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Introduction 
Shaped charges are explosive devices designed to concentrate the energy of a detonation into a high velocity jet capable of penetrating solid materials. This phenomenon is known as the Munroe effect, and it occurs when a hollow cavity typically lined with a conical metallic liner is subjected to explosive loading. When the explosive charge detonates, the liner collapses inwards under the extreme pressures of the detonation wave, forming a narrow jet that can reach velocities of several kilometres per second. This jet contains enough energy to penetrate armour, rock and engineered structures, making shaped charges highly effective in both military and industrial applications. (1)
The performance of a shaped charge is influenced by its geometry, the materials used and the characteristics of the explosive charge. Key design parameters of a shaped charge include the cone angle, liner material, explosive type and stand-off distance. Variations in these parameters can significantly influence jet formations and penetration capability. (2) Understanding shaped charge behaviour involves considering material deformation, shock wave propagation and explosive detonation behaviour.
Shaped charge experimental investigations are often limited by cost, safety considerations and the difficulty of capturing brief events occurring at very short timeframes. As a result, simulation software is commonly used in the analysis and design of shaped charges. Simulation software such as Abaqus allows the behaviour of shaped charges during detonation to be analysed in detail. (3) Material models such as the Johnson-Cook (JC) constitutive model for metals and the Jones-Wilkins-Lee (JWL) equation of state for explosives are commonly used to accurately represent material behaviour under extreme conditions. (4) (5)
This study investigates the design performance of shaped charges through a combination of a literature review and computational modelling. Two-dimensional axisymmetric simulations are conducted to analyse and compare two different shaped charges, providing insight into the influence of key parameters. Based on these findings, a final design is selected for further analysis using a three-dimensional model to capture more realistic behaviour. The results are critically evaluated in relation to proven theory and existing research which will demonstrate a thorough understanding of the modelling and performance characteristics of shaped charges.

[bookmark: _Toc227654596][bookmark: _Toc299631423][bookmark: _Toc299631485][bookmark: _Toc299631575][bookmark: _Toc299631651][bookmark: _Toc137806451]Literature Review 
[bookmark: _Toc227654597][bookmark: _Toc299631424][bookmark: _Toc299631486][bookmark: _Toc299631576][bookmark: _Toc299631652][bookmark: _Toc137806452]Fundamentals of a Shaped Charge
The performance of a shaped charge depends on how the liner collapses and forms the jet when the explosive charge detonates. When the charge is initiated, a high-pressure wave travels through the explosive and causes the conical liner to collapse inwards along the centre line. This produces a fast-moving jet and a rear slug. The jet is responsible for the penetration capability of the shaped charge, while the remaining liner material forms the slower moving slug behind it. Jet stability is very important in shaped charge performance as an unstable jet can break apart and reduce the penetration capability.
[bookmark: _Toc227654598]Design Parameters 
Shaped charge performance is also influenced by several other key design parameters that affect how the jet is formed. These include the liner angle, liner material, explosive properties of the charge, casing material and the arrangement of the components.
The cone angle of the liner is one of the most important factors as it controls how the liner collapses and affects the velocity as well as the shape of the jet. Smaller angles will produce faster jets, while larger angles will produce thicker and more stable jets. 
The properties of the high explosive charge determine the strength of the detonation and the pressure applied to the liner. Explosive materials with higher detonation pressures generally produce a more rapid liner collapse and increased jet velocities.
The outer casing plays an important role in shaped charge performance by providing confinement around the explosive charge during detonation. The casing helps contain the explosive energy and direct more of the detonation pressure towards the liner which improves the efficiency of the collapse process and overall jet formation.
[bookmark: _Toc227654599]Material Model in Simulation
Accurate simulations of shaped charges require material models capable of representing behaviour under extreme strain rates and pressures. In this study, different material models were assigned to the liner, explosive charge and casing to represent how each material model behaves during detonation.
These material models were selected because they are commonly used in simulations involving high strain-rate deformation and explosive loading. However, the accuracy of the simulation depends on the quality of the material parameters assigned to each component. 
 Modelling Approaches 
Simulation methods are widely used to study shaped charge behaviour, mainly for analysing the liner collapse and jet formation. A range of approaches have been developed, with both two-dimensional and three-dimensional simulations commonly reported. 
Two-dimensional axisymmetric models are frequently used due to their simplicity and lower computational cost. By assuming rotational symmetry of the shaped charge, these models can capture the main features of liner collapse and jet formation while remaining efficient to run.  
Three-dimensional simulations are commonly used in shaped charge analysis as they provide a more detailed representation of liner deformation and jet behaviour without the symmetry assumptions used in the two-dimensional models. However, three-dimensional simulations take longer to run because the entire shaped charge must be modelled which also requires a larger mesh and more processing time.

[bookmark: _Toc227654601]Methodology
[bookmark: _Toc227654602][bookmark: _Toc290554237][bookmark: _Toc299621202][bookmark: _Toc299631427][bookmark: _Toc299631489][bookmark: _Toc299631579][bookmark: _Toc299631655][bookmark: _Toc137806455]Software and Modelling Approach 
A two-dimensional modelling approach was initially used to analyse the shaped charge designs. Following the two-dimensional analysis, a three-dimensional model of a selected design was developed for further analysis.  
[bookmark: _Toc227654603]Geometry Setup
The first step in designing the shaped charge in the software Abaqus is to sketch each part by using the sketching tool. The sketching’s include the liner, the High Explosive (HE) charge and the outer casing of the shaped charge. The liner was defined with a cone angle of 45°. The sketches of each component are shown in Figures 1-3.
A two-dimensional axisymmetric approach modelling approach was used for the initial simulations because the shaped charge geometry is rotationally symmetric about its centreline. Using an axisymmetric model allowed the main features of liner collapse and jet formation to be analysed whilst keeping the computational time relatively low compared to a full three-dimensional simulation. The axis of symmetry was defined along the centreline which is highlighted as a yellow dotted line in Figures 1-3, this ensures that the deformation and jet formation remained symmetric during the simulation of detonation. 
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[bookmark: _Toc229403074][bookmark: _Toc227678801]Figure 2 Sketch of High Explosive Charge 
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[bookmark: _Toc227678802][bookmark: _Toc229403075]Figure 3 Sketch of Conical Liner 
The liner was designed with a cone angle of 45°. This angle was selected as it provides a balance between jet velocity and jet stability. 




	Mass Density
	7850kgm-3

	Elastic Properties
	Young’s Modulus: 210GPa
Poisson’s Ratio: 0.3

	Johnson-Cook Plastic Properties 
	A: 553MPa
B: 600MPa
n: 0.234
m: 1
Melting Temp: 1733K
Transition Temp: 293K

	Johnson-Cook Hardening Properties
	C: 0.0067
Epsilon Dot Zero: 0.01


Table 2 – Material Properties of Steel 
	Density 
	1601kgm-3

	Equation of State
	Detonation Wave Speed: 8193
A: 609GPa
B: 130GPa
Omega: 0.25
R1: 4.5
R2: 1.4
Detonation Energy Density: 368E+4Pa
Pre-detonation Bulk Modulus: 0


Table 3 – Material Properties of TNT

[bookmark: _Toc227654604]2D Modelling and Material Definitions
Following the geometry creation of the shaped charge, each component was then assigned a material. Copper was chosen as the liner material due to its high ductility and elongation at break of approximately 60%, allowing it to undergo large plastic deformation during collapse without fracturing.
In Design 1, the copper liner was assigned both an equation of state material definition and the JC constitutive model to represent the pressure response and high strain-rate plastic deformation occurring during the liner collapse and jet formation. These parameters are shown in a Table 1. It should be noted that the density values assigned to the Design 1 copper liner were different from the standard copper density values that are reported in literature, therefore this is recognised as a limitation of the model simulation.
However, the second design used only a basic equation of state material definition for the copper liner without the additional JC model, allowing the influence of advanced material modelling on jet formation to be compared. These parameters are shown in Table 2.

	Density 
	7674kgm-3

	Shear Modulus
	46GPa

	Johnson-Cook Plastic and Rate Dependant Parameters
	A: 142.5Mpa
B: 168Mpa
n: 0.12
m: 1
Melting Temp: 1356K
Transition Temp: 293K

	Jones-Wilkins-Lee Equation of State
	C0: 3940ms-1
s: 1.489
Gamma0:2.02


Table 1 – Material Properties of Copper Used for Design 1
	Density 
	8960kgm-3

	Equation of State
	c0: 3940ms-1
s: 1.489
Gamma0: 2.02


Table 2 – Material Properties of Copper Used for Design 2
TNT was selected for the HE charge due to its well-established detonation properties and common use in shaped charge studies. Its detonation pressure provides the loading required to drive the collapse of the copper liner during the simulation.
The TNT explosive charge was modelled using the JWL equation of state which are shown in Table 3. This model describes how the pressure generated by the explosive changes as the detonation products expand and is commonly used to simulate explosive expansion and energy transfer to surrounding materials. 

	Density 
	1601kgm-3

	Equation of State
	Detonation Wave Speed: 8193
A: 609GPa
B: 130GPa
Omega: 0.25
R1: 4.5
R2: 1.4
Detonation Energy Density: 368E+4Pa
Pre-detonation Bulk Modulus: 0


Table 3 – Material Properties of TNT

For the outer casing, steel was the chosen material due to its high strength and durability under explosive loading. The casing was included to provide containment around the TNT charge and help direct the detonation pressure towards the liner. 
The outer steel casing was also modelled using the JC material model to represent its behaviour under high strain-rate loading during detonation, shown in Table 4. This allowed the casing to provide structural confinement around the TNT charge throughout the simulation.





	Mass Density
	7850kgm-3

	Elastic Properties
	Young’s Modulus: 210GPa
Poisson’s Ratio: 0.3

	Johnson-Cook Plastic Properties 
	A: 553MPa
B: 600MPa
n: 0.234
m: 1
Melting Temp: 1733K
Transition Temp: 293K

	Johnson-Cook Hardening Properties
	C: 0.0067
Epsilon Dot Zero: 0.01


Table 4 – Material Properties of Steel 
The material parameters used in this study were based on supporting literature and representative values commonly used in high strain-rate simulations. Exact parameter values vary between different sources and material definitions, therefore the values referenced do not exactly match the values used within the simulation. 
After materials were assigned, meshing was then applied to each component. A finer mesh was applied around the copper liner and collapse region where large deformation and jet formation were expected to occur. The finer mesh was required in these areas to improve the accuracy of the liner collapse and jet formation behaviour, as the jet develops over extremely small distances and time periods during detonation. The mesh then gradually became coarser further away from the collapse region to reduce simulation run time while still maintaining accuracy in the most important area of the model. Careful mesh distribution is very important due to the severe deformation and high strain-rates involved in shaped charge analysis, as an excessively coarse mesh can reduce the accuracy of the jet formation predictions and pressure propagation. 
Appropriate contact interactions were assigned between the liner, explosive charge and outer casing to allow pressure and deformation to transfer between the components during detonation. 
Symmetry boundary conditions were then applied along the centreline of the shaped charge to maintain the axisymmetric behaviour throughout the simulation (CHANGE TO SOUND MORE HUMAN)
Material models were assigned to each component of the shaped charge to represent their behaviour during detonation and liner collapse. Since the simulation involves high pressures, strain rates and large amount of deformation, simple elastic material behaviour would not be sufficient for the main two-dimensional model. Therefore, more advanced material definitions were used where possible. 
For the copper liner, the JC material model was used to represent the plastic deformation that occurs during the collapse and formation of the jet
[bookmark: _Toc227654606]3D Model
Following the completion of the two-dimensional models, a three-dimensional model of one of the shaped charge designs were chosen based on Design 1 for further analysis of the shaped charge behaviour. The importance of creating a 3D model is that it provides a more realistic representation of the liner collapse and jet formation behaviour. 
The three-dimensional model used the same overall geometry and material arrangement as the two-dimensional design, consisting of the copper liner, TNT explosive charge and external steel casing. However, unlike the axisymmetric model, the full geometry was represented in three-dimensional space without the use of symmetry assumptions. This allowed the deformation behaviour and jet formation process to be observed in greater detail throughout the simulation. 
Meshing was applied across all components of the model prior to analysis, the mesh was applied the same as the two-dimensional model with a finer mesh region concentrated around the liner collapse area and coarser mesh region in areas further away from the collapse area. The completed three-dimensional shaped charge model and mesh configuration are shown in Figure 4.
[image: A screenshot of a computer
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Figure 4 – 3D Completed Model and Mesh Configuration





[bookmark: _Toc290554239][bookmark: _Toc299621204][bookmark: _Toc299631429][bookmark: _Toc299631491][bookmark: _Toc299631581][bookmark: _Toc299631657][bookmark: _Toc137806457][bookmark: _Toc227654607]Design and Analysis
[bookmark: _Toc227654608][bookmark: _Toc290554240][bookmark: _Toc299621205][bookmark: _Toc299631430][bookmark: _Toc299631492][bookmark: _Toc299631582][bookmark: _Toc299631658][bookmark: _Toc137806458]Design 1 (Copper JC and EOS)
Design 1 was analysed to investigate the liner collapse and jet formation behaviour during detonation. the simulation results were evaluated using, velocity, pressure and equivalent plastic strain contour plots. 
During detonation, the pressure generated by the TNT charge caused the copper liner to collapse inwards towards the axis of symmetry, forming a high velocity jet along the centreline. 
Figure 5 shows the velocity distributing during the formation of the jet. The highest velocity values were concentrated near the tip of the developing jet, reaching approximately 5.4km/s. This indicates that the detonation energy was effectively transferred from the explosive charge into the copper liner material, producing rapid collapse of the liner. 
[bookmark: _Toc229403076][image: A computer screen shot of a computer program

Description automatically generated]Figure 5 – Velocity of Jet Formation
Lower velocity regions were observed behind jet particularly within the rear slug region formed from the remaining liner material. The slowest regions of the slug were measured at approximately 72m/s, showing a significant velocity difference between the jet and slug regions. This velocity gradient is expected during shaped charge jet formation, where the forward liner material accelerates much faster than the material remaining at the rear.
The jet formation remained largely symmetric throughout the simulation, with no major lateral deviation observed along the centreline. This indicates that the detonation pressure was distributed relatively evenly across the liner surface during collapse. A stable and symmetric jet is important in shaped charge performance, as unstable jet behaviour can lead to fragmentation and reduced penetration capability. 

Figure 6 shows the velocity-time history for selected nodes taken from different regions of the developing jet. The nodes were chosen from both the faster moving tip region and slower moving regions further back along the jet to analyse how velocity varied throughout the jet structure during detonation. 
[image: A screenshot of a computer
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Figure 6 – Design 1 Velocity-Time History Graph

The graph shows that nodes located closer to the tip experienced greater acceleration, reaching velocities above 6km/s during the simulation. In comparison, nodes positioned further back along the jet remained at slower velocity values throughout the collapse process. This behaviour demonstrates the velocity gradient that develops along the jet during liner collapse, where the forward liner material accelerates more rapidly than the material behind it. 

Figure 7 shows the plastic strain (PE) distribution during liner collapse and jet formation. The highest strain rate values were concentrated near the tip of the developing jet, reaching approximately 4.69. This shows that the copper liner experienced extremely large amounts of plastic deformation as the material collapsed inward and stretched along the axis of symmetry during jet formation. The high strain concentration at the jet tip is expected, as this region undergoes the greatest acceleration and deformation during the formation of the jet.
[image: A computer screen shot of a computer program
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Figure 7 – Steel Casing and Jet Plastic Strain Distribution

The rear slug region experienced noticeable lower strain values compared to the jet tip. This indicates that the slug underwent less severe deformation during collapse and retained a thicker, slower-moving shape behind the jet. The difference in strain distribution between the jet and the slug regions is consistent with shaped charge theory, where the forward liner material experiences greater stretching and acceleration than the material remaining at the rear. 
The figure also shows deformation in the outer steel casing. Although the casing did not deform as severely as the copper liner, some outward deformation occurred due to the pressure generated by the TNT detonation. This suggests that the casing responded to the explosive loading while still maintaining confinement around the charge during the simulation.
Figure 8 shows the pressure distribution within the shaped charge during detonation. The highest-pressure values were concentrated around the collapsing copper liner and along the centreline of the model as the detonation wave propagated through the TNT charge. This pressure loading provided the force required to drive the inward collapse of the liner and initiate jet formation. 
[bookmark: _Toc229403077]The pressure distributed remained largely symmetric throughout the simulation, indicating that the detonation loading was transferred evenly around the liner surface. As the detonation pressure acted on the inner surface of the liner, the copper material accelerated towards the axis of symmetry, resulting in the formation of the high velocity jet observed in the previous figures. [image: A computer screen shot of a blue bird

Description automatically generated]Figure 8 – Design 1 Jet Formation Pressure

[bookmark: _Toc227654609]Design 2 (Copper EOS Only)
Design 2 was analysed to investigate the liner collapse and jet formation behaviour when only an equation of state material definition was assigned to the copper liner without the additional JC constitutive model. Figure 9 shows the velocity distribution during the collapse process. 
The velocity contours show that the copper liner collapsed towards the axis of symmetry and formed a jet along the centreline of the model. The highest velocity values were concentrated near the tip of the jet, while lower velocity regions were observed further back along the collapsing liner. This shows that a clear velocity gradient developed along the liner material during jet formation. 
The jet appeared narrow and elongated, with the liner material accelerating mainly along the centreline. The velocity distribution suggests that the detonation pressure wave was still able to drive the liner collapse and produce forward jet motion. However, the shape of the jet showed some unevenness which indicates that the simplified copper material definition affected how the liner deformation during the simulation. 
[image: A computer screen shot of a computer program
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[bookmark: _Toc229403078]Figure 9 - Velocity of Jet Formation

Figure 10 shows the velocity-time history for selected nodes taken from different regions of the developing jet in Design 2. The graph demonstrates the rapid acceleration of the liner material following detonation, with several nodes reaching velocities above 6km/s during the simulation. 
[image: A screenshot of a computer
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Figure 10 – Design 2 Velocity-Time History Graph
The velocity curves show noticeable variation between the selected nodes which indicates that different regions of the jet experienced different levels of acceleration during liner collapse. Nodes located closer to the jet tip accelerated more rapidly and reached the highest velocity values, while nodes positioned further back along the jet remained at lower velocities throughout the simulation. 
As the simulation progressed, the separation between the velocity curves increased as the jet continued to stretch and elongate along the axis of symmetry. Some fluctuations and irregular changes in velocity curves were also observed during the later stages of the simulation, suggesting that the jet development became less uniform as the liner deformation progressed. 
Figure 11 shows the pressure distribution within Design 2 during the liner collapse and jet formation. The highest-pressure values were concentrated around the central collapse region and along the axis of symmetry as the detonation wave propagated through the TNT charge. This pressure loading forced the copper liner inward towards the centreline and drove the formation of the jet.
[image: A computer screen shot of a computer program
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Figure 11 – Design 2 Jet Formation Pressure
The pressure distribution remained generally symmetric throughout the simulation, indicating that the detonation loading was transferred relatively evenly around the liner surface. High pressure regions were concentrated near the centreline where the liner collapse was most severe, while lower pressure values observed further away from the collapse region 
The figure also shows that pressure remained concentrated around the developing jet structure during the collapse process. The pressure contours appear less smooth in some regions of the jet compared to the surrounding liner material, suggesting that the liner deformation developed less uniformly throughout the simulation.
[bookmark: _Toc227654610]Comparison of Designs 
The results obtained from Design 1 and Design 2 showed noticeable differences in the liner collapse and jet formation behaviour. Although both models produced a jet along the axis of symmetry, the overall deformation and jet structure developed differently due to the different material modelling approaches assigned to the copper liner.
Design 1 produced a smoother and more stable jet formation throughout the simulation. The velocity, pressure and strain contours showed a more uniform collapse of the copper liner towards the centreline, resulting in a well-defined jet structure. In comparison, design 2 showed a less uniform deformation pattern, with increased irregularities appearing within the jet during the later stages of collapse. 
The velocity contour results showed differences in how the liner material accelerated during jet formation. In design 1, the velocity distribution remained more consistent throughout the jet structure, while Design 2 showed greater variation in velocity distribution along the liner collapse. The velocity-time history graphs further supported these observations, as the node velocity curves in Design 2 showed more fluctuation during the later stages of the simulation. 
Differences were also observed in the strain behaviour of the liner material. Design 1 showed smoother deformation around the collapse region and jet structure, suggesting that the JC constitutive model provided a more realistic representation of the plastic deformation occurring during liner collapse. In Design 2, the simplified material definition resulted in less controlled deformation behaviour during jet formation.
However, a limitation of Design 1 was identified in the copper liner density values assigned during the simulation. The density values used differed from standard copper density values commonly reported in literature which means that although the model produced a more stable jet formation, some aspects of the liner behaviour may not fully represent the physical response of real copper during detonation. This should therefore be considered when interpreting the results of the simulation. 
Overall, Design 1 produced the most stable and physically realistic jet formation during the simulation. Despite the density limitation, the inclusion of the JC material model allowed the high strain rate deformation behaviour of the copper liner to be represented more effectively throughout the collapse process. Based on these results, Design 1 was selected for further investigation using a three-dimensional model.

[bookmark: _Toc227654611][bookmark: _Toc290554242][bookmark: _Toc299621207][bookmark: _Toc299631432][bookmark: _Toc299631494][bookmark: _Toc299631584][bookmark: _Toc299631660][bookmark: _Toc137806460]3D Modelling of Final Design 

[bookmark: _Toc227654612][bookmark: _Toc290554243][bookmark: _Toc299621208][bookmark: _Toc299631433][bookmark: _Toc299631495][bookmark: _Toc299631585][bookmark: _Toc299631661][bookmark: _Toc137806461]Selection Justification
Based on the results obtained from the two-	dimensional simulations, design 1 was selected for further investigation using a three-dimensional model. The design produced the most stable and physically realistic jet formation during the simulation and was therefore considered the most suitable for further investigation. 
[bookmark: _Toc227654613]3D Model Setup
Following the selection of design 1, a three-dimensional model of the shaped charge was developed for further analysis. The three-dimensional model used the same geometry, material assignments and explosive configuration as the two-dimensional Design 1 model.
The copper liner, TNT explosive charge and outer steel casing were modelled as three-dimensional solid components. The liner retained the same 45 cone angle used in the two-dimensional simulations. Material properties and constitutive models were also kept consistent with Design 1, including the equation of state and JC material model assigned to the copper liner, the JWL equation of state for the TNT charge and the JC material model for the steel casing. 
Meshing was then applied to the three-dimensional model, with increased mesh refinement used around the liner collapse region where jet formation was expected to occur. Figure 12 shows the mesh arrangement used within the three-dimensional model. The mesh gradually became coarser further away from the collapse region to reduce simulation run time while maintaining accuracy in the critical regions of the model.
[image: ]
Figure 12 – Mesh Arrangement for 3D Model
Appropriate contact interactions were then assigned between all components to allow the transfer of pressure and deformation during detonation. Detonation was initiated from the rear of the TNT charge so that the shock wave propagated towards the apex of the copper liner during the simulation. Explicit dynamic analysis was again used due to the rapid detonation behaviour and large material deformation associated with shaped charge jet formation.



[bookmark: _Toc227654614]Results 
Figure X shows the velocity distribution within the three-dimensional shaped charge model during liner collapse and jet formation. The copper liner collapsed inward towards the centreline of the model, forming a high velocity jet along the central axis following detonation of the TNT charge.
The highest velocity values were concentrated near the tip of the developing jet, reaching approximately 5 km/s during the simulation. Lower velocity regions were observed further back along the liner material, showing the velocity gradient that developed during the liner collapse process, the speed of this slower moving slug is maximum 1666ms-1 and minimum 8.5 ms-1. This behaviour is consistent with shaped charge jet formation, where the forward liner material accelerates more rapidly than the material remaining behind it. 

[image: A computer screen shot of a computer screen

Description automatically generated]Figure 13 – 3D Model Jet Velocity
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Description automatically generated]Figure 14 – 3D Model Velocity-Time History Graph
Figure 15 shows the Von Mises stress distribution in the three-dimensional model during jet formation. The highest stress values were concentrated around the liner collapse region and along the developing jet, indicating that this area experienced the most severe loading during detonation. Lower stress values were observed further away from the collapse region, showing that the main structural response was concentrated around the liner and jet formation area. 

[image: A computer screen shot of a computer screen

Description automatically generated]Figure 15 – 3D Model Von Mises Stress Distribution

[bookmark: _Toc227654615] Comparison with 2D Model
Noticeable differences were observed between the jet formation behaviour of the two-dimensional and three-dimensional simulation. The two-dimensional axisymmetric model produced a narrow and highly concentrated jet along the centreline of the shaped charge. In contrast, the three-dimensional model produced a broader collapse region and a wider jet structure during detonation. 
The difference in jet shape is likely due to the additional deformation freedom available within the three-dimensional model. In the two-dimensional simulation, deformation was constrained about the axis of symmetry, resulting in a more concentrated and idealised jet formation. However, the three-dimensional model allowed deformation to occur in all spatial directions, producing a less constrained collapse behaviour and a wider jet structure throughout the simulation.
The two-dimensional model provided a faster and more computationally efficient method for analysing shaped charge behaviour while capturing the main features of liner collapse and jet formation. This made it suitable for the initial comparison between the two modelling approaches. However, the axisymmetric assumption produced a more idealised jet structure that did not fully represent the deformation behaviour observed within the three-dimensional model.
Although the three-dimensional simulation required a larger mesh and significantly longer simulation run time, it provided a more realistic representation of the liner collapse process and overall jet behaviour during detonation. These results therefore demonstrated the advantages of three-dimensional modelling when analysing complect deformation behaviour in shaped charge behaviour.

[bookmark: _Toc290554245][bookmark: _Toc299621210][bookmark: _Toc299631435][bookmark: _Toc299631497][bookmark: _Toc299631587][bookmark: _Toc299631663][bookmark: _Toc137806463][bookmark: _Toc227654616]Discussion
The simulation results showed that both the material model and the type of simulation used had a strong effect on the shaped charge jet formation. Both two-dimensional designs produced inward liner collapse and forward jet formation after the TNT charge detonated. However, clear differences were observed in stability, symmetry and overall shape of the jets formed during the simulations. 
Design 1 produced the most stable and realistic jet formation during the two-dimensional analysis. The velocity, pressure and strain results showed a smoother and more even collapse of the copper liner towards the centreline of the shaped charge. The use of the JC material model allowed the copper liner behaviour to be represented more effectively under the high strain-rate conditions created during detonation. In comparison, Design 2 showed less uniform deformation during liner collapse, with more irregular behaviour appearing within the jets structure during the later stages of the simulation. This suggests that the simplified material definition used in Design 2 was less capable of representing the deformation behaviour occurring during explosive loading.
The velocity-time history results also supported these observations. In both designs, the front region of the jet reaches much higher velocities than the regions further back along the collapsing liner. However, the velocity curves produced by Design 1 remained smoother and more consistent throughout the simulation, while Design 2 showed greater fluctuations and less stable velocity behaviour.
The comparison between the two-dimensional and three-dimensional simulations also showed major differences in jet formation behaviour. The two-dimensional model produced a narrow and highly concentrated jet because the deformation was restricted around the centreline of the model. In contrast, the three-dimensional simulation produced a wider collapse region and a broader jet structure during detonation. This happened because the three-dimensional model allowed the liner to deform in all directions rather than being restricted by axisymmetric conditions. As a result, the three-dimensional simulation produced a more realistic representation of the liner collapse process and jet formation behaviour.
One limitation identified during the investigation involved the density values assigned to the copper liner in design 1, which differed from the correct density values reported in literature. This may have influenced the liner deformation and jet behaviour observed during the simulation. 
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