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Abstract
Within this report is four shaped charge simulations, two two dimensional and two three dimensional. All work completed for this report was done so using Abaqus 2018 full edition to enable the complexity compared to what is possible in the student edition. There are two high explosives used and analysed in this report, HMX and TNT. There is both a two dimensional and three dimensional simulations for each. The analysis work will compare the two explosives if different aspects and come to a conclusion which would make a more suitable fill for real world shaped charges that can be used against a variety of targets.






















Introduction
In the modern world of engineering, engineers and designers have a plethora of techniques and software to aid the development process of components and products. There are several options of software that can be used to create two or three dimensional designs and then put through real life scenarios to gain an understanding of how it would react. These types of software are used daily in many industries but are vitally important in the development of explosives and munitions. Explosive engineers are always looking for ways the current suite of products can be improved, not just for performance but also safety. This sort of software can be used to test new ideas without having to go through the costly stage of manufacturing and limits the risk of safety if the idea put forward was to go catastrophically wrong. Working in this manner goes hand in hand with the systems engineering way of thinking. The main aim for systems engineering is to ‘left shift’ the design process so any potential design problems are found in the early stages of the process saving valuable time and money. [1]
The analysis in this report utilises the software Abaqus which can be used for Finite Element Analysis (FEA). FEA uses the numerical technique known as the Finite Element Method (FEM) to understand any physical circumstance. The software computes complex partial differential equations to give out relevant stresses, strains, etc in order to estimate the behaviour of the materials under a given load. [2] 
This report uses Abaqus’ abilities to simulate designs for shaped charges, specifically lined cavity shaped explosive charges. A shaped charge is a cylindrical case, usually made of some sort of steel, filled with a high explosive with a hollow cavity at one end and a detonator on the opposite. The hollow cavity can either be lined or unlined, this report will convey research about lined shaped charges. The liner is usually some sort of metallic material like copper or aluminium due to its properties. On detonation, an explosive train will take place detonating the high explosive cause a huge pressure forcing the liner to collapse and form what is known as a jet. [3] Shaped charges can have different liner styles such as conical, hemispherical or bow-shaped which all form some form of jet when the high explosive is detonated. [4] The jet however forms slightly differently depending on the liner shape. For example the tip of the jet for a conical liner will usually be very sharp and thin whereas it would be slightly thicker if a hemispherical liner was used. [5] The liner angle and wall thickness is critical to the shape of the penetrator, thus extensive research has been completed throughout the years to find out what combination would be best for specific requirements. [4]










Simulation Setups
The simulations completed for this report uses the shaped charge design which can be seen in figure 1 below. It is 71.21 mm in diameter and 68.51 mm in height. [6] All of the simulations in this report will use a steel casing and a copper liner but will convey the differences seen when changing the explosive. 
[image: ]
[bookmark: _Toc155647201]Figure 1 - Shaped Charge design [6]
2D Simulations
The first step required to complete any simulation within Abaqus is to create the necessary parts of the design. By clicking ‘Create Part’ in Abaqus, it will bring up an area in which the user can create the desired part. For this simulation, the student decide to start with the case of the shaped charge so they could later use it to aid the creation of the liner and high explosive. Figure 2 shows the sketch created by the student for the case. As seen, it follows the drawing from figure 1 with very similar dimensions. The dashed line seen in figure 2 is a centreline which is a feature in the software which can be utilised when creating symmetrical parts. Creating a part from a centreline will also allow the user to resolve the results a selected amount of degrees to view the results in a different manner which may provoke different ideas and thoughts.  
[image: ]
[bookmark: _Toc155647202]Figure 2 - Sketch of shaped charge case
The next part of the shaped charge created was the liner. By saving the previous sketch of the case, the student was able to add it to the new sketching plane to ensure the liner would be in the correct place when creating the assembly later on in the process. The liner sketch is shown in figure 3, in which it shows the 3 mm thick liner at a 40⁰ angle from the centreline which would equal the 80⁰ shown in figure 1 when resolved to 180⁰. 
[image: ]
[bookmark: _Toc155647203]Figure 3 - Sketch of liner
The final part of the shaped charge which needed to be sketched was the high explosive fill. This process was made very simple due to the previous sketches being saved so the explosive sketch could use some of the same lines as the liner and case. 
[image: ]
[bookmark: _Toc155647204]Figure 4 - High explosive fill sketch
After all the parts had been created, the next step was to create the assembly. In the assembly module, Abaqus users can create an instance which will be the parts that the simulation will use to provide the results. In the shaped charge simulation used in this report the three parts created could be selected for the instance with nothing having to be moved or changed due to everything being sketched used the saved sketches and centreline. 
Engineers use software like Abaqus to create potential real life scenarios to see how they would unfold if done in the real world. For the simulation results to be useful they need to be as realistic as possible. The most important part setup to ensure this is the material properties used for each part. For the liner copper was chosen as the material as in previous shaped charge research done by munition engineers, it was found to be the best [7]. Below in figures 5, 6, 7 and 8 are the materials properties used for the copper liner [8]. Density, plastic and elastic data is a must when completing simulations like the one documented in this report because without the data the material would act in ways that were unrealistic. Johnson cook damage data was added as in the simulation the copper material undergoes extreme forces from the pressure which has the potential of putting it beyond its limits. With the addition of the Johnson cook data, the software will remove any element that goes beyond the threshold. 
[image: ]
[bookmark: _Toc155647205]Figure 5 - Johnson Cook damage data for Copper
[image: ]
[bookmark: _Toc155647206]Figure 6 - Density of Copper
[image: ]
[bookmark: _Toc155647207]Figure 7 - Elastic data for Copper
[image: ]
[bookmark: _Toc155647208]Figure 8 - Plastic data for Copper
Along with the liner, the casing for the shaped charge also remained the same for all simulations. A generic steel was chosen for the case as that is very commonly used within the munitions industry. Figures 9, 10, 11 and 12 show the material data taken from sources and inputted into the software. [9] [10]
[image: ]
[bookmark: _Toc155647209]Figure 9 - Johnson cook data for Steel
[image: ]
[bookmark: _Toc155647210]Figure 10 - Density of Steel
[image: ]
[bookmark: _Toc155647211]Figure 11 - Elastic properties for Steel
[image: ]
[bookmark: _Toc155647212]Figure 12 - Plastic properties for Steel
The simulations in this report were completed with two different high explosives so a comparison and conclusion could be made on which shaped charge would be better in the real world. The first explosive which was used was Trinitrotoluene, known worldwide as TNT. TNT is one of the most commonly used explosives all over the world, being used since the start of the 20th century. It may not be on paper the best explosive but its insensitivity to shock and friction makes it very useful in munitions. [11] The material properties used in the simulations can be seen below in figures 13, 14 and 15. [12]
[image: ]
[bookmark: _Toc155647213]Figure 13 - Density of TNT
[image: ]
[bookmark: _Toc155647214]Figure 14 - JWL data for TNT
[image: ]
[bookmark: _Toc155647215]Figure 15 - Viscosity of TNT
 The second explosive used in the simulations was Octogen, known as HMX. It is a build-up of hexamine, ammonium nitrate, nitric acid and acetic acid commonly used in explosives and rocket fuels. [13] Its detonation velocity is higher than that of TNT which theoretically should increase the velocity of the shaped charge jet. The material data inputted into to Abaqus for HMX can be seen in figure 16 and 17. [14]
[image: ]
[bookmark: _Toc155647216]Figure 16 - Density of HMX
[image: ]
[bookmark: _Toc155647217]Figure 17 - JWL data for HMX
Shaped charges have a detonator the opposite side of the liner which is part of its explosive train. That detonator gives off enough energy to detonate the high explosive fill which will in turn give the necessary pressure and forces to create the desired effect with the liner. The detonator in shaped charges are also centrally located to detonate the high explosive fill uniformly. Because of this it is important to correctly choose the detonation point in simulations like this. Within Abaqus, the user can select an element or node and find its exact coordinates. This feature was utilised to find the centre of the high explosive fill. The coordinates remained the same for all the simulations as did the 0 delay time to ensure no time was wasted while running the simulations. These can be seen in figure 18.
[image: ]
[bookmark: _Toc155647218]Figure 18 - Detonation point selected for simulations
To assign materials to specific parts in Abaqus, a section must be created for each necessary part. This must be completed in the ‘Property’ module. It is simply done by clicking ‘Create Section’, assigning the chosen material and selecting the type of section that is necessary. For all parts of the shaped charge, ‘solid, homogeneous’ was necessary which is visible in figure 19.
[image: ]
[bookmark: _Toc155647219]Figure 19 - Section manager in Abaqus
For anything to actually take place when a simulation is run, a step needs to be created and a timer period set. The time period can be set as anything the user desires but 50 microseconds was chosen for these simulations as it would be enough time for the explosive to react and a shaped charge jet to form. 
[image: ]
[bookmark: _Toc155647220]Figure 20 - Step created for Simulation
With the two dimensional simulations, a plane of symmetry had to be set up in order to make the results realistic as in reality there would be lots happening all around it. This plane of symmetry also allows the user to resolve the results later on down the line to make them easier to view. This plane was set up by creating a boundary condition and selecting symmetry under type. 
To ensure the results of any simulation is what the user expects, the interaction of all the parts needs to be setup correctly. In this shaped charge work there were two potential options for the type of interaction. The first option was surface to surface contact, creating an interaction for each pair of contacting surfaces, or the second option was general contact, which is what was chosen. The contact properties had to be chosen to determine how the interaction would actually take place. Frictionless and hard contact was decided as the best options for the work completed in this report. 
[image: ]
[bookmark: _Toc155647221]Figure 21 - Interaction Manager Setup
Meshing is one of the most important steps in completing an accurate, realistic simulation using FEA software. Meshing a part in FEA software is all about trying to break complex shapes into smaller recognisable shapes for the software to understand. Generically, a smaller mesh will give more realistic results but the increase in nodes will lead to a longer running time. When meshing for a simulation, it is important the user finds an optimal mesh for their desires. Some users may not want to spend a certain amount of time setting up a complex mesh as they do not require extremely accurate results. [15] For the work in this report, the meshing was extremely important due to the need of the results to be realistic. The most important part of the mesh in these simulations is the tip of the liner due to the fact that the jet from a shaped charge comes mostly from that point. Because of this certain features were utilised in Abaqus to attempt to get the most realistic results as possible. As seen in figure 22 and 23, two different bias selections were used for the liner to create the best mesh possible without going over the limit in the software.
[image: ]
[bookmark: _Toc155647222]Figure 22 - Liner Mesh
[image: ]
[bookmark: _Toc155647223]Figure 23 - Liner Mesh Tip
In the first simulation attempt during the work for this report, only an in depth mesh was completed for the liner as that is the most important part of the shaped charge. This led to a failed simulations as the number of elements trying to interact with each other was significantly different. Due to this issue the explosive fill and case meshes was improved using the same bias techniques as the liner. It is visible in figure 25 that the same element size for the bottom of the fill was chosen as the top of the liner as these faces interact. 
[image: ]
[bookmark: _Toc155647224]Figure 24 - Explosive Fill Mesh
[image: ]
[bookmark: _Toc155647225]Figure 25 - Fill mesh Zoomed
Shown in figure 26 and 27, the same technique was used for the case as the liner and fill. 
[image: ]
[bookmark: _Toc155647226]Figure 26 - Global seeds for case
[image: ]
[bookmark: _Toc155647227]Figure 27 - Local seeds for case wall
Figure 28 shows the full completed mesh for the two dimensional simulations. By changing the mesh from the first attempt it meant that the number of elements interacting with each face was equal. This made the simulation run a lot better and give out a result that a conclusion could be made from.
[image: ]
[bookmark: _Toc155647228]Figure 28 - Full Mesh for shaped charge
3D Simulations
The main set up for the three dimensional simulations remained the same from the two dimensional. The same sketches could be used as they were saved from previous use but instead of creating a two dimensional part the resolve feature could be used to create a 360⁰ three dimensional part. 
All of the same setup from the two dimensional could be used except for the boundary conditions and mesh. As it is a three dimensional simulation, the symmetrical plane was no longer necessary and was deleted since all elements interact with each other. As the simulation was now three dimensional, there were a lot more elements and a limitation in the software was discovered. As Abaqus is not the most advanced FEA software on the market there is a limit to how many elements can be in each simulation as the software simply cannot take it. Due to this, the mesh for the three dimensional simulations could not be as small as the two dimensional. With the thought in mind of keeping the same mesh on each edge that interacts with each other, a generic mesh was chosen at 0.0025 for each part. This was the maximum number of elements that could be used in the software.
[image: ]
[bookmark: _Toc155647229]Figure 29 - 3D case mesh
[image: ]
[bookmark: _Toc155647230]Figure 30 - 3D liner mesh
[image: ]
[bookmark: _Toc155647231]Figure 31- 3D explosive fill mesh
















Results
TNT – 2D
The first two dimensional simulation completed was using TNT as the high explosive for the shaped charge. Figure 32 shows step 12 of the results in which case deformation is clearly visible. From where the explosive detonated at the middle point, the case surrounding the area spread from the increase in pressure. Comparing figure 32 to figure 28, the tip of the liner is clearly thicker showing the start of potential jet formation. Also visible in figure 32 is the stress wave moving through the explosive, signified by the dark blue.
[image: ]
[bookmark: _Toc155647232]Figure 32 - 2D TNT Step 12

Moving forward in the simulation to step 25, the liner visibly stretched more and that jet formation is taking place. The small jet formation visible in figure 33 is very sharp and shows good promise for a functioning shaped charge. However, figure 33 shows some TNT explosive coming out between the liner and shaped charge casing. This is caused due to the pressure build up pushing and stretching both the liner and case wall. Looking at it as a result file in this software it looks like an issue and may make the viewing of results worse however, in reality the TNT at the stage below would be gas and no effect would be had in the real world. 
[image: ]
[bookmark: _Toc155647233]Figure 33 - 2D TNT Step 25
Within Abaqus, when doing a two dimensional simulation with a centreline, the user can resolve the result file for a better, more realistic way of viewing the results. The user can also choose to view parts on their own. Both of these techniques are visible in figure 34 below. The figure shows the liner on its own and the jet formation is clear. This result is very similar to that of a real life shaped charge and shows promise of a good end result.
[image: ]
[bookmark: _Toc155647234]Figure 34 - 2D TNT Step 25 liner only


Figure 35 and 36 is the final result of the two dimensional TNT filled shaped charge. Again like for step 25 it is easier to view the results looking at the liner only due to the TNT gas escaping between the liner and the case. Viewing just the liner only is okay to do as in an actual military use the liner is the important part and as long as the case doesn’t expand while in the barrel of the gun it does not have any effect. This is why steel is commonly used as it is strong enough not to immediately expand under the incredible pressures impacted on it from the explosives. The figures below, especially 36, shows a good shaped charge as it has a sharp tip and is a long enough length to penetrate the necessary targets.
[image: ]
[bookmark: _Toc155647235]Figure 35 - 2D TNT final step
[image: ]
[bookmark: _Toc155647236]Figure 36 - 2D TNT final step liner
Within the Abaqus software users can plot different types of graphs and charts depending on the simulations completed. For a shaped charge the velocity is obviously very important. If the jet isn’t traveling at a high enough speed then it will not penetrate the target and have the desired effect. 
[image: ]
[bookmark: _Toc155647237]Figure 37 - Selected nodes for velocity graph
The graph in figure 38 shows the velocity of the nodes selected in figure 37. The average velocity of the shaped charge is around 5550 metres per second. TNT has detonation velocity of 6930 metres per second [14] so the results presented from this simulation can be deemed realistic and useful. This shaped charge would produce enough of a jet at a great enough velocity to penetrate the usual target for shaped charges which tends to be vehicles with armour steel plates.
[image: ]
[bookmark: _Toc155647238]Figure 38 - Velocity plot for 2D TNT
HMX – 2D
Figure 39 is step 10 on the two dimensional HMX simulations. Step 10 of HMX is very similar to step 12 of TNT. Comparing the two the case deformation and jet formation is very similar but the stress wave is further down within the explosive. This is due to the higher detonation velocity of HMX compared to that of TNT. From this a prediction can be made of a higher velocity potentially longer jet as an end result.
[image: ]
[bookmark: _Toc155647239]Figure 39 - 2D HMX Step 10
Figure 40 is the liner only, like shown in the previous results. This shows the stress waves working its way down the liner. At the tip, deformation is already visible and the stress wave, signified in blue shows where the work is currently being done and where deformation will take place next. 
[image: ]
[bookmark: _Toc155647240]Figure 40 - 2D HMX Step 10 liner only
Again, similar to the TNT simulation, the explosive is leaking out between the case and liner. When the results are resolved it is clear to see why viewing the liner on its on is easier.
[image: ]
[bookmark: _Toc155647241]Figure 41 -2D HMX Step 30
In figure 42, good jet formation is visible and the reason a small mesh is useful. Looking carefully at the element in the middle of the shaped charge, they are stretched into long thin individually which with a larger element would be even greater so may result in a failure and stop the simulation before the end result.
[image: ]
[bookmark: _Toc155647242]Figure 42 - 2D HMX Step 30 liner only
Comparing the final results of HMX and TNT, the jet created from the HMX visually does look longer and sharper but that could be a result of the angle the screenshot is taken.
[image: ]
[bookmark: _Toc155647243]Figure 43 - 2D HMX Final Step
As previously mentioned, a higher velocity jet would be expected when using HMX to TNT due to the higher detonation velocity. This was proven to be true in this simulation as figure 44 shows. The average velocity of the shaped charge was around 7000 metres per second which is around what is to be expected when using HMX with a detonation velocity of 9110 metres per second. 
[image: ]
[bookmark: _Toc155647244]Figure 44 – Velocity plot for 2D HMX
TNT – 3D
When doing a three dimensional simulation, similar to resolving two dimensional results, you can split the results. This makes it much easier for viewing when doing simulations of this manner. Looking at the elements in the three dimensional results below, the difference in meshes compared to the two dimensional is visible. With the larger elements in the three dimensional simulation, the elements at the tip of the liner are getting very stretched out and look quite messy. However, even with the larger elements, it is clear that the beginning of jet formation is taking place and deformation of the case is similar to that of the two dimensional.
[image: ]
[bookmark: _Toc155647245]Figure 45 - TNT 3D Step 25
The three dimensional TNT simulation failed at step 56. Step 56 is shown in figure 46 and a small jet can be seen. Using the display group feature in Abaqus allows the user to analyse which element it was in the simulation that caused it to fail. In this case it was one in the liner which had undergone too much deformation. This is the result of using a mesh with larger elements and shows why maybe a full three dimensional simulation is not optimal for this sort of work. 
[image: ]
[bookmark: _Toc155647246]Figure 46 - 3D TNT final step
When completing the velocity plot for the nodes in the three dimensional simulation, there average velocity is just around 3750 metres per second which is significantly lower than the 5500 in the two dimensional results. This could be for several reasons but the main one being the fact the simulation did not reach its end. As the simulation did not make it to the full time period set by the user, the liner may not have had sufficient time to get close to its terminal velocity. 
[image: ]
[bookmark: _Toc155647247]Figure 47 - Velocity plot for 3D TNT







HMX – 3D
Similar to the comparisons made between the two two dimensional simulations, there is a lot of similarity when looking at both three dimensional results. Step 27, figure 48, shows significant case deformation, as expected, and the beginning of het formation.
[image: ]
[bookmark: _Toc155647248]Figure 48 - 3D HMX Step 27
The three dimensional HMX simulation failed on step 48, less than the failure of TNT. The failure in this simulation happened for similar reasons to the previous. Due to the change in mesh size the elements deformed too much causing the simulation to fail. This second three dimensional run with HMX possibly failed in fewer steps due to it progressing quicker because of the increase in detonation velocity.
[image: ]
[bookmark: _Toc155647249]Figure 49 - 3D HMX final step
When analysing the velocity of the three dimensional HMX results, the average is around 5000 metres per second which is considerably less than that of the two dimensional HMX results and even less than TNT. Again, this could be due to the simulation not finishing due to the meshing issues.
[image: ]
[bookmark: _Toc155647250]Figure 50 - Velocity plot for 3D HMX








Conclusion
Although the three dimensional simulations results were did not provide the same results as the two dimensional, a conclusion can be drawn about some parts. In both sets of the results HMX did perform better than TNT so would make a much better explosive when designing a high energy shaped charge. From the two dimensional results both explosives could be used so it would be down to the manufacturer and the customer to have discussions regarding their desires for the shaped charge system. Some customers and users of the shaped charge may not require the full power available of using HMX as the explosive fill and may opt for TNT due to it being cheaper in price, more accessible and the significant difference in melting temperature makes it much easier to fill cases if the chosen method is melt cast. 
Moving away from the shaped charges specifically to analyse the Abaqus software, it is clear from the work done that it does have its limitations. The two dimensional simulations gave realistic results and a smooth jet for each explosive but the three dimensional not only failed but the results were nowhere near as smooth. To aid this if the work was completed again, more material information could be used to make the three dimensional simulations more useful. If the material data for copper as a fluid was added then the result files may be significantly smoother. Other research could also be conducted to find a FEA software that can run simulations with an increase of elements. The use of any FEA software however will never give a perfect answer to what would happen in real life. It is used primarily for initial testing within the munitions industry and then when an idea ages over time and the engineers get progressively more confident, a plethora of real world testing would be completed leading up to a full life firing. Because of this, completing the simulations in two dimensions and the resolving the results 180⁰ or 270⁰ could be the more sensible and time saving method.
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