dissipating. As described for the case, this is replaced by a wave of tension.
These alternating compression and tension waves persist as the detonation progresses downward, as seen in Figures 20–23. Each refined liner mesh captured this behaviour in greater detail than initial simulations, while the coarse case mesh applied to the case reduced accuracy in representing wave propagation in this area.



	Initial Mesh of 2D Conical:
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[bookmark: _Toc218585876]Figure 20 – Alternating compression and tension waves through the case and liner
	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585877]Figure 21 – Alternating compression and tension waves through the case and liner

	Initial Mesh of 2D Trumpet:
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[bookmark: _Toc218585878]Figure 22 – Alternating compression and tension waves through the case and liner
	Refined Mesh of 3D Trumpet:
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[bookmark: _Toc218585879]Figure 23 – Alternating compression and tension waves through the case and liner



As the detonation wave progresses down the charge, it applies compressive loading to the liner, causing it to collapse toward the central cavity and initiate jet head formation, as shown in Figures 24, 25, and 27. The highest compressive stresses occur along the central axis, where deformation is greatest.
In the initial 2D trumpet simulation, jet head formation is incomplete due to simulation failure from excessive element distortion. In both trumpet liner cases, the resulting jet head is more angular than in the conical charge, indicating that the geometry is less suitable for efficient jet formation.
As the detonation continues through the trumpet charge, alternating compression and tension waves do not propagate through the liner as they do in the conical case. Instead, Figures 26 and 27 show a single dominant tension wave, further demonstrating the trumpet geometry’s reduced effectiveness for shaped charge jet formation. For this reason, the trumpet charge was not carried forward into 3D modelling.

	Initial Mesh of 2D Conical:
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[bookmark: _Toc218585880]Figure 24 - Formation of the jet head
	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585881]Figure 25 - Formation of the jet head

	Initial Mesh of 2D Trumpet:
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[bookmark: _Toc218585882]Figure 26 - Formation of the jet head
	Refined Mesh of 2D Trumpet:
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[bookmark: _Toc218585883]Figure 27 - Formation of the jet head


The previously described tension wave created by outward compression of case material continues to propagate through the case resulting in high quantities of tension stress on the external face of the case as shown in Figures 28 and 29. The deformation to the case was more apparent in the conical shaped charge simulations due to their increased run duration. 

	Initial Mesh of 2D Conical:
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[bookmark: _Toc218585884]Figure 28 - Tension stress on the external face of the shaped charge case
	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585885]Figure 29- Tension stress on the external face of the shaped charge case





High compressive stresses parallel to the central axis (Figures 30 and 31) drive liner material from opposite sides of the cavity toward the axis. Once the material converges, inward motion is arrested and the compressive force is redirected into axial flow.
Because the inner liner collapses earlier and faster than the outer liner, a velocity gradient develops along the axis. The faster inner material pulls away under tension, initiating jet formation as indicated by tensile stresses in the fastest jet regions in Figures 30 and 31.
These results show that shaped charge jet formation relies on both compression to focus the jet, and tension to elongate it.



	Initial Mesh of 2D Conical:
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[bookmark: _Toc218585886]Figure 30 - Stretching of liner material by axial tension forming a jet

	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585887]Figure 31 - Stretching of liner material by axial tension forming a jet




To further highlight the involvement of both compressive and tensile stresses in the formation of a shaped charge jet, the probe tool was used to investigate the stresses experienced by individual elements within the jet. Figure 33 shows that high levels of both compressive and tensile stresses are experienced within the centre of the jet.
However, when the probe tool was used to investigate the stresses within the head of the jet as displayed in Figure 35, no tension stress was located. This meant that the jet was unable to elongate through the conversion of radial compression to axial flow. 


	Initial Mesh of 2D Conical:
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[bookmark: _Toc218585888]Figure 32 - Terminated shaped charge simulation

	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585889]Figure 33 - Probe investigation of terminated shaped charge jet simulation


	Initial Mesh of 2D Trumpet:
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[bookmark: _Toc218585890]Figure 34 - Terminated shaped charge simulation

	Refined Mesh of 2D Conical:
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[bookmark: _Toc218585891]Figure 35 - Probe investigation of terminated shaped charge jet simulation




Figures 32, 33, 34 and 35 show the termination points of each simulation, all of which crashed as a result of excessive element distortion. 


3.1.2 [bookmark: _Toc218585945]Jet Velocity Analysis of the Conical Shaped Charge
To analyse the velocity of the liner material as it undergoes the deformation process due to the detonation of the HE fill, a sample of nodes from the top of the liner (that form the tip of the jet) were selected in the results module of ABAQUS. A velocity time graph was then plotted for each simulation within the software which is shown in Figures 36 and 37.
[image: ]
[bookmark: _Toc218585892]Figure 36 - Velocity time graph of the initial 2D conical shaped charge simulation
In the initial simulation, an approximate 3.5 × 10⁻⁶ s delay occurs before velocity rises, representing the time for the detonation wave to travel through the HE fill to the conical liner. The initial spread in the velocity graph reflects the liner’s curved geometry, as nodes at lower points contact the wave after a greater delay.
After roughly 0.5 × 10⁻⁶ s, velocity increases more gradually as the liner deforms to form the jet tip. This trend continues until excessive element distortion causes the simulation to crash, producing oscillations from inaccurate element behaviour.
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[bookmark: _Toc218585893]Figure 37 - Velocity time graph of the refined 2D conical shaped charge simulation
In the refined simulation, node velocities generally follow the trend observed in the initial simulation, except for the first nodes to deform at the jet tip, which experience larger oscillations due to stress.
As before, jet tip velocity rises rapidly, then transitions to a gradual increase. This initial acceleration occurs later than in the previous simulation due to mesh differences and node selection. The refinements made to the mesh reduced element distortion allowed the simulation to progress further, eventually reaching a terminal velocity plateau shown in Figure 37 before crashing.




3.1.3 [bookmark: _Toc218585946]Jet Velocity Analysis of the Trumpet Shaped Charge 
As described in the conical shaped charge liner, a graph of node velocity respective to time was created for nodes in the tip of the trumpet shaped charge jets. These graphs can be seen in Figures 38 and 39.
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[bookmark: _Toc218585894]Figure 38 - Velocity time graph of the initial 2D trumpet shaped charge liner simulation
The same general trend in velocity can be seen in the initial trumpet simulation (Figure 38) as the conical liner. However, as the simulation crashed so early, it is difficult to accurately predict the pattern in velocity. 
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[bookmark: _Toc218585895]Figure 39 - Velocity time graph of the refined 2D trumpet shaped charge simulation
The velocity pattern shown in Figure 39 again follows that described in the conical liner, with a steeper gradient of gradual increase.
An anomalous node can be seen on the right-hand side of the graph, demonstrating velocities outside of the general trend. The abnormal oscillations observed in this node are attributed to the excessive distortion that led the simulation to crash. 

3.2 [bookmark: _Toc218585947]Results of Refined Mesh of 3D Conical Shaped Charge
3.2.1 [bookmark: _Toc218585948]Jet Formation Analysis 
As described in all previous simulations, upon detonation, a detonation wave can be seen propagating radially through the HE fill. However, when compared to the 2D simulation, the compression wave forming the detonation front in Figure 39 is of a lower magnitude. 
Also shown in Figure 39 is a lower magnitude compression wave moving in the opposite direction to the detonation wave as a result of the blast. When compared to the results of the 2D simulation, the compression wave in Figure 39 is both narrower and flatter. This could be due to the coarse mesh applied to fulfil element restrictions or changes in calculations given the 3-dimensional nature.
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[bookmark: _Toc218585896]Figure 40 - Propagation of the detonation wave through the HE fill
The compression wave travels upward through the case, generating tension on the peripheral face, which is more concentrated in 3D in area than the broader spread seen in the 2D simulation.
As the detonation progresses, it exerts strong compressive forces on the liner’s external face (Figure 40), more clearly captured in the 3D simulation due to the finer mesh at the liner-HE interface.

[image: ]
[bookmark: _Toc218585897]Figure 41 - Compressive stress applied to the liner by the detonation wave
The compression wave travels through the liner, generating tension on the lower face. Upon reaching this face, it dissipates and is replaced by a tension wave moving upward. Alternating compression and tension waves continue to move through the liner as shown in Figure 42 as the detonation wave propagates.
[image: ]
[bookmark: _Toc218585898]Figure 42 - Alternating compression and Tension waves propagating through the liner
As the detonation wave travels down the charge, it compresses the liner along the central axis, forming the jet head (Figure 43), with peak compressive stresses where deformation is greatest.
These stresses drive material from opposite sides of the cavity toward the axis. Upon convergence occurring, inward motion ceases and the compressive force is redirected into axial flow.
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[bookmark: _Toc218585899]Figure 43 - Formation of the jet head
As the detonation wave propagates, the HE fill compresses outward into the case, generating high tensile stresses on its outer surface. Upper-case deformation crushes the lower region, forming the compression band shown in Figure 44. This behaviour is captured in greater detail in the 3D simulation than in 2D.
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[bookmark: _Toc218585900]Figure 44 - Stress behaviour of the external face of the shaped charge case

During collapse, the inner liner reaches the central axis before the outer liner, creating a velocity gradient. This elongates the faster material from the inner aspect of the liner away from the slower, outer material to initiate the formation of a jet under tension.
Compressive stresses along the central axis (Figure 45) drive material from opposite sides inward. Upon meeting, the force redirects axially. This combination of staggered collapse and redirected compression generates the axial tension needed to elongate the jet. 
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[bookmark: _Toc218585901]Figure 45 - Formation of the shaped charge jet
To further highlight the requirement for both compressive and tensile stresses within the formation of a shaped charge jet, the probe tool was used to analyse the 3D jet in Figure 46. The highest values of compression stress can be seen on either side of the cavity where liner material is being forced toward the central axis by action of the detonation wave. The most significant forces acting on the central region of the jet are tension forces involved in jet elongation.
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[bookmark: _Toc218585902]Figure 46 - Termination point of the 3D conical shaped charge simulation
Figure 46 also shows the point at which the simulation crashed due to excessive quantities of element distortion. To increase the longevity of the simulation, advanced meshing techniques including adaptive meshing and SPH were implemented.
3.2.2 [bookmark: _Toc218585949]Velocity Analysis 
As described in both the 2D conical and trumpet liner, a sample of nodes from the top of the 3D conical liner were selected in the results module of ABAQUS and used to create a velocity time plot. This plot is shown below in Figure 47.
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[bookmark: _Toc218585903]Figure 47 - Velocity time graph of the refined 3D conical shaped charge simulation
In the 3D simulation, the delay between detonation and liner velocity increase is longer than in 2D due to the larger volume of elements the detonation wave must traverse. The velocity graph in Figure 47 is also wider than the 2D simulation, reflecting the dome-shaped top of the liner, where nodes are reached at different times.
The overall velocity trend mirrors the 2D conical simulation (an initial rapid rise, followed by a gradual increase, then a sharper gradient). However, the 3D simulation crashed before the jet reached terminal velocity, indicated by extreme oscillations from element distortion. The terminal velocity is estimated to be approximately 7 × 10³ m/s which is lower than that displayed in the 2D simulation.


3.3 [bookmark: _Toc218585950]Results of Adaptive Meshing of 3D Conical Shaped Charge
To increase the duration of the simulation, adaptive meshing was implemented into the simulation at a time increment (6.5 x 10-6 seconds) prior to where the excessive element distortion began. This was achieved using an additional solver step in the simulation to reduce the amount of computing power required.
However, upon running that step, the simulation crashed due to excessive distortion as shown in Figure 48.
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[bookmark: _Toc218585904]Figure 48 - ABAQUS error message upon implementation of adaptive meshing
This resulted in the simulation reducing in run duration rather than extending it as intended. It was subsequently decided to remove the adaptive meshing and try an alternative modelling technique to increase simulation duration. The end point of the simulation is shown in Figure 49.
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[bookmark: _Toc218585905]Figure 49 - End point of the simulation after implementing adaptive meshing

3.4 [bookmark: _Toc218585951]Results of SPH of 3D Conical Shaped Charge 
3.4.1 [bookmark: _Toc218585952]Jet Formation Analysis
Upon detonation of the explosive fill, the same process of detonation wave propagation through the HE fill occurred in the SPH simulation as previously described in the refined 3D simulation. This propagation continued to create the compression and tension forces require to form the beginning of a jet. This jet can be seen below in Figure 50 which also demonstrates the point at which the simulation crashed prior to the addition of SPH. 
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[bookmark: _Toc218585906]Figure 50 - Point of simulation crashing before the inclusion of SPH modelling
To increase the duration of the simulation, the top section of the liner was set to convert to particles at the point of termination as shown in Figure 51. This facilitated the simulation to continue running for another 200 increments, however, did not facilitate the formation of a complete shaped charge jet. 
The conversion of elements to particles significantly reduced the accuracy of stress modelling within the liner geometry with the majority of elements within the jet being denoted by high intensities of tensile stress which does not accurately reflect real world behaviour.
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[bookmark: _Toc218585907]Figure 51 - Initial implementation of SPH
Figure 51 also denotes the point at which the initial simulation implementing SPH crashed. As no real jet had been formed within the simulation, it was decided to convert the lower portion of the liner into particles and re-run the simulation. The point at which the second implementation of SPH is shown in Figure 52.
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[bookmark: _Toc218585908]Figure 52 - Second implementation of SPH
As the detonation wave continues to move through the liner, the jet continues to form and elongate following the collapse of the liner into the central cavity. The high intensity of compression in the areas surrounding the cavity prior to collapse can be seen clearly in Figure 53, however it is difficult to accurately discern any further information regarding the stress within the jet due to the density of particles.
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[bookmark: _Toc218585909]Figure 53 - Continuation of jet formation using SPH
As the cavity begins to fully close (shown in Figure 54, Figure 55 and Figure 56), more of the force that was originally used to inwardly compress the liner material is converted into axial flow. This increases the velocity at which the tip of the jet is moving and in doing so elongates the tip.
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[bookmark: _Toc218585910]Figure 54 - Closing of shaped charge liner cavity
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[bookmark: _Toc218585911]Figure 55 - Closing of cavity and elongation of jet
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[bookmark: _Toc218585912]Figure 56 - Closing of cavity and elongation of jet
The liner collapses until the cavity closes, at which point radial compression converts fully into elongation, continuing until the jet begins to separate (Figure 57). Using the distance query tool, the jet length (from cone base to tip) was measured as approximately 51 cm, though this may be inaccurate due to tip separation. The simulation ends here due to issues with particle smoothing length.
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[bookmark: _Toc218585913]Figure 57 - End point of the SPH simulation
While SPH modelling extended simulation duration, the results were unreliable because anomalous particles were manually removed, introducing potential human error (Figure 58). Additionally, SPH estimates jet shape and length but does not accurately capture stress forces, making it unsuitable for use in future shaped charge simulations.
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[bookmark: _Toc218585914]Figure 58 - Results of SPH modelling
3.4.2 [bookmark: _Toc218585953]Jet Velocity Analysis 
To create a velocity time graph of the shaped charge jet, a sample of particles in the tip of the jet were selected in the results module of ABAQUS and used to create a plot. This plot is shown in Figure 59. 
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[bookmark: _Toc218585915]Figure 59 - Velocity time plot of the 3D conical shaped charge with SPH modelling simulation
Figure 59 shows a similar increased width and delay between detonation and initial velocity rise as in the refined 3D conical simulation. Unlike the 2D and 3D conical cases, the velocity trend is more linear, with a longer initial acceleration, a shorter gradual increase, and a faster final rapid rise. The jet’s terminal velocity is lower due to using particles instead of elements.

4 [bookmark: _Toc218585954]Conclusions 
The conical liner was found to be the most effective geometry for jet formation, producing a more streamlined and continuous jet compared to the trumpet liner. While 3D simulations provided greater detail in the propagation of compressive and tensile stresses, they exhibited lower overall forces and reduced jet velocity compared to 2D results. The use of SPH allowed longer simulation run times but introduced reduced accuracy due to the relative novelty of the method.
Several limitations affected the simulations. Revolving 2D simulations to create 3D results did not fully capture true 3D behaviour. Axisymmetric boundary conditions were sometimes violated due to numerical errors, causing element distortion. Computational and node limitations restricted mesh density, reducing the fidelity of material behaviour. Adaptive meshing could not be implemented effectively, and material properties were derived from experimental approximations, which may not fully represent real-world behaviour.
Despite these limitations, the study successfully demonstrated the key roles of compression and tension in jet formation and highlighted the relative effectiveness of different liner geometries for shaped charge design.
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