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Literary Review
Shaped Charges
As described by Walters [1], a shaped charge could be defined as a cylinder of explosive that has a hollow cavity, often filled with a metal liner. The system would also feature a detonator at the other end. The hollow cavity can take the form of a variety of shapes, including a hemisphere or cone. Walters also states that the shaped charge uses the phenomenon known as the Munroe effect to function, which Miao et al. [2] describes as the effect that increases the explosive damage of an event by altering the direction of the detonation wave propagation. In the case of shaped charges, this alteration to the propagation is focusing of the waves direction into the cone.
Walters stated various optimal condition for shaped charges [3], these are:
· 60/40 RDX/TNT mixture was the optimal explosive fill for a wide variety of shaped charge uses,
· the optimal cone angle was also specified to be 35° to 50°,
· the wall thickness of the liner should be taken as 1/25 of the charge diameter.
Modelling of Shaped Charges
According to Molinari [4], the modelling of shaped charged has taken over from trial-and-error experiments since the 1970’s and have used hydrocodes successfully in order to anticipate how the shaped charge will behave under various circumstances.
There are also different techniques used in order to solve the simulation problem, these methods are known as Lagrangian and Eulerian. Both methods are used in a variety of simulations, with different uses with their own advantages and disadvantages. These uses have included free surface air-core vortices by Azarpira et al [5]. and micron-sized laminar flow particles by Saidi et al. [6].
For the purposes of the shaped charge models, Molinari [4] suggests the use of the Lagrangian model due to the advance of accounting for plasticity and hardening as well as the ability to review the history of deformation of the metal liner. However, by using this method a compromise must be made as this problem will now greatly benefit from adaptive meshing. 
Model Optimisation
Material Properties
The explosive material chosen for this model is a combination of 60% RDX and 40% TNT, as used in the example by Pugh [7]. This material is also a very common explosive compound used in shaped charges and is often referred to as composition B. The properties for this material are:
Density: RDX - 1.82g/cm3 [8], TNT - 1.654g/cm3 [9], this is then averaged between the two at a ratio of 60/40 to give an overall density of 1.754g/cm3
Detonation Wave Speed: 7980m/s [10]
[bookmark: _Hlk93861583]The liner material chosen for this model is copper and is modelled to be at a total inclusive angle of 100° similar to the samples used by Xu et al. [11].and also falls into the optimal conditions specified by Walters [3]. The properties for this material are:
Density: 8.93g/cm3 [12]
Shear Modulus: 46GPa [12]
Melting Temperature: 1083°C [12]
Johnson-Cook constants as used in an Holmquist’s determination of constants [13]: A – 145MPa, B – 230MPa, n – 0.34, m – 0.8.
Model Design and Meshing 
From the original model given to the author, a few design changes were made to reflect the information found in the literary review section. First, the cone liner was modified to be a sharp pointed cone as opposed to having a flat top with radiused corners. This design was made as many of the shaped charge designs described by Walters and Pugh [7] [1] do not have a flattened top to the cone.
Secondly, as initial runs of the models showed failures in the external shell casing, this feature was removed from the final design. The purpose of the assignment is to analyse the interaction of explosive to liner and to capture the formation of the jet of molten material. The model design shows the liner overhanding the external diameter of the explosive to allow for the addition of this shell casing at a later stage.
Lastly, the model was sketched to be a 2D Axisymmetric part. The reasoning behind this is the reduce the amount of processing power required for the model to solve. This will allow the author to run the simulation multiple times to optimise the meshing without a long delay between each run. 
In an ideal scenario, adaptive meshing would be used in the modelling the shaped charge.  As Molinari states, the large deformation in the metal liner is an ideal situation to utilise adaptive meshing [4], however due to limitations in knowledge of the user, a unique designed mesh will be used. 
The mesh design was modified from the supplied model to focus on the liner interaction with the explosive. As shown in Figure 1, the liner has a finer mesh while the explosive element had a coarse mesh, mainly to capture a general understanding of the pressure contained within the explosive upon detonation. 
Ideally, adaptive meshing would be used on the liner due to the large amount of deformation, however this wasn’t possible at the time, therefore a fine mesh was used. For the mesh shown in Figure 1, the liner has a global size of 0.0005, while the explosive has a global size of 0.002. Both of these mesh values were made even smaller, down the 0.00001 in the case of the liner, however doing this did not seem to add any further value to the simulation and therefore the above value was chosen for the final simulation. 
[image: ]
[bookmark: _Ref89161134]Figure 1 - Meshing Interactive with Liner and Explosive
Simulation Results
A pressure versus time graph was plotted, with the focus node being placed at the tip of the cone liner that interacts with explosive. This location was chosen for this plot as this node is thought to see the effects of the explosive most as the primary interaction point for forming the jet. The graph produced can be seen in Figure 2.
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[bookmark: _Ref89688527]Figure 2 - Pressure versus Time Graph, produced in ABAQUS
A velocity versus time graph was plotted. The focus node for the graph was taken from the point of the jet during the last time step. This node was chosen as it will accurately plot the velocity, in V2 or Y axis, of the jet during its formation and into its final stage. The graph produced can be seen in Figure 3.
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[bookmark: _Ref89689258]Figure 3 - Velocity (V2) versus Time Graph, produced in ABAQUS

[bookmark: _Ref89691124]Figure 4 - Stages of the jet formation into the final stage of full jet projecting from the explosive
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[bookmark: _Ref89691766]Figure 5 - Pressure wave shown within explosive mass element
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Figure 6 - Initial formation of the jet, showing only the liner element
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[bookmark: _Ref89694975]Figure 7 - Full jet formation, showing liner element only
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[bookmark: _Ref89693632]Figure 8 - Velocity shown within explosive element
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Figure 9 - Formation of the jet, showing velocity of the initial jet


Simulation Review
Before reviewing the simulations conducted, it is important to state the initial goals of the author when creating the models, choosing materials and determining meshing parameters. The goal of these simulations was primarily to create a shaped that accurately represents the event of a shaped charge detonation with demonstratable functions being present. Nardone [14] presents a simple definition that shaped charges produce a jet under high pressure and velocity, with the length and diameter of the jet being the principal properties of success. 
Pressure
The first aspect the review is the formation of the jet itself. Figure 4 shows the gradual formation of the shaped charge jet, starting with the cone liner collapsing due to the pressure wave formed within the explosive element. The collapsed cone is continually forced forward by the explosive pressure to form a long, thin jet of molten copper. The final stages show that the copper liner detaches from the explosive while the jet is maximum length.
In order to improve the model for future simulations, the addition of a shell casing would keep the liner from detaching from the explosive, and would likely result in a stronger jet with increase overall length. The shell casing would need to be a strong material to contain the explosive material and ensure the weakest point of the system is the copper liner to focus the explosive pressure on forming the cone. As defined earlier, the jet is produced under high pressure, therefore adding a shell casing strong enough to focus the pressure would result in an increased pressure producing the jet. As shown in Figure 5, the explosive pressure wave is approximately 19GPa, which would increase significantly if the material was contained within a shell. 
The pressure produced within the explosive material is transferred to the cone liner at approximately 8 microseconds, as shown in Figure 2. The pressure has a sudden rise up to 23GPa before dropping for 1 to 2 microseconds then rising to peak pressure of 24GPa. These pressures are slightly low when compared to Poole’s [15] description of a standard shaped charge, where pressures of 30GPa are expected. As discussed in the previous sections, the addition of the shell casing would remedy these low pressures by containing the explosive pressure and allowing the transition to retain a higher pressure. 
The pressure drops seen following the initial peak is unexpected. The steep increase is thought to be normal as the explosive element transfers the pressure from the detonation into the liner. However, once this peak is reached, a second higher pressure peak seems unusual where a steady rise could be expected before a gradual drop-off as the explosive runs out of energy and the cone has formed the jet. This drop could possibly be explained by the model separating between the liner and explosive during the simulation. The explosive element would be transferring this pressure, the separation would occur causing the reduction in pressure before the pressure then catches up to the separation and results in the second peak pressure. To overcome this issue, an additional boundary condition should be applied in further simulations to ensure the liner and explosive elements remain together. 
Velocity
While the velocity graphs and visualisations show that the jets forms with an extremely high velocity that could be expected of shaped charged, ultimately the values seen fall short of those expected, as based upon Poole’s [15] definition with an expectation of 6 – 7km/s. These velocity expectations can reasonably be confirmed by the defined detonation wave speed of the RDX/TNT compound used for the explosive element. The detonation wave speed was determined, by Livermore Radiation Lab [10] to be 7980m/s.
As shown in Figure 3 the velocity rises steeply to 4500m/s before slowly rising to the peak of 5000m/s. This value is determined by the node that forms the tip of the jet formation. The peak value of 5000m/s is between 1000 to 2000m/s slower than expected of the jet formation. 
The reason for this low velocity could be explained by the visual shown in Figure 8 where the velocity of the explosive wave is shown to be just below 2000m/s with the explosive material expanding with a negative velocity of 3500m/s. Similarly, to the low-pressure issue, the solution this issue lies within the addition of a shell casing. The casing would reduce the impact of the negative velocity and explosive element expansion and would transfer the energy towards the cone, resulting in an increased velocity jet. 
A further method to increase the accuracy of the model would be to reduce the size of the explosive element meshing. The global size of the explosive element mesh was set to 0.002, which was four times larger than that used in the liner. Initially, this was done as it was thought that the explosive meshing was not as critical. However, due to the fast simulation times possible with the 2D axisymmetric model this mesh size could be reduced further in order to provide a velocity and pressure wave with increased accuracy within the explosive element. 
Jet Formation
The jet formation can be seen in stages in Figure 4 and the jet at it’s final length of 0.182m (from the original 0.0063m liner) shown in Figure 7. 
These figures show clearly how the liner begins to collapse in the early stages of the jet formation, before then expanding forwards leaving a slug of copper liner behind. Figure 7 shows the formation of the jet and slug in the greatest detail. The left-hand side of the liner has formed into a long, thin jet which has been stretched significantly through the explosive forming. While the right-hand side of the liner has resulted in a shorter, thick slug of material. 
The whole model shows that the slug ended up separating from the explosive material, which for this simulation is an undesired effect. As can be seen in Figure 10 it is expected that the liner stays attached to the explosive during the formation. This is likely caused by the lack of shell casing, which would be added to vastly improve the model performance. 
[image: ]
[bookmark: _Ref89695600]Figure 10 - Expect final jet and slug formation [15]
To further improve the accuracy of the model, the liner meshing could be reduced further if analysing the effects at a macro level. The current mesh sizing is ideal for viewing the entire model structure, however when zooming in to analyse the interaction of the collapsing cone, the mesh could be improved by further reducing the size. This could also be improved by utilising the adaptive meshing suggested by Molinari [4]. The large distortion of the material would benefit from the meshing being allowed to move independently to the material. Utilising this method would likely result and more accurate deformation and collapsing of the cone. 
Additional time steps would also increase the usefulness of the simulation. Under the current settings, the time steps are slightly too large to see the initial formation of the jet and collapse of the cone. The steps jump from a large amount of pressure present at the base of the jet, to having formed the beginning of the jet with the cone already collapse to allow this formation. Reducing the size of the time steps from 1 microsecond would allow for further information to be gather and reported on from the simulation. 
The potential downside to implementing this change is an increased simulation time. However, this likely an acceptable compromise to make in order to obtain greater detail within the model. 
Conclusion 
Overall, the model produces a relatively accurate shaped charge jet, which is only slightly slower, and under less pressure than the definitions given within multiple reports. This biggest improvement possible to the current model is to add the shell casing. This casing will provide the function of containing the pressure within the system and directing this into the liner, allowing for a faster jet formation. 
This shell casing will also aim to remove the separation of the liner from the explosive, this event occurring in the simulation is thought to have added inaccuracy to the model that would not be present in the physical system. This separation could also be stopped by applying an additional boundary condition if the shell casing function can be assumed working. 
In addition, to provide a more in-depth model analysis, it is suggested that adaptive meshing and shorter time steps are implemented. These methods will produce a simulation that provides greater detail around the formation of the jet while also resulting in more accurate deformation of the model 
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