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Abstract:
In this report, I will be looking at how a shaped charge works in order to highlight the key factors and components that determine and control the output of a charge device to optimise penetration. After conducting a literature review, I learnt to optimise a shaped charge the liner has a greater effect than the explosive. During the Munroe effect, the jet becomes a plasma like state, which elongates. After modelling on Abaqus, I also learnt the limitations of a software when trying to replicate complex explosive devices. However, there are other software’s available such as Autodyn, Cheetah and Paraview.
Introduction:
A shaped charge is an explosive device that is capable of high penetration on anything from armoured plating, to rocks in the mining industry [1]. Shaped charges come in a variety of dimensions and setups; however, they all follow the same principle of directing their energy on a focussed concentrated point to exert the maximum momentum possible in one plane of direction [2]. Most shaped charges are made from three main components:  casing (often plastic), metal (often copper) liner and an explosive material. The orientation of these three components can alter the output of a shaped charge [3]. 
How a shaped charge works:
The setup of a shaped charge involves a concave metal liner often in a cone shape. An explosive material then backs this metal liner. This is all then sealed tight in a plastic/metal casing. There will be electrical components as well to initiate the device. Once the device is set off by an electrical stimulus, the high explosive detonates at a supersonic rate propagating a wave of intense pressure into the metal liner. The metal liner then compresses and moves forward. As the liner compresses it inverts on itself. The liner no longer looks like a cone but instead a slug/jet of hot plasma like metal. Due to the intense pressure and heat, the metal liner becomes a plasma (not solid, but not liquid). This plasma elongates and stretches. The tip of this jet often breaks up and has the highest velocity of in some cases 10km/s. The tail often has a slower velocity due to it having more mass than the tip, this moves at 2-5km/s [4]. The breakup of the jet is random. If you had 100 identical shaped charges and used rapid flash x-ray to capture the jet formation they would all vary. This is mainly down to the fact that the metal liner will always contain impurities and hairline cracks in different areas, which in turn affects the output of the device. 
The Munroe effect:
The Munroe effect is the principle of a shaped charge. It is the greatly increased penetration by an explosive device by inverting a conical metal liner for it to form a plasma like jet of high velocity.
Types of shaped charges:
Shaped charges are most commonly found in the defence industry. However, they are also used in the mining industry and in rare occasions they are used by locksmiths. 
The simplest shaped charge is the wine bottle. It works by simply taking a wine bottle and compacting the inside with explosives. These creations rely heavily on the explosive being extremely sensitive to shock/impact. However, they can also be set on fire by shoving a petrol soaked flannel in the top of the bottle neck to promote a deflagration to detonation transition. When the high explosive does detonate, it propagates a shockwave through the glass and causes the punt (indentation at the bottom of the bottle) [5] to invert. The glass does not shatter but instead becomes a plasma forming a jet. 
This design is not capable of extreme penetration due to the glass cooling rapidly and becoming very brittle. However, in the Vietnam War insurgents dropped them from trees onto personnel. The shaped charge was enough to rupture soldier’s helmets, thus killing them [6]. 
Moving on to more complex designs of shaped charges we get linear shaped charges. A linear shaped charge has a metal liner in the shape of a ‘V’. Instead of being more rounded like a cone, it is sharp and pointed. An explosive is packed tightly behind it. This is then encased in a sturdy casing, not only to protect the explosive from external stimuli such as shock from dropping it, but also from water getting in to it and dissolving the explosive. The casing also has another function. If the casing were too ductile then the explosive would direct its energy away from the metal liner as it propagates towards the region of least resistance. Therefore, the metal liner wouldn’t receive the necessary pressure to invert. Therefore, the function of the case is to confine the device allowing pressure to build up to adequate levels in order to invert the cone. Linear shaped charges can produce a jet 1 to 1.2 times the charge width [7]. LSC devices are typically used in the demolition of buildings because they are good for the cutting of rolled steel joists.
From the demolition industry to the defence industry, shaped charges become much more complex and harder to implement in systems due to electrical delays and fuses. The tandem warhead includes both fuses and delays in order to achieve maximum penetration. A tandem warhead consists of two shaped charges, one in front of the other. They typically have a distance of 3-5 times that of the length of the metal liner. This allows for maximum penetration. The first charge is weaker than the second but still strong enough to penetrate thick armour. The second charge can then pass through the rupture unimpeded and damage vital components or personnel within the desired target. Tandem warheads are often used against explosive reactive armour, bunkers and structurers with thick concrete walls. It is important to note that the second charge is initiated by a delay fuse so that it allows time for the first one to penetrate.
Factors affecting penetration:
Material of the metal liner – The material of the metal liner affects the penetration drastically. Many trials and tests have been undertaken in order to work out which material works best. I have participated on trials at work testing different materials for charges. The material type affects the jet formation. The length of the jet determines the penetration depth. A longer jet will penetrate further than a shorter jet. Therefore, a material which is ductile and can be drawn into thin wires works best. Therefore, copper is favoured by most charge manufactures. A common misunderstanding is that heavy metals penetrate further, however this is not the case as they do not turn into a plasma as well as softer metals do. This plasma like property is what allows the material to stretch out into a long slug/jet.
Shape of the liner – In my first year of work at Dstl, I was on placement in the Render Safe Team. A common technique to render an IED or unknown explosive device is to use a shaped charge to take out the electrical ‘brains’ of the device. A shaped charge is ideal for this as it forms and penetrates faster than the electrical components can give off a signal to initiate. In my first year I was tasked with modelling shaped charges. In particular I was modelling a device produced by Saab called SMEOD20. It was a small shaped charge in comparison to other designs, however they wanted to know how the shape of the liner affected penetration performance. I modelled 3 main shapes of liner, these were: ‘x’, ‘x’ and ‘x’. Due to classification I can’t comment on what these shapes looked like, but some designs had double the penetration of other designs. 
Type/NEQ (Net Explosive Quantity) – The type of explosive being packed behind the liner affects the penetration. Some explosives have higher velocity shockwaves than others. Therefore a more brisance explosive will invert a cone much better than an explosive with a slow shockwave output. The quantity of explosive will also alter performance. Too much explosive will shatter the casing before the pressure builds up. Likewise too little explosive won’t create enough pressure.
Standoff – Another component of my work in Dstl was modelling the standoff of a shaped charge on an aluminium block (10cmx10cmx10cm). Due to modelling limitations such as the simulation producing the same result each run (in real life it varies massively from shot to shot) we ended up doing a real life trial. We used high-speed flash x-ray to see the formation of the jet. If the standoff was too short then the jet didn’t have enough time to elongate to its optimum length. If the standoff was too long then the jet would lose velocity and momentum. 
Environment – The environment in which a shaped charge is used in will affect its performance. Water is much denser than air and therefore harder to ‘cut through’, resulting in shaped charges having less momentum underwater and thus reducing penetration characteristics [8].
Modelling of shaped charges:
Having seen the components that make up a shaped charge and the way they all work holistically to achieve an optimum output. We can start to think about modelling them. Modelling any explosive is challenging due to the number of calculations involved. In order for a simulation to do such calculations a mesh is needed. An explosive also has to be modelled in an Eulerian mesh.
Lagrangian & Eulerian – A shaped charge can be setup in a modelling software such as LS DYNA, Abaqus or Ansys Autodyn as either Lagrangian or Eulerian. A Lagrangian simulation involves the individual fluid particles being tracked. This means all the particles co-ordinates (position), velocities, masses and size are all described as a function of time. On the other hand, an Eulerian model is in a fixed area with respect to time. The particles are not individually tracked, but instead calculated as they pass through a fixed reference point [8].
Essentially in an Eulerian model the material moves through the mesh and in a Lagrangian model you mesh the materials so your mesh deforms with the material. In my setup I’ll be using a Lagrangian model.
Adapting the mesh size also affects the end result of a simulation. A finer mesh will give you a more accurate end result. However it will take longer to run the simulation, and potentially crash when it comes to a complex part, like the breakup of the jet. Whereas, a coarser mesh will give you accurate readings but they will not be as close to real life results as the finer mesh output. 
When modelling shaped charges in work, I had an adaptive mesh refinement function. This meant when the simulation could detect lots of calculations in a cell it would make the mesh finer in order to get true accurate readings. Then where there was not a lot of calculations i.e. the edges of the mesh where air pressure is moving away from our jet, the mesh would become courser. This would allow a simulation to run quicker than having a fine mesh all round.
To see the effects of mesh on a shaped charge simulation, Jian G. Zhou did an investigation in comparing mesh size with the tip velocity of a shaped charge in controlled conditions i.e. same explosive, same NEQ (net explosive quantity), material of liner and case thickness.
When I modelled the SMEOD20 for Saab I referenced his work to show that my mesh was reasonable and gave true readings to that of real life. When the in person trial came about, my models velocity was actually the exact same as recorded by the flash x-ray systems.
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Figure 1. – The results from Jian G. Zhou, showing that the finest mesh and coarsest mesh have a difference of 100m/s [9].




[image: ]Results from my simulations:Figure 2. – The jet formation of my shaped charge with an RDX HE and a glass liner.
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Figure 3. – Birds eye view of my jet formation using an RDX HE and glass liner.
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Figure 4. – Data imported from Abaqus into Excel showing the velocity time graph of my jet tip.
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Figure 5. – The jet formation of my shaped charge with a TNT HE and a copper liner.
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Figure 6. – Birds eye view of my jet formation using a TNT HE and copper liner.

[image: ]










Figure 7. – Data imported from Abaqus into Excel showing the velocity time graph of my jet tip.









Conclusion/Modelling limitations:
[9] When improving my shaped charge, I used BazTech’s report where they found that changing the liner has a greater effect than changing the high explosive. They made a setup in a controlled environment (constant mesh, amount of explosive etc.) where they measured the jet tips velocity after changing the liner then the explosive. They concluded that changing the liner has a more drastic effect due to the jet undergoing most change after the detonation event. 
During the Munroe effect event, the material of the liner gets heated rapidly by the explosive output and becomes a plasma. Materials that take up a plasma state more readily than others makes them better for elongation and therefore making a larger jet. Looking at an investigation, which looked at how well materials become a plasma [10] I concluded glass would make a strong performing liner. This is because glass when heated rapidly (like our explosive could achieve) has a tendency for its particles to separate as far apart without becoming separate pieces [11].
As well as the liner having an impact on the jet formation, the type of explosive also does. From studies at work, which I cannot reference, I learnt that RDX is a much more brisance explosive than TNT. RDX when exploded in air has about 1.5 times the explosive energy of TNT per unit weight and 2 times per unit volume. This means it would invert our cone much more powerfully and direct more energy through the centre of the liner. When looking at our results we can see that my RDX Glass model (figure 2) has its mass concentrated in the centre axis whereas the Copper TNT model (figure 5) shows breakup away from where our desired target would theoretically be. Therefore, we can say that my RDX glass model has a more focussed directed plane of momentum, which would increase the penetration performance. It would increase the performance because there is less wasted material from the central axis, therefore it would carry more momentum.
Comparing velocity time graphs of the two models, we can see that the RDX glass model reaches a peak velocity of 9800ms-1 (figure 4) whereas the TNT copper model peaks at 5200ms-1 (figure 7). What is fascinating is that the RDX model achieves its peak within 2x10-5s whereas the TNT model takes longer to peak at 3.85x10-5s. This is due to RDX being much more brisance and having more of a shattering affect due to its 8750ms-1 detonation velocity. A det velocity 1.26 times more powerful than that of TNT at 6950ms-1 [12]. 
When modelling a shaped charge in such software like Abaqus there are some limitations:
Consistency – In real life, a shaped charge jet will take up many different jet formations. This is because of impurities and hairline cracks in the liner which affect breakup. The actual breakup of a jet is also random and can change depending on temperature, altitude, moisture levels and even wind speed. Our model after running each simulation 5 times each produces the same result. This is not repeatable in real life.
Nodes – Our nodes in our simulations are very small. They can get smaller depending on how fine the mesh is. When trying to plot our velocity it is highly possible to record a node that has shot ahead of the actual jet tip. Therefore, we could be over estimating our tip velocity.
Air – Our Abaqus simulations were done in a vacuum environment. However, shape charges are fired in air. This means our results would differ because the explosive would have an oxygen supply in real life to perform redox reactions making the explosive more powerful.
Overall, I successfully produced a better shaped charge by altering the explosive to make it more powerful and by changing the material of the liner to make it more malleable. I have deemed it to be more successful because more mass is concentrated in my jet than the default model. However the higher velocity indicated also backs this statement. However, in real life a slower copper jet may cause more damage than a fast glass jet as the glass would rapidly cool and shatter on impact. If I were to repeat this I would implement a new job in Abaqus where the charges are fired into a 10cmX10cmX10cm Aluminium block so I could compare penetration.
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It is worthy to mention I used a further 8 sources at work but due to classificaton these cannot be listed.
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