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1. [bookmark: _Toc92743709]Abstract
1.1. This report has been constructed to discuss the methods commonly used to model a shape charge during the design phase of a product. 
1.2. Utilising modelling software allows for the principles of systems engineering to be employed in the development of a product allowing for the choices of suitable materials to be down selected prior to the conducting of costly and time-consuming physical trials and tests.
1.3. The results gained from running the simulations will presented along discussion points that arise from them.  
1.4. The report will also detail the issues experienced when using the  Finite Element analysis software and discuss possible improvements that could be employed for the design and running of future simulations.
2. [bookmark: _Toc92743710]Introduction	
2.1. A shaped charge is the term given to an explosive device that is designed to focus the energy created from the detonation of its energetic material in a specific direction in order to achieve the effect the product has been designed for. 
2.2. While the exact date of the creation and development of the first shape charge in not known it is widely believed that Franz Xavier Von Baader’s work on cavity charges, the creation of a conical space at the front end of a blasting charge to increase the effect, circa 1792 [1], was a pivotal moment in the development of the blasting charges and led to future developments more akin to the shape charge known today. 
2.3. These developments can be said to be broken down into two separate periods:
2.3.1. The first being the Unlined cavity period that dated from approximately 1883 into the 1930’s which saw experiments being conducted by Max Von Foerster using compressed nitrocellulose [2]. Gustav Bloem’s invention of the shell for detonating caps [3], Charles E Munroe’s work on the ‘hollow charge effect’ [4]. 
2.3.2. The second phase has been called the Lined cavity period that is thought to have begun in the 1930’s and is still going to this day. Again, it is difficult to attribute the invention of the lined cavity to a single person with a significant number of people from academic and scientific establishments all over the world conducting experiments independent from each other around the same time. With C. Cranz, H. Schardin,and Thomanek from Germany and D.E Matthias of England all claiming in 1937 the invention of projectiles with similar effects that we would now identify as shape charges [5].
2.4. Shaped charges have continued to be developed into the current era and with the advancement of insensitive munitions and progress in the ability to accurately model different configurations the development of shaped charges is likely to persist. 
2.5. There are many types of shaped charges that are used throughout the world in both military applications and civil engineering applications including but not limited to:
2.5.1.  Cutting charges used in the demolition industry, these are usually linear shaped charges that form a blade of molten material an example is its use to cut through items like steel girders/struts [6].
2.5.2.  Penetrating charges are used in a military capacity to defeat armour for example High Explosive Anti-Tank (HEAT) projectiles [7] utilise the metal liner to create a high-velocity superplastic jet to penetrate enemy armour.
2.6. A very simple example of a shaped charge is the Wine Bottle Shaped Charge, This device consists of the lower section of a wine bottle being partially filled with metal fragments, that will ultimately form the liner, and an energetic material that is packed on top [8]. A method of initiation is still required and is commonly achieved with the used of an electrical detonator. 
2.7. This type of modest shaped charge is still taught as part of the British Army’s basic combat engineer course for the Corps of the Royal Engineers as an improvised device for penetrating light to medium armoured targets.
3. [bookmark: _Toc92743711]Model Setup
3.1. Using the selected modelling software, Dassault Systems Simulia Corporation’s Abaqus,  each of the component parts of the Wine Bottle Shaped Charge were modelled.
3.2. The Copper Liner
3.2.1. The copper liner modelled to represent the scrap copper ingots, wire or coins added to the bottom of the wine bottle. As seen in figure 1. 
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Figure 1 – The Copper Liner
3.2.2.  Material properties were adjusted to reflect those taken from MatWeb [9] and as seen in table 1 below. 
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Table 1 – Copper material properties.

3.3. The Glass Bottle 
3.3.1. The lower section of the glass bottle was modelled using dimensions taken from an online source, Gino Pinto, a company that supplies wine making equipment [10] as seen in figure 2. 
[image: ]
Figure 2 – Glass Bottle lower section
3.3.2. Once sketched using the material manger under the properties tab the parts material properties were added in with values for glass taken from MatWeb [11] as per table 2.
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Table 2 – Glass properties
3.4. The Energetic fill 
3.4.1. The energetic material selected for use in the wine bottle shaped charge was PE8, a plastic explosive used in a variety of commercial and military products for demolition charges and as a main fill. 
3.4.2. Its malleable nature and relative insensitiveness compared to a TNT based explosive allows it to be formed into the shape needed and pressed into the orifice of the wine bottle by hand [12]. The material properties for PE8 were added to the part material properties. 
3.4.3. Figure 3 shows the sketch for the energetic fill.
[image: ]
Figure 3 – The Energetic Fill
3.5. A cross section of the assembly can be seen in figure 4, with the material specifications found in table 3. 
[image: ]
Figure 4 – Cross section of the Wine Bottle Shaped Charge assembly
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Table 3 – PE8 Material Specifications  
3.6. Using the Job Manager option under the Module: Job drop down option a new Job was created and submitted for the model to be run. 
3.7. Unfortunately, each attempt at running the job resulted in the model ‘crashing’ and failing to complete. Further details and about this, possible reasons and potential solutions for future designs will be covered in section 5, the discussion. 
3.8. In order for a model to be completed for use in this report a 2-dimensional sketch was created using the same material specifications as previously mentioned in tables 1-3, this allowed a model to be created using the Abaqus 2018 Student Edition and the use of the sweep feature to create a 3D model.
3.9. Additionally, the complexity of the conical feature at the base of the wine bottle was lessened to further increase the likelihood of the model running successfully. Figure 5 shows the model created in the student version of Abaqus.  
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Figure 5 – Modified model created in the student version of Abaqus
4. [bookmark: _Toc92743712]Results 
4.1. Figure 6 shows the detonation wave travelling down the length of the bottle and reaching the punt at the base of the bottle, the punt is the conical feature shown here at the top of the image.
4.2. The initiation of the energetic material causes the build-up of gasses increasing the pressures which leads to the expansion of the bottle. 
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Figure 6 – Detonation Wave traveling down the length of the bottle.
4.3. As seen in figure 6 the pressures present in the model are in the giga pascal region (GPa) with the glass bottle wall being subjected to pressures of up to 15 GPa and pressures of up to 26 GPa at the tip of the conical feature.
4.4. At a time period of 25 microseconds it was clear to see a good formation of a jet, the cross-section view in figure 7 depicts this. 
[image: Chart, surface chart

Description automatically generated]
Figure 7 – Jet formation at 25 microseconds
4.5.  Figure 7 also shows the velocity of the jet at this stage with the tip being modelled as traveling at 8,349m/s.
4.6. At 50 microseconds the jet formed can be seen to be approximately 630mm long with the velocity of the jet modelled as being 7,387 m/s. This can be seen in figure 8.
[image: ]
Figure 8 – Jet formation at 50 microseconds
4.7. The modelled jet meets the requirements of the NATO Standardised Agreement Allied Ordnance Publication (AOP) 4526 governing the design and testing of shaped charges [13].  Where the product has a symmetric initiation throughout, and the jet that is produced is straight.
4.8. Figure 9 shows the inversion of the conical feature of the bottle during the formation of the jet. 
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Figure 9 – conical feature inversion.
4.9. Figure 10 shows the Velocity of the jet against Time from initiation graph, it displays the maximum system velocity of over 9500m/s being reached at approximately 11 microseconds. 
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Figure 10 Jet velocity over time from initiation.
4.10. It can also be seen that the jet velocity remains above 7000m/s 50 microseconds after the initiation of the energetic material. 
5. [bookmark: _Toc92743713]Discussion
5.1. The initial failures during the modelling of the first of the 3D model were more than likely caused by the design of the components being too complex, an example of this can be seen in figure 1. Where the centre of the liner clearly shows the complexity of the meshing.
5.2. This can also be seen in the assembly screen shot shown in figure 4. Additionally, the used of Glass as confining material for the shape charge may have also played a role in the failure of the simulations. 
5.3. Attempts were made to simplify the model by increasing the mesh size but failures continued to occur, with simulations left to run over night only to fail hours into the simulation. Due to limited access to the computer systems with enough processing power it resulted in a failure to model the preliminary design for the Wine bottle shaped charge.
5.4. As remote access and connection to the universities modelling facilities could not be achieved it was decided to use the student version of Abaqus. Although the student edition limits the number of structural nodes to 1000. 
5.5. In order to ensure that a model could be created within the 1000 node limitation the sketch was completed as a 2D component and swept the elements along 360 degrees to provide a 3-dimensional visualisation of the results. This is known as Axisymmetric method where the half shape is drawn in the first quadrant and rotated around the z axis.
5.6. This method also allowed the simulation to be completed in minutes as opposed to the multiple hours seen when using the full version of Abaqus.
5.7. The results gained for the revised Wine Bottle Shaped Charge were favourable and showed the ability of Abaqus to confirm the suitability of a design prior to performing potentially dangerous, costly, and time-consuming physical trials.
5.8. Abaqus also allows the design to be tweaked and changed a theoretically unlimited amount of times that could allow complex comparative studies to be performed. 
5.9. For future projects Abaqus remains an important tool aid in the down selection of materials and confirm suitability of designs, the jet formation, although currently good, could be further improved by replacing the materials currently selected for each of the components. 
5.10. The use of fine mesh Eulerian modelling techniques for the energetic material could be used to further model the propagation of the blast wave with a greater efficiency [14]. 
6. [bookmark: _Toc92743714]Conclusion
6.1. This report has proven that although initial attempts to model the Wine Bottle Shaped Charge failed Abaqus is still capable of producing results that can be used in the design phase of a products development.  
6.2. It can be said that the failures were caused by the initial model being created with a complexity far beyond the users understanding and capability in the use of the full version of Abaqus, this resulted multiple hours of valuable time of access to the systems with the processing power required to run the complex models being wasted trying to resolve models that were destined to fail.
6.3. The utilisation of the Student Edition of Abaqus allowed for basic models to be simulated remotely providing good results without the need for access to the universities Finite Element Analysis software. 
6.4. The limitation of 1000 nodes associated with the student edition is suitable for the modelling of the shaped charge when using the axisymmetric method.
6.5. More experience is needed by the user to efficiently use the FEA software utilising all its capabilities.
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‘Specific Gravity 2.50 glcc
Bulk Density 1.36 glec
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Particle Size 6.0 pm
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