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[bookmark: _Toc230004521]Abstract
The purpose of this study is to visualise and understand the interaction between components of a detonating shaped charge – the case, cone, and high-explosive charge. This will be investigated by computationally modelling a total of three shaped charge designs based on their structure, type of explosive and component materials. The three shaped charges will consist of two 2D designs and one 3D design based off one of the 2D designs based on the results of post-detonation. The choosing of the 2D design to convert into 3D Through thorough evaluation and result analysis, this study will show the importance of informed modelling choices, chosen materials, and the geometry of the cone. 
[bookmark: _Toc230004522]Introduction
Shaped Charges are explosive devices designed to focus the energy released during detonation into an extremely high-velocity jet which have the ability to penetrate solid materials. This reaction, commonly referred to as the Munroe effect [1], is widely used in the defence industry, mainly used in armour penetration tests. The effectiveness of a shaped charge depends severely on its geometric properties, material selection, and explosive composition, making it an extraordinarily complex engineering problem.
A typical shaped charge consists of three main components, a solid outer casing, a high explosive fill, and a conical metal liner. When detonated, the pressure and temperature within from the ignition of the HE (high explosive) increases drastically which deforms the cone, forming a high-velocity jet reaching speeds of several kilometres per second. The characteristics of the jet; velocity, penetration ability, etc. are strongly influenced by variables such as the angle of the liner, thickness, material, and stand-off distance. Optimising these variables is critical for achieving the desired outcomes.
With high-strain rates, severe deformations and rapid energy release, a real-world investigation can be costly, time-consuming, and unpredictable. As a result, computational modelling has become an extremely useful tool in the evaluation and design of shaped charges. Modern computer-aided software allows engineers to simulate the detonation, deformation processes, material behaviour, and jet formation with increasing accuracy, providing effective insights into performance, removing the expenditure of physical testing.
 Two-dimensional modelling is commonly used as an efficient approach for analysing shaped charges as it provides the essential physics while reducing the simulation time. On the other hand, three-dimensional modelling captures more detailed insights, especially in identifying asymmetries and more complex contact forces that cannot be found in 2D simulations. The combination of both approaches allows for a highly effective balance between efficiency and simulation detail. 
The overall aim of this report is to investigate and evaluate the performance of shaped charge designs through computational modelling and evaluation. This is achieved by first conducting a critical review of existing literature to establish a knowledge in the theoretical background and identification of appropriate material models. Following this, two different shaped charge designs are developed through 2D modelling to evaluate their characteristics. Based on this analysis, the most effective design in chosen and further evaluated using a 3D variant to provide a more applicable understanding of its characteristics. 
The objectives of the report are as follows:
· Review relevant research on shaped charge designs and material models.
· Develop and analyse two distinctive designs using 2D simulations.
· Choose the optimal design based on performance.
· Create a 3D model based on the chosen design.
· Critically assess the results in relation to theoretical predictions and existing literature.
[bookmark: _Toc230004523]Literature Review
This section presents a critical review of the key principles emphasizing shaped charge operation, with the design parameters and modelling approaches used in their analysis. Material models are highlighted for suitability in high-strain rate conditions, as these are essential for accurately simulating shaped charge behaviour.
[bookmark: _Toc230004524]Fundamentals of Shaped Charges
Shaped charges detonate based on the Munroe effect [1], where an explosive with a hollow or lined cavity focuses the detonation energy into a high-velocity jet [2]. Upon detonation, a shock propagates through the explosive and is reflected within the case, causing it to collapse inward. This collapse results in the formation of a high-speed jet at the front and a slower slug moving at the rear.
The jet formed during this process can reach speeds of 3 km/h to 10 km/s [3], depending on the design and materials used. At these speeds, the jet has similar characteristics to a fluid, allowing it to penetrate solid targets. This behaviour can be explained through hydrodynamics theory, which assumes both the jet and the target temporarily act like fluids during impact [4].
One extremely important limitation is that the jet can become unstable during flight. If it separates too soon, then the impact force is reduced drastically, and penetration may not be achieved. Therefore, maintaining a stable, continuous jet is the aim in shaped charge design.
In summary, a shaped charge works by converting explosive energy into a high-velocity jet. Understanding how this jet forms and behaves is essential for designing effective shaped charge systems and is a major focus of both experimental and computational evaluation.
[bookmark: _Toc230004525]Key Design Parameters
The performance of a shaped charge is highly dependent on its geometry and material properties. Several key variables are taken into consideration during the design process:
[bookmark: _Toc230004526]Cone Angle
The angle of the conical liner is one of, if not the most, influential parameters. Smaller cone angles produce higher jet velocities but thinner jets, while larger angles produce slower, thicker jets with reduced penetration potential. An optimal angle must balance velocity and penetration force [5].
[bookmark: _Toc230004527]Liner Material
Common liner materials commonly include copper, aluminium, and tungsten. Copper is the most common shaped charge liner material due to its high density, ductility, and ability to form jets. Higher density materials usually improve penetration, but ductility is equally important to prevent jet fragmentation.
[bookmark: _Toc230004528]Explosive Type
The chosen explosive determines the detonation velocity and pressure applied to the liner and subsequently the formation of a jet. The explosive’s equation of state plays a critical role in modelling the pressure/time constant during detonation.
[bookmark: _Toc230004529]Liner Thickness and Shape
The thickness of the liner affects both velocity and mass of the jet. Thin liners may produce higher velocities but will lack the force to penetrate due to low mass. While thicker liners produce heavier but slower jets. Variations in liner shape can also greatly influence the performance e.g. spherical or conical.
[bookmark: _Toc230004530]Material Models
Accurate modelling of shaped charges requires material models capable of withstanding extreme conditions/forces acting upon them including, high strain rates, large deformations, and temperature effects. 
[bookmark: _Toc230004531]Johnson-Cook Strength Model
The Johnson-Cook (J-C) model is widely used for metals subjected to high strain rates. It accounts for:
· Strain hardening: material getting stronger as it deforms.
· Strain rate effect: material behaving differently when deformed rapidly.
· Thermal softening: material weakens as temperature increases.
The J-C model is used as it works efficiently for high-velocity events like explosions and how it models the liner collapsing and formation of the jet [6]. In contrast, it assumes the material behaves the same in all direction which is not always true. 
[bookmark: _Toc230004532]Equation of State (EOS) Models
Explosive materials are usually modelled using equations of state rather than traditional strength models. The most common is the Jones-Wilkoins-Lee (JWL) equation of state, which describes how pressure, volume, and energy change during detonation.
The JWL model is effective for simulating detonation outcomes but relies heavily on experimentally derived constants, limiting its use [7].
The behaviour of materials under shock loading is often described using a Hugoniot Curve, which describes shock relation between states ahead and behind a shock. It represents the relationship between pressure, volume, and internal energy. It is important for defining the response of both the explosive and surrounding materials under high stress conditions [8].
[bookmark: _Toc230004533]Failure and Damage Models
To simulate jet fragmentation, damage models may be incorporated alongside strength methods. These models simulate material failure when the stress/strain condition limits are breached, enhancing the accuracy of jet formation predictions.
[bookmark: _Toc230004534]Numerical Modelling Approaches
Due to the complexity of shaped charge physics (extremely high velocities, high pressure, large deformations), they are difficult and costly to investigate using real-world scenarios. As a result, computer simulations are widely used to analyse their behaviours.
[bookmark: _Toc230004535]2D Axisymmetric Modelling
Most shaped charge problems are initially modelled using 2D axisymmetric simulations. This approach assumes perfect symmetry along the central axis, significantly reducing simulation time which still capturing the essential values in the results.
2D Models are especially effective for:
· Initial design comparisons
· Study of inputted values
· Quick optimisation and adjustment of values
[bookmark: _Toc230004536]3D Modelling
3D modelling provides a more realistic representation of the physical behaviour of the shaped charge. This model assumes asymmetry which allows for a more realistic simulation. It can capture uneven deformation, instabilities and other complex effects that may occur during detonation. As a result, 3D modelling is more commonly used for a final validation of a design. In contrast to this, the computational cost is higher as it will take significantly longer to simulate the results and will require a more complex model setup.
[bookmark: _Toc230004537]Mesh-Based vs Meshless Methods
A prevalent challenge is modelling shaped charges is managing the large deformations that occur during detonation, especially in the liner as it collapses in on itself. Traditional mesh-based methods, such as standard finite element analysis, can struggle under these specific conditions as the mesh will become highly distorted, leading to large inaccuracies or simulation failure.
To fix this issue advanced modelling techniques are commonly used. One of these methods is the Arbitrary Lagrangrian-Eulerian (ALE) approach, which allows the computational mesh to move independently from the material. This helps to reduce the mesh distortion and keep stability [9]. Another method is Smooth Particle Hydrodynamics (SPH), which does not rely on a fixed mesh at all. Rather, it represents the material as a group of particles, making it effective for modelling large deformations and fluid-like behaviour, such as jet formation [4].
[bookmark: _Toc230004538]Summary
Overall, the literature emphasises the importance of joining strong material models with appropriate numerical methods to accurately simulate shaped charge behaviour. This review provides the theoretical and methodical foundation for the simulations created in this report, helping with the selection of material models and the design of the simulations.
[bookmark: _Toc230004539]Methodology
This section of the report explains the approach used to design and analyse the shaped charge models. It describes the geometry definition, material selection, simulation setup, and key assumptions made during the modelling process. 2D models are developed to evaluate the performance of two unique designs and a 3D model is produced based on which of the two 2D models performed the best.
[bookmark: _Toc230004540]Overall Approach
The methodology followed a structured process beginning with the development of two unique shaped charge designs for 2D analysis. These designs were created to investigate how changes in geometry influences jet formation and performance.
After completing the 2D simulations and comparing their results, the better performing model was selected for further evaluation. A 3D model of this design was then developed t provide a more realistic representation and to validate the results from the 2D analysis.
[bookmark: _Toc230004541]Geometry Definition
A standard shaped charge configuration was used as the starting point for both designs. Each model contained three main components:
· An outer casing
· A high explosive charge
· A conical metal liner
The two 2D designs had two distinct differences in their liner geometry, the way the liner sat in the shaped charge. This difference was chosen as it is known to have a strong influence on the velocity of the jet and the overall formation/shape.
The geometry was created using an axisymmetric layout for the 2D models, meaning only a cross-section was required. For the 3D model, the selected design was fully constructed to represent the entire shaped charge.
[bookmark: _Toc230004542]Material Properties and Models
Accurate material representation is essential for accurate simulation results. Different materials were assigned to each component of the shaped charge:
· The liner was modelled as a flexible metal (Copper), using the Johnson-Cook material model. This model accounts for the effects of high strain rates and large deformation which are critical during jet formation. 
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Figure 1 and 2 – Copper, Annealed Values [10]



· The explosive (TNT) was modelled using the Kones-Wilkins-Lee (JWL) equation of state, which describes how pressure evolves during detonation. This allows the simulation to generate high-pressure conditions required for jet formation.
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Figure 3 – TNT Values [3] 










· The casing was assigned a common material model (Steel 1018) as its role is to confine the explosive.
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Figure 4 – Steel 1018 Values [11]
[bookmark: _Toc230004543]2D Modelling Setup
The 2D simulations were conducted using an axisymmetric formulation, which assumes perfect symmetry around the central axis of the shaped charge.
[bookmark: _Toc230004544]Key features
Boundary conditions
Symmetry conditions were applied along the central axis to prevent unrealistic movement of the model.
Meshing
A refined mesh was applied in the critical regions of the liner and explosive where high pressure and strain rates are present.
Detonation 
The explosive was initiated where the fuse would be in a physical shaped charge.
The 2D models were primarily used to:
· Observe jet formation
· Measure jet velocity
· Compare performance of each design

[bookmark: _Toc230004545]3D Modelling Setup
After selecting the better-performing design from the 2D analysis, a 3D model was developed to validate the results under more realistic conditions.
The 3D simulation allowed for representation of asymmetry in the jet formation, a more realistic representation of material movement/deformation and improved confidence/validation in the chosen design.
[bookmark: _Toc230004546]Assumptions and Limitations
Several assumptions were made during the process of developing these designs:
· The 2D simulations assume ideal conditions which do not reflect a real-word scenario.
· Materials are assumed to be uniform throughout; they do not contain imperfections or changes in density.
· The explosive will detonate uniformly according to the JWL model.
· Environmental factors such as air resistance were not taken into consideration.
[bookmark: _Toc230004547]2D Design Analysis
This section presents the results taken from the 2D simulations of the shaped charge designs. Both designs used the same overall geometry, casing, and explosive material to ensure that any differences were only caused by the material liner.
The key difference between the two designs was the liner material:
· Design A (left) used a copper liner, which is the most commonly used material in shaped charges. Copper has a high density and good ductility, allowing it to deform smoothly during collapse and theoretically form a stable, high velocity jet.
· Design B (right) used a magnesium liner; this material has a much lower density compared to copper. While magnesium is lighter and can deform rapidly, it generally produces a jet with lower momentum. This may lea to reduced penetration ability but can affect jet velocity and behaviour in many ways.
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Figure 6
It is clear to see in Figures 5 and 6, the jet formation in the magnesium cone is much more applicable in a real-world scenario as in the copper-cone shaped charge the slug rapidly deforms causing a simulation failure, this is due to difference in material values of the copper and magnesium.
By keeping all other variables the same, the analysis isolates the effect of the liner material on the behaviour and performance of the shaped charge.
[bookmark: _Toc230004548]Performance Comparison
The performance of the two designs was compared based on several key characteristics:
Jet Velocity
Design B produced a higher velocity jet, which is desirable for deep penetration. Design B showed lower jet velocity due to the increased density. As shown in Figure 7
[image: ]
Figure 7

Jet Length
Design B has a more elongated jet, seen in Figure 6 due to the simulation time of the two designs. As the simulation of Design A failed due to mass deformation.
Jet Stability
Design A showed more jet stability due to its thicker structure, this would have much more penetrative capabilities due its thickness. Design B would not have as much capability as it is thinner so the breakup would occur much earlier. As seen in Figure 6.
Overall, Design B is more favourable due to its elongated jet and higher velocity. Design A is disregarded due to the failure of the simulation, preventing full analysis of the material.
[bookmark: _Toc230004549]Discussion of Results
The results obtained from the two designs highlight the significance of the liner material difference on shaped charge performance. Although both designed the same geometries and explosive conditions, the change in material led to clear differences in jet formation, velocity, and the overall effectiveness of the shaped charge.
In Design B (magnesium liner), this showed improved performance in several key areas compared to the copper liner. Due to its lower density, the magnesium was able to accelerate more rapidly after detonation and form a jet much quicker, resulting is a higher velocity jet. This increased velocity is extremely beneficial as the ability to penetrate is dependant on the velocity of the jet. As seen in Figure 8.
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Figure 8
 This image shows the velocity values for the magnesium and copper liners. It is clear to see that the velocity of the magnesium liner rapidly increases and decreases. This is due to the fact that the bulk of the material is in the slug of the jet, which is moving slower than the tip, this is dragging the jet back while the tip is trying to move forward creating this reverberation effect.
The simulation also indicate that the magnesium liner formed a more uniform jet in the initial stages of expansion.
In contrast, the copper liner (Design A) produced a slower jet due to its higher density. While copper is more ductile, the increased mass limits acceleration during detonation. This resulted in a jet with higher momentum, but lower velocity compared to the magnesium. In the context of this simulation, the reduced velocity has a greatly negative impact on the overall performance of the shaped charge. 
Overall, the results shown through these simulations, the magnesium performs much better than the copper in many aspects, in this context. Primarily due to its higher velocity and more uniform jet formation. This highlights the significance of expertly considering material selection, as alternative materials can offer performance advantages depending on required design goals. 
Based on these findings, Design B (the magnesium liner was selected as the preferred design for further evaluation in 3D modelling.

[bookmark: _Toc230004550]3D Model of Final Design
Following the analysis of the two unique designs in the 2D simulations, the magnesium liner was selected for further evaluation. 
[bookmark: _Toc230004551]Simulation Results
The 3D simulation of the selected design provided a more comprehensive representation of the shaped charge behaviour.
The results show that the magnesium liner still produced a high velocity jet, consistent with the findings from the 2D simulations.
[image: ]
Figure 9
The formation of the jet followed the same general process as seen in the 2D simulation, starting with the collapse of the liner followed by the elongation along the central axis, as seen in Figure 10 below.
[image: ]
Figure 10
Despite being a 3D rendition of the 2D design, the jet formation was still relatively uniform. The thickness of the jet was increased in comparison. This show that the penetration will be, theoretically, much more effective when using values from the 3D model. The overall jet remained well-formed and maintained a clear and accurate direction of travel.
The pressure distribution within the explosive remained consistent with the 2D simulation, with a strong wave front directed through the fill and towards the centre of the liner. As seen in Figures 11 and 12 below.
[image: ]
Figure 11
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Figure 12
This confirms that the design effectively directs the explosive energy to form a high-velocity jet.
[bookmark: _Toc230004552]Comparison with 2D Results
A comparison between the 2D and 3D simulation results shows a high level of consistency within the jet formation. In both cases, the magnesium liner in combination with the explosive energy, it produced an extremely high velocity jet with a velocity of 8 km/s, confirming the reliability of the 2D analysis for initial design evaluation.
However, some differences were seen:
· The jet in the 3D model is much thicker compared to the 2D model.
· The 3D model provided a more accurate representation of the pressure wave travelling through the case and explosive fill.
Overall, the jet velocity and formation remained similar throughout, highlighting that 2D modelling can be used for rapid analysis, but 3D modelling should always be used for secondary validation and comparison.
[bookmark: _Toc230004553]Summary
The 3D modelling of the selected magnesium liner design confirmed the key findings from the 2D simulation, the jet velocity remains high, the jet formation remains uniform, and the jet direction remains the same due to the assumption of a perfectly uniform geometry. 
These results demonstrate that 3D modelling provides a secondary validation in, what should be, a long validation process. This combination ensures both efficiency and accuracy in the analysis of the shaped charge performance.
[bookmark: _Toc230004554]Discussion
The results from the 2D and 3D simulation provide a deeper understanding of shaped charge behaviour and highlight the importance of liner material selection in determining the overall performance, by comparing copper and magnesium liner materials with identical geometric and explosive conditions, it allows the results to be compared solely on the effect of the liner material. 
A key finding from this study is that lower density materials, such as magnesium, can produce higher jet velocities due to their ability to accelerate more rapidly compared to higher density materials, such as copper. This was clearly observed in both 2D and 3D simulations. Although copper offers more momentum due to its density, velocity had a stronger influence on performance than mass, in this context.
Despite the overall consistency in these simulations, many limitations must be acknowledged:
· No external factors were introduced, such as air resistance
· All materials were assumed to be perfectly uniform with no imperfection within them
· The 2D design was considered axisymmetric
· The simulations had a limited time interval, so the full detonation and separation was not captured
As a result, the simulations may not have presented more complex behaviours, such as jet breakup, fragmentation, or material imperfections. These effects are especially important if studying long-term jet formation and stability, which was not assessed in this report.
Overall, this report demonstrates the effect liner material has on the performance of the shaped charge, how it affects, jet formation, velocity, and deformation. However, the findings are dependant om the assumptions made throughout. Therefore, further investigation is required to confirm these findings and improve the confidence in the results.
[bookmark: _Toc230004555]Conclusion
This study has presented key information in the development of a shaped charge design and has highlighted areas where the process can be improved (e.g. increased time interval, environmental factors). 
This report has shown:
· Liner material has a significant impact on jet formation and performance 
· Higher jet velocity can outweigh the benefits of increased material density in this context
· 2D modelling is effective for initial design evaluation, but 3D should always be considered for further validation
In conclusion this work demonstrated the value of computational modelling in the design process of a shaped charge and highlights the importance of careful selection of variables through the investigation.
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Chemical Properties [ English

‘Atomic Mass 65546 65546
Atomic Number 29 29
Thermal Neutron Cross Section 3.8 bams/atom 3.8 bams/atom
X-ray Absorption Edge 138A 138A
11269A 1.269A

12994 A 12994A

132578 A 132578 A

Electrode Potential 0520V 0520V
0340V 0340V

Electronegativity 19 19
lonic Radius 0720A 0720A
0960 A 0960A

Electrochemical Equivalent 1185 g/Ah 1185 g/Ah
238 gAh 238 giA

Mechanical Properties [ English
Hardness, Vickers. 50 50
Tensile Strength, Ultimate 210 MPa 30500 psi
Tensile Strength, Yield 333MPa 4830 psi
Elongation at Break 60% 60%
Modulus of Elasticity 10GPa 16000 ksi
Bulk Modulus 140 GPa 20300 ksi
Poissons Ratio 0343 0343
‘Shear Modulus 460 GPa 6670 ksi
Electrical Properties Metri English
Electrical Resistivity 0.00000170 ohm-cm 0.00000170 ohm-cm

Magnetic Susceptibility -8.00e-8 -8.00e-8
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Electrical Properties [
Electrical Resistivity 0.00000170 ohm-cm
Magnetic Susceptibility 80068

Thermal Properties Metric
Heat of Fusion 2048 Jig
Heat of Vaporization 5234 Jig
CTE, linear[il] 16.4 ymim--C
@emperature 200- 100 °C

185 pmim-“C

@Temperature 250G

20.2 pmim-°C

@Temperature 500G

24.8 pmim-°C

@Temperature 525 °C.

‘Specific Heat Capacity 0.385 Jig-"C
Thermal Conductivity 385 Wim-K

] 357 Wim-K
@Temperature 727 G

398 WimK
@Temperature 27.0 C

401 WimK
@Temperature 0,000 °C

483 WimK
@Temperature 173 °C

10500 Wim-K

@Temperature 253 °C

19600 Wim-K

@Temperature 263 °C

Melting Point 1083.2-1083.6 °C
2562°C

Metric

0.15
@Wavelength =655 nm,
Temperature 307 °C

Reflection Coefficient, Visible (0-1) 063

Component Elements Properties [
Copper, Cu 100 %

Descriptive Properties

CAS Number

136000 BTU-infhr-f

English
0.00000170 ohm-cm
-8.00e8

English
88.10 BTUMb
2252 BTUMb
9.1 pinfin-"F
@Temperature 68.0- 212 °F

103 pi
@Temperature 482 F

1.2 pinfin-F
@Temperature 932 F

138 pinfin-"F
@Temperature 1700 °F

0.0920 BTUIb-F

‘@Temperature 1340 °F

2760 BTU-infhrf
@Temperature 506 °F

2780 BTU-nfhr-fi-"F
@Temperature 320 F

3350 BTU-in/hr-
@Temperature 279 F
72900 BTU-nfhr-ft-"F
‘@Temperature 423 °F

=

‘@Temperature 441 °F
1981.8-1982.5 °F
4644°F

English
015
@Wavelength >=655 nm,
Temperature 1430 °F

063
English
100 %

7440508




image4.png
Parameter TNT (Zhang OCTOL B explosive (Xu C-1 explosive 8701 explosive

etal, 2022) (Huangetal, etal,2019b) (Nan etal., (Shi etal,, 2023)
2020) 2015)

Density pe, 163 182 160 193 172
gfcm?
Detonation 6930 8480 7980 9061 8500
velocity Vg4, m/s
Parameter A, 373.77 748.6 524.23 18276 618.4
GPa
Parameter B, 3.747 1338 7.678 61.35 6.9
GPa
Parameter Ry 415 4.50 420 5.88 430
Parameter Ry 09 12 11 18 0.87
Parameter © 035 038 034 030 038
Internal energy 6.0 10.5 85 115 9.0

Eo, GJ/m®





