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Abstract:
A shaped charge is an explosive charge that is designed to concentrate all of the charge’s energy into a small surface area [1] in order to cause a high penetrative force, capable of piercing armour, cutting and forming metal and initiating nuclear weapons. When the explosive is detonated, the liner is compressed and gets shot forward at a high velocity, causing a jet that will penetrate through steel, concrete and other materials. They can be used widely in military applications, such as high-explosive anti-tank projectiles, RPGs, and IEDs. They also have commercial uses, such as cutting metal, initiating nuclear weapons, and perforating wells in the oil and gas industry. 
The liner at the bottom of the charge is hollow and usually shaped like a cone or hemisphere. The material is normally a ductile metal [2] such as copper, however, they can be made from a range of materials and glass [3]. This allows the liner to be compressed and squeezed forward when the shaped charge is detonated [4], which forms the high-velocity jet that is so penetrative. 
After doing the simulations, the 2D model was found to have a maximum principal stress of approximately 1.671x1010 and the maximum velocity of the jet was approximately 6.5kms-1. The 3D model was found to have a maximum principal stress of approximately 6.79x109 and the maximum velocity of the jet was approximately 2kms-1. The maximum shear stress for the 3D model was 6.505x108.
Introduction:
Shaped charges are greatly effective weapons, particularly against armoured and concrete targets [5]. They are often used for military application in devices such as antitank weapons, grenades and military explosives [6]. The phenomenon that occurs when an explosive penetrates a surface such as concrete or metal, is known as the Munroe effect [7]. This was first discovered in 1888 by Charles Munroe, who found that when a hollow charge of dynamite was detonated onto a metal plate, a hole of three inches in diameter was blown through the plate.
The design of a shaped charge is to focus the effect of the explosive’s energy. By having a hollow cone-shaped liner, when the shaped charge is detonated, the middle is shot forward first, creating the jet that penetrates the armour. There are various designs that can be used for a shaped charge, with different designs having different purposes and requirements. The conical shaped charge is the most basic design and consists of a conical metal liner surrounding an explosive core. Upon detonation, the pressure generated by the explosive material causes the liner to collapse from the centre, forming a high velocity jet of metal [8]. The hemispherical shaped charge design is similar to the conical design, apart from the liner being a hemisphere rather than a cone. The spherical shape is to create a more concentrated and focused jet. By doing this, the penetration is improved and more damaging. The tandem shaped charge utilizes multiple explosive layers and liners in tandem. The first shaped charge detonates, weakening the armour, and then the subsequent charges are able to penetrate deeper. This was developed as a result of improved armour, so the tandem shaped charge can cause a deeper penetration [9]. The linear shaped charge design consists of a long, thin metal liner and is used for cutting or breaching applications such as demolition or cutting metal [10]. 
Gurney Theory:
Gurney theory was first developed during World War II, by physicist Ronald Gurney. It provides a fundamental understanding of the behaviour of the metal jets formed by explosives devices. Gurney’s work laid the groundwork for understanding the dynamics of shaped charges and their applications.
The Gurney equations are a set of mathematical formulas that are used to calculate the acceleration of a metal jet caused by a shaped charge/how fast the metal liner of a shaped charge will collapse [11]. They were first developed in the 1940s but have since been expanded on significantly. When an explosive is detonated, any metal casing or other solid materials that are adjacent to the explosive, is shot out at a high velocity. First by the initial shock wave and then by the pressure from the gaseous products that are created by the detonation. In a shaped charge, this is the metal casing that forms a jet. Gurney was able to develop a formula based on the conservation laws of momentum and energy which show how the energy was distributed between the casing/liner and the gases which are formed.

Literature Review:
As part of the assignment, a literature review on relevant research of shaped charges and their modelling was to be done, looking at the material models that they used. The first research paper that was reviewed was a paper by Zhao Zhang and Wei-Wei Jin and was a paper on ‘finite element modelling of the shaped charge jet and design of the reusable perforating gun’ [12]. In this paper, they used the finite element method to study the finite element method to study the formations of the penetration jet, the bulge and the burr in the designed reusable perforating gun. Finite element analysis (FEA) is a numerical technique used to analyse the behaviour of physical systems and structures. It is a computational method that breaks down complex structures into smaller and simpler elements in order to simulate and predict their response to different, real-world conditions [13]. One example of FEA is ABAQUS. The author presents a detailed finite element model of the jet created by the shaped charge, as well as the reusable perforating gun. A perforating gun is a piece of equipment used in oil and gas industries to carry shaped charges downhole where they are then detonated to create tunnels [14]. The model is used to study the effects that different parameters have on the performance of the shaped charge jet and perforating gun.
The results indicate that the shaped charge jet is initially formed in the centre of the shaped charge liner and then the material of the liner is driven to the centre as well by the detonation wave. The attachment of the soft metal layer of the perforator gun could be beneficial in controlling the bulge height. As well as that, the increase in the liner angle causes the penetration width on the cement wall to increase. This paper presents a detailed finite element model of the shaped charge jet and the reusable perforating gun. The authors use a Johnson-Cook material model to describe the behaviour of the solid phase in the shaped charge jet formation process. The paper investigates the formation of the penetration jet, the bulge, and the burr in the designed reusable perforating gun. The authors study the attached layer of the soft metal on the perforator for controlling the bulge height on the casing of the reusable perforating gun.
The second paper that was reviewed was ‘A high-resolution Eulerian method for numerical simulation of shaped charge jet including solid–fluid coexistence and interaction’ by Qianyi Chen and Kaixin Liu [15]. presents a numerical method that can simulate the entire process from jet formation to penetrating a target. The method is designed to address large distortion problems and track the variation of multi-material interfaces. The authors demonstrate the feasibility and reliability of their method for optimizing the structure of shaped charge jet to dramatically improve its tip velocity and penetration capability. The paper uses a Eulerian method to simulate the shaped charge jet formation process. The Eulerian approach is better suited for modelling fluid dynamics, and in this method the mesh is fixed and the material flows through the mesh [16]. The authors also investigate the interaction between the solid and fluid phases in the shaped charge jet formation process. The method is capable of simulating the entire process from jet formation to penetrating a target. The authors demonstrate the feasibility and reliability of their method for optimizing the structure of shaped charge jet to dramatically improve its tip velocity and penetration capability. The method is designed to address large distortion problems and track the variation of multi-material interfaces.
In summary, both papers are related to the numerical simulation of shaped charge jets, but they differ in the material models used for the simulation. The first paper uses a finite element method, while the second paper proposes a high-resolution Eulerian method. They do, however, both use the johnson-cook material model. This is a specific material model which is a type of Mises plasticity model with analytical forms of the hardening law and rate dependence. It describes the rate-dependent inelastic behaviour of solids and is suitable for high strain-rate deformation of most materials, including most metals [17]. It has proven to be useful in describing material behaviour with high strain-rates and temperatures. 
Model:
For the simulation, ABAQUS was used. ABAQUS is a type of finite element analysis (FEA) software used by engineers and analysts to simulate complex, real-world problems. To begin with, a 2D model was designed first. Once the 2D model had been through the simulation, the 3D model was then designed. The design is shown below. The photo shows a screenshot of the 3D model, but this was the same design used for the 2D as well.
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Figure 1 - 3D model


The area of blue shows the detonation point for reference. After making the design, the next step was to assign materials. TNT was used as the explosive material. TNT is a good choice for the energetic material for a number of reasons. It is a reasonably stable explosive, meaning that it is less likely to detonate prematurely and is much safer when handling during manufacture and operation [18]. HMX would have been a better option. This is because it can be pressed to achieve maximum density which makes it an ideal choice [19]. It also has a much higher detonation velocity compared to TNT, 9,100ms-1 compared to 6900ms-1 [20]. Composition B, which typically consists of TNT mixed with RDX, is often used in shaped charges due to its detonation velocity and high energy output. It also has high stability and a suitable density and is very versatile. This wasn’t chosen due to it being difficult to find values for it, compared to TNT which has readily available data.
The casing was made from steel. For the shaped charge, it is essential that the liner is shot forward quicker than the casing, in order to form the jet. Therefore, the casing needs to be less ductile and less dense. Steel is a good option for the casing because of its strength, durability and it can withstand the high pressure generated by the explosion. This allows the shaped charge to maintain its shape until the liner is shot forward and the jet is formed. The casing could also be made from zinc, but steel is stronger and more durable and can withstand a higher pressure [21]. 
The material for the liner was decided to be copper. Copper was chosen due to its high density. This means that it can produce a heavier, more penetrating projectile than other metals. It is also very ductile, which means it can compress and deform easily to form the jet. As well as that, it has a high thermal conductivity meaning it won’t melt and is cheap and readily available [22]. The design for this shaped charge used a trapezoid cross-section for the liner. This was to increase the radial velocity of the jet [23]. It does not necessarily improve the performance of the shaped charge, however.
For this model, the materials used a Johnson-cook model. The Johnson-cook model provides an easy way to predict material response under extreme conditions. It is a model used in solid mechanics and material science to estimate the behaviour of materials under extreme conditions such as high temperature, high strain-rates and large deformations. The Johnson–Cook model aims to predict how a material responds when subjected to dynamic loading, such as impact or explosion, or high-temperature environments, such as machining or welding. The model combines thermal softening, strain-rate sensitivity and damage evolution. Specifically, we used the Jones-Wilkins-Lee (JWL) model. The JWL equation of state is a material model commonly used to describe the pressure-volume relationship of explosive materials [24]. The JWL model characterizes the behavior of high-explosive charges. It relates the pressure and volume of an explosive material during detonation. The JWL equation accounts for the energy release and compression effects within the explosive. It is used in fields such as explosives research, ballistics and impact simulations. It helps predict the behaviour of explosives under extreme conditions. It specifically addresses the explosives behaviour during detonation.
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[image: ]Figure 2 - 2D Simulation
Figure 3 - 2D Velocity / Time Graph
[bookmark: _Hlk155629794]The screenshots above show the results from the 2D simulation. This shows the maximum principal stress to be around 1.671x1010. The velocity / time graph shows the maximum velocity to be approximately 6.5kms-1.
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[image: ][image: ]Figure 5 - 3D model with the scale showing the shear stress on the shaped charge.
[image: ]Figure 6 - 3D model of the liner only
Figure 7 - 3D Model Velocity / Time Graph
These are the screenshots from the 3D simulation. As shown by the screenshots, the results of the 3D simulation were very different to the 2D simulation. The screenshots of the liner on its own show that the maximum principal stress reached approximately 6.79x109. This is considerably smaller than the maximum principal stress achieved in the 2D simulation. The velocity / time graph also shows that the maximum velocity only reached approximately 2kms-1 in the 3D simulation which is about three times slower than what was achieved in the 2D simulation. The maximum shear stress was approximately 6.505x108.

Discussion:
Starting off with the 2D simulation, it was stated that the maximum principal stress reached approximately 1.671x1010. The velocity reached around 6.5kms-1. This is about what is expected of the maximum detonation velocity of a shaped charge. Given that TNT is the explosive that was used, it is probably about right given that TNT detonates at 6900ms-1 [20] or 6.9kms-1. One way of improving this would’ve been to use a more powerful explosive. For example, RDX detonates at approximately 8.5kms-1, and HMX detonates at approximately 9.1kms-1. Alternatively, Composition B is a mixture of RDX, TNT and a plasticiser such as wax or oil [25]. It is commonly used in shaped charges and has a high energy output, is relatively safe and is moderately priced. It also has a detonation velocity of approximately 8kms-1. 
If the simulation was to take place again, one change that could be made could be for the simulation to run longer in order to get more of a jet. It would also be beneficial to have more steps in the simulation. This would help to get smaller changes per step and have a better understanding of the progression of the jet.
Looking at the 3D model, the maximum principal stress only reached approximately 6.79x109. The shear stress, acting on a plane with normal in the 1-direction and parallel to the 2-direction, reached a maximum of approximately 6.505x108. Finally, the velocity / time graph shows that the maximum velocity reached approximately 2kms-1. One thing that is noticeable is the big difference between the 2D values and the 3D values. The 2D simulation had a much bigger maximum principal stress and the detonation velocity was much quicker. The detonation velocity for the 3D simulation was quite slow compared to what it should’ve been which could have been down to a number of things. This is the same for the maximum principal stress being much lower than the 2D simulation. One thing that was noticeable from the 3D simulation is that the jet that is formed from the liner of the shaped charge is a much stronger jet. It progresses further as shown from the graph, all the nodes that were selected are travelling at a very similar speed. The velocity / time graph for the 2D simulation was considerably more inconsistent compared to the 3D velocity / time graph. In the shear stress measurements of the 3D simulation, there is a view of the back of the shaped charge. This gives a much better representation of the stress acting on the casing compared to the other screenshots. This screenshot shows that the top corners of the casing experience the highest level of shear stress in the 3D simulation. This is likely due to the detonation point being at the top of the charge, and the casing having to remain in place as well as possible in order to push the detonation wave down towards the liner. The screenshot shows one side suffering a much higher shear stress than the other, but this is probably a mistake as the design is symmetrical and should really be the same on both sides. 
If the simulation was repeated, the materials used could be changed to test out the differences between the materials that were tested. Firstly, Composition B might have been a better explosive filling due to its increased detonation velocity. The liner could have also been changed in order to get a better jet. Another improvement that could have been made could have been to run the simulation for longer. However, the jet velocity had probably reached the maximum at the point that was tested as it had started to dip, but it could have given a better formation of the jet if the simulation was ran for longer.
Conclusion:
In conclusion, the simulation of the shaped charge produced a maximum principal stress of approximately 6.79x109. The shear stress, acting on a plane with normal in the 1-direction and parallel to the 2-direction, reached a maximum of approximately 6.505x108, and the velocity / time graph shows that the maximum velocity reached approximately 2kms-1. This was for the 3D model and was rather successful and gave reliable figures. The 2D model gave a maximum principal stress of approximately 1.671x1010 and the jet velocity reached approximately 6.5kms-1. The values for the 2D simulation were probably more similar to a real life shaped charge detonation, but the 3D simulation was more complex and there were a lot more variable factors that could have impacted the simulation. The conical shaped charge design was the most suitable for this simulation hence why it was chosen. The design meant that the liner collapsed from the centre upon detonation, due to the pressure generated by the explosive material upon detonation, forming a high velocity jet of metal.
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