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[bookmark: _Toc137806434][bookmark: _Toc155644741]Abstract
A shaped charge is a type of Explosive charged used to focus the effect of an explosive into a specific direction. This is typically done by using a conical explosive charge contained within a casing and lined with a malleable metal. Shaped charges have extensive military applications primarily being used to penetrate and defeat armour on vehicles and destroy hardened structures. However shaped charges are also extensively used in the oil and gas industry as well as other civilian applications such as buildings demolition and mining. This report will explore the types of shaped charges and their applications. The process of modelling these charges on Abaqus Finite Element Analysis (FEA) software and the effects that are produced will then be explored. The results from these simulations will then be analysed to determine the effectiveness of both the software and the design of the shaped charged used. 
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1 [bookmark: _Toc155644742]Introduction
1.1 [bookmark: _Toc155644743]Aims and Objectives

This report aims to identify the different designs of shaped charges that are commonly used in the world today. The purpose of these designs will then be explored with applications in both civilian and military context discussed. This report also aims to explain how the design of shaped charge used in the assignment was created explaining each of the steps and design choices used. The results of this simulation will then be analysed looking at the effectiveness of the shaped charge design. Specifically, the behaviour of the shock wave produced and its effects on the shaped charge will be analysed. This will include the effects on the liner and the casing of the charge. The projectile that is formed by the shaped charge will also be critically analysed by the shape and speed of the jet. There will also be mention of the limitations of the Abaqus software for modelling this type of explosive charge.

2 [bookmark: _Toc155644744]Background information
2.1 [bookmark: _Toc155644745]Shaped charges

[image: A white light on a black background

Description automatically generated]Shaped charges work by using the principle of the Munroe Effect. This effect was discovered by Edward Munroe in 1885 [1]. The effect the Munroe discovered was that when a high explosive was placed on a metal plate with a cavity it caused an indentation when detonated [1]. Shaped charges work by having high explosive sealed within a casing with a metal liner, when the explosives are detonated the liner is collapsed and forms a high velocity jet [2]. This jet is capable of penetrating deep into metal, rock, concrete, and other target materials [2]. Because of the intense velocity and pressure created by the explosives in a localised area the jet created penetrates further then if the explosive was used by itself. An example of a shaped charge jet can be seen in figure 25 only microseconds after detonation. 


2.2 [bookmark: _Toc155644746]Examples
[image: ]While Munroe discovered the effect in 1885 and some evidence suggests it may have been used by mining engineers much earlier however shaped charges didn’t see large scale application until World War 2 [1]. These shaped charges were extensively used in WW2 to destroy tanks, of the first applications of this was the British No. 68 grenade [3]. This was an anti-tank rifle grenade that contained a shaped charge, this could be fired from a standard rifle at distance towards a tank and detonating on impact. An example of this grenade can be seen in Figure 1. This grenade was capable of penetrating around 55mm of armour [4].  After the success of the British weapon the design was quickly applied to others with magnetic mines, rockets and tank rounds being developed. The most notorious examples of this can be seen in the American made Bazooka, German Panzerfaust, Soviet RPG-43, British PIAT and a variety of High-explosive Anti-tank rounds (HEAT) developed for tank cannons [3].Figure 1


[image: A close up of a device

Description automatically generated]After WW2 there has been many advancements made to the type of shaped charges used for anti-armour weapons. These changes have consisted of upgrades to materials in both the liner and casing, different explosive composition, changes in the shape of the cavity, increased size, and the addition of a secondary shaped charge. An example of some of these improvements in design can be seen in the Soviet designed RPG-7. An example of the shaped charge warhead used in the RPG-7 can be seen in figure 2. This design was far more advanced than the previous charges such as the one used in the No. 68 Grenade. Some of these improvements consisted of steeper angle of the liner at the start, this liner then converges back into the centre of the charge allowing more material to be used in the jet. Another advantage was the RPG-7 was rocket propelled making it far more accurate and giving it a longer range [5]. The RPG-7 also used a more powerful explosive and copper for the conical liner. This allowed for the RPG-7 to penetrate around 260mm armour, a great improvement on the 55mm of the British No. 68 grenade [5]. Figure 2

[image: A drawing of a red and white object

Description automatically generated]The most recent iterations of shaped charge design for anti-tank purposes are much larger than the before deal with modern tanks having greater thickness of armour and better protection methods. One of the most influential of these is the introduction of explosive reactive armour (ERA). This type of armour is placed on the exterior of a target and explodes when impacted, destroying the munition that hit it before it can properly function [6]. To counter this modern anti-tank weapons, use a tandem charge. An example of this can be seen in figure 3 showing a Panzerfaust 3-T. This works by using two shaped charges with a smaller one detonating just before impact with a target destroying the ERA and allowing the main charge to then detonate unimpeded destroying the target. This along with the improvements in explosive filler, materials used, and shape of the warhead allowed the Panzerfaust 3-T to penetrate up to 700mm of armour greatly improving on previous weapons [7].Figure 3


[image: ]As previously mentioned, while the main use of shaped charges has been primarily focused on military applications they are also commonly used in oil and gas mining. Figure 4 shows a typical application of shaped charges in the oil and gas industry. This is an example of a perforating gun with the shaped charges being referred to as perforating charges [8]. These charges function in the same way as those used in military applications but for different results. Perforating charges are loaded into a perforating gun facing outwards at different angles, this gun is then lowered into a wellbore that has been drilled out. The Perforating gun is then fired detonating the charges simultaneously perforating the casing and the surrounding rock. This causes the metal jets to cut through the surrounding rock and create long channels allowing gas and oil to escape to be collected [8]. The charges themselves are similar to early designs of HEAT rounds however they are typically smaller. Due to improvements in design and material properties common perforating charges can cut 700mm of concrete creating holes approximately 10mm in diameter [9].
Figure 4




[bookmark: _Toc155644747]3 Methodology
3.1 [bookmark: _Toc155644748]Task
The task given for this assignment was to model and critically analyse a shaped charge using finite element analysis (FEA). To complete this task the FEA software Abaqus was used. This software package is ideal for the task as the software can both design and simulate meaning that multiple packages don’t have to be used. The guidance given for this task was to create a shaped charge device consisting of a steel casing, high explosive charge, and a conical liner. To complete this task and achieve a varied set of results several simulations were conducted for this task. This includes both 2D and 3D simulations based on the same design of shaped charge. To achieve the results in this report different conditions have been used in the simulations with alterative view models also included. 
Before starting this task, research was done into what types of shaped charge exist including those from the past and those still currently used. Some examples of these have been included in this report. After conducting this research, the decision was made to use a design that incorporated traits from the first examples of shaped charges as well as those from later developments such as the RPG-7. By using more simple older examples of shaped charges data surrounding their construction was more readily available allowing for a more accurate representation in the simulation. 

3.2 [bookmark: _Toc155644749]2D Sketching.
[image: A screen shot of a video game

Description automatically generated]To create a model of the shaped charge on Abaqus the first step was to sketch the individual components that would come together to form the assembled shaped charge. As previously stated, these were the casing, explosive filler, and the liner. The shape and dimensions of these parts were inspired from several designs of shaped charges incorporating features from the No. 68 grenade and the RPG-7. Figure 5 shows the completed line sketch that was created for the casing of the shaped charge once all the lines were connected and the sketch was finished this became a finished component. This step was then repeated for the other 2 parts, to ensure there was no gaps when the components were fitted together the first sketch was duplicated and used as a template for the others. This allowed for the inside line of the casing to be used as the outside the explosive fill and then for the same to happen between the explosive fill and the liner ensuring a solid structure.

Figure 5


[image: A screenshot of a computer

Description automatically generated]After all the sketches had been finished, they were then added to an assembly that combined the three parts into one assembly that could be used to perform the simulation. This assembly can be seen in figure 6. As can be seen in this image only half of the shaped charge has been sketched. This is because the charge is symmetrical so as the component has been created on a line of symmetry everything that happens on one side should mirror the other. This has the benefit of allowing for a finer mesh to be created as more nodes can be used to represent a smaller area without causing very high processing times and going above the quality set in the student version of Abaqus. Figure 6




3.3 [bookmark: _Toc155644750]3D Sketching

[image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated]To create the 3D simulation of the shaped charge the same design was reused. To turn this into a 3D part the menu shown in figure 7 was used. This allowed for the modeling space of the part to be changed, the 2D sketches could then be imported again and used. Because these sketches were drawn around a point of symmetry and were circular the sketch could be extruded around 360°. This was done for each of the 3 parts used. An example of this can be seen in figure 8 showing the liner.Figure 7
Figure 8


Similarly, to the 2D version the next stage of the modeling was to create an assembly for the 3D components. To keep both sets of data these were saved to different locations to keep the models separate. The completed assembly of the three 3D components can be seen in figure 9. 
[image: A computer screen shot of a white cylinder

Description automatically generated]Figure 9


















3.4 [bookmark: _Toc155644751]Meshing

To allow for the Abaqus to calculate the deformation of the shaped charge a mesh had to be created for each of the components that made up the assembly. Particular attention had to be given to this stage as the thickness of the mesh can greatly change the results with a fine mesh providing more accurate results, however, finer meshes also take longer to process and can sometimes give errors. Figure 10 shows one of the iterations of mesh that was used for the high explosive fill for this simulation. To achieve this mesh rather than performing a seed for the whole part the edges were individually seeded. This allows for the mesh to be finer at the point of impact with the liner while being course towards the casing of the shell as that is less important to model. For this mesh a tri element type was selected with a quadratic geometric order. Through the simulations different mesh types were used including changing the element deletion for the mesh on and off. Figure 10
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Description automatically generated]This was then repeated for each of the individual parts for both the 3D and 2D models. The compete meshed assembly for the 2D model can be seen in figure 11. For the meshes used in this assembly the coarse sections are approximately 3mm in size with the smallest being 0.3 mm in size. This allows for more detail to be achieved in the locations where it is more important specifically the liner. For the 3D model the same steps were followed however because there are many more nodes present in a 3D model a smaller seed size was used. This was to prevent the solve time for the simulation from being too long while the mesh is still fine enough to provide accurate results. For this model the mesh size varied from approximately 4mm to 1mm in size which can be seen in figure 12. 
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Description automatically generated]Figure 12
Figure 11


3.5 [bookmark: _Toc155644752]Material Properties

3.5.1 Aluminium 	

Because of the nature of shaped charges one of the most important design choices is the material used in the liner. After researching examples of shaped charge liners the decision was made to use a low density but high strength material. Because of this after researching several different common liner materials aluminium was chosen. Figure 13 shows all the material properties used in the simulation of the shaped charge. These figures were added into four different sections of the material properties tables on Abaqus these sections were Density, Johnson cook damage, plastic and elastic damage [10]. After these values were entered into the table, they were then assigned to the part that was sketched representing the liner giving it the properties of aluminium. 
[image: ]Figure 13

 
 
 
3.5.2 Steel	

When considering the material choices for the casing of the shaped charge the priority was given to strong materials with a high tensile strength. This is to allow for the blast wave to be contained for as long as possible. By using a high strength material this allows for more of the energy from the high explosive to be directed towards the liner therefor giving the jet formed more force. Because of this the decision was made to use steel as the material. This was because steel possesses several attractive qualities for this application such as high tensile strength, toughness, and hardness [11]. The figures that were entered into the material properties in Abaqus can be seen in figure 14. The material properties assigned to the steel used on the casing component include Johnson cook damage, elastic, and density values [12]. 
[image: ] Figure 14

 


4.5.3	 TNT	

For the explosive filler used in the shaped charge the decision was made to use Trinitrotoluene (TNT). This was because historically TNT has been the main type of high explosives used in military applications so this will allow for the simulation to reflect on the power of early types of shaped charges. TNT also has a very high detonation velocity of 6,930m/s allowing for the jet to be formed very quickly to allow for maximum penetration [13]. The values that were entered into the material properties for the TNT used as the explosive filler in the shaped charge were the equation of state and the density which can be seen in figure 15 [14].
[image: ] Figure 15


 

3.6 [bookmark: _Toc155644753]Simulation setup

[image: A screenshot of a computer

Description automatically generated]After the geometry of the parts had been sketched, parts assembled, parts meshed, and the material properties assigned the simulation was nearly ready to be completed. Some of the last steps to be taken included assigning a detonation point to the TNT used in the explosive filler. This was done by using the query tool on Abaqus by using the point/node feature a node on the mesh of the high explosive could then be selected. This then gave the exact coordinates that could then be entered into the detonation point. The point that was selected was done on the axis near the base of the charge to allow for a symmetric detonation and the point chosen can be seen in figure 16. Figure 16

Other final steps to do included setting a boundary condition along the Y axis of the 2D simulations so that the detonation would be confined to one side of the axis and remain symmetrical. Additionally, a step was created to allow the software to have a problem to solve which was just to run with the detonation happening instantly, a time limit was then set to allow for only relevant results. Because of the high detonation speed of the TNT only a very small-time limit was required which was 0.04 milliseconds. After this was done the simulation was ready to be run and a job was created which after running for a short amount of time provided results. This process was repeated over several iterations of simulation design as well as with 2D and 3D models. 

[bookmark: _Toc155644754]4 Results 
[bookmark: _Toc155644755]4.1 First Simulation 
 
 
The results from the first simulation can be seen in figure 17. These results show the shaped charge detonation when represented as a 2D model. The viewpoint of these results has not been changed with only one side of the Y axis being shown. From these results the blast wave can clearly be seen traveling through the material from the detonation point. While traveling along the length of the case the steel is deformed and high stresses are shown to be acting upon the material. After the blast wave contacts the liner, a small jet can be seen to form. This jet appears to be a mixture of both the high explosive filler as well as the liner. This jet then further expands starting to travel in an outward direction with the end of the simulation showing considerable deformation to the case and a large blunt jet being formed. 
[image: A collage of images of different shapes

Description automatically generated] Figure 17

 



 







 

[bookmark: _Toc155644756]4.2 Second Simulation 
 
The results from the second simulation completed can be seen in figure 18. These results show a similar simulation to the first completed however some adjustments have been made. This was to alter the mesh sizing between the liner and the edge of the explosive filler it was in contact with. This was to make the contact between the two surfaces smother and prevent the jet from executive distorting and expanding away from the centre. Another change made in this simulation was to change the ODB display options and sweep the assembly by 180° this allowed the results to be mirrored to provide a more holistic view how what the shaped charge would look like. From these results the jet can once again be seen to form in a sharp angle before distorting outwards. During the initial stages of the formation jet the leading nodes were selected using the create X Y data tool this allowed for the velocity of the nodes to be plotted against the time after detonation. From this graph shown in figure 19 the jet can be seen to start forming at 13 microseconds after detonation reaching a peak velocity of approximately 9.8Km/s 30 microseconds after detonation.

Figure 18
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[image: ]Figure 19
























[bookmark: _Toc155644757]4.3 Third Simulation 
 
The results of the third simulation can be seen in in figure 20. This simulation was performed similarly to the previous with the 2D model being used and the ODB display options being swept to 180°. After once again changing the mesh, these results were achieved the simulation started similarly to the others with a sharp pointed jet being formed. However, this simulation differs in the jet continuing the same trajectory without excessively distorting. These results provide an accurate representation of how a typical jet is expected to behave after being formed by a shaped charge. As can be seen in the results the casing did not fracture after the explosion and instead distorted and propelled backwards. To provide a comparison between the accuracy of the 2D simulation and the 3D the ODB options were further changed to sweep the display by 360° which allows for a rough 3D representation. As with the second simulation the X Y tool was also used to plot the velocity of the nodes in the jet formed. This graph can be seen in figure 21. From this graph similar results can be seen with the detonation reaching the liner after around 12 microseconds. However, these results differ in the fact the liner is accelerated much faster than previously with some nodes traveling at a velocity as great as 13Km/s. This velocity then peaks around 36 microseconds.
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 Figure 20

 










Figure 21
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[bookmark: _Toc155644758]4.4 Fourth Simulation 
 
 The next simulation that was conducted was the first 3D simulations with the results being shown in figure 22. At the start of this simulation the rear of the case instantly deformed which had not happened in previous simulations. As the simulation progressed a clear jet began to form resembling that of the third simulation. This was at a very steep angle and did not excessively deform remaining in in an expected pattern. However, the simulation then crashed as parts of the liner began to massively deform after leaving the casing, as with the other simulations the casing deformed but did not fracture. 
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Description automatically generated]Figure 22








[bookmark: _Toc155644759]4.5 Fifth simulation 
 
The results of the fifth simulation completed can be seen in figure 23. This simulation was the second 3D simulation completed in this simulation a larger mesh was used then in the previous simulation. This allowed for the issue of the excessive case distortion to be corrected. This simulation formed a very clear and steep angled jet which when compared to real life example seems to be a good example of a shaped charge jet being formed. As with previous simulations the velocity of this jet was also plotted and can be seen in figure 24. From this graph the jet can be seen to follow a similar trend as that seen in the third simulation with a maximum velocity of 13Km/s being reached with a maximum velocity time occurring at around 35 microseconds. 
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Description automatically generated with medium confidence]Figure 23
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Description automatically generated] Figure 24



















[bookmark: _Toc155644760]5 Discussion 
[bookmark: _Toc155644761]5.1 Analysis

The results gathered over the 5 different simulations have provided a variety of data, most of these simulations have been successful in producing a jet from the shaped charge. Most of the jets that have been produced from these simulations are comparable to real life examples matching the geometry, velocity, and length of real-world examples. Many of the errors that occurred in the simulations can be attributed to issues wish meshing which was frequently changed. Issues such as the liner not properly fracturing and deforming could possibly be due to issues when setting up the simulation and entering the material values. Both types of simulation produced very similar results with the 2D and 3D results sharing many similarities such as the geometry of the jets formed. While extending the 2D simulation by 360° did produce jagged edges the result was very similar to that of the 3D simulation showing the results are comparable. In some instances of the 2D simulations the boundary condition on the Y axis was violated, this could be due to limitations in the Abaqus software however this did not have a major impact on the results. 
[bookmark: _Toc155644762]5.2 Conclusion 

From the topics discussed in this report background information has been provided on the function of shaped charges and the context that they are used in. This report has also explored the applications of shaped charges and examples of how they have been used in both the past and the present. This has influenced the design choices that were made in this assignment regarding the materials and geometric design of the shaped charges that were investigated by simulation. The steps taken to produce these simulations have been explained with actions taken explained. The results achieved in this report have shown a variety of jets that can formed when simulating a shaped charge. These differences can mainly be explained by material choice and the meshing of the geometry. The results that were achieved in this simulation have been demonstrated as being accurate baring many similarities to real world testing of shaped charges with similar velocities and geometry formations recorded. Because of this it can be said that while there are some limitations to the modelling of shaped charges on Abaqus the simulations have been mostly successful. 
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