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In this project, two identical shaped charges were modelled using finite element techniques in the ABAQUS CAE software – the first 2D axisymmetric, and the second one full 3D. The stress and strain in the liners have been analysed. The simple 2D model was found to be much more valuable than the 3D alternative. Significant difficulties were encountered using the software, however something of value has still been obtained. The author strongly recommends the addition of a target plate into the model to enable validation. 


[bookmark: _Toc155274674]Directed Explosive Energy Outline
Both kinds of shaped charge are examples of the “directed explosive energy” concept. The classical shaped charge and the EFP are discussed below. 
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Figure 1 - shaped charge diagram and terminology [1]

Classical shaped charge
The classical shaped charge consists of a high explosive (HE) charge packed around a hollow conical metal liner (the “cone”, or “liner”). Linear versions, usually intended for cutting, also exist, however this paper focuses on the radial designs. With a standoff of no more than a few cone diameters (CDs), a properly designed shaped charge with the appropriate standoff should be able to penetrate circa. 8 charge diameters into an armour plate. 
Explosively Formed Penetrator
If the cone angle is over 140, the charge is usually considered to be an “explosively formed penetrator” rather than a shaped charge. This comes with both benefits (effective to extremely long standoff distances) and disadvantages (less outright penetration). This concept will not be discussed any further in this report. 
[bookmark: _Toc155274675]Penetration mechanism
Classical shaped charges penetrate their target mainly by hydrodynamic means – effectively, the pressures involved are so large that the target material remains a solid but flows like a liquid. The jet is consumed (coating the inside of the hole) as it penetrates the target plate. A simple diagram, with the direction of material flow, is depicted in Figure 2.
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[bookmark: _Ref154918286]Figure 2 - Shaped charge jet and target interface [2]. V=jet velocity, U=penetration velocity, S=stagnation point

The pressure at both sides of the interface between jet and target (S) can be calculated using Bernoulli’s equation:


Equation 1 – Bernoulli’s Equation [3].

 – density of penetrator (jet)
 – density of target
 – Jet velocity
- Penetration velocity

From this, a simpler formula giving absolute penetration can be derived:


[bookmark: _Ref154497188]Equation 2 – hydrodynamic penetration formula [4]
 – penetration depth
 – length of penetrator (jet)
 – efficiency factor (optional)
 – density of penetrator (jet)
 – density of target
Note that the above formula is only for use in the “hydrodynamic” region - for velocities over 3km/s [5]. Often, an efficiency factor is used, to acknowledge the fact that penetration is not purely hydrodynamic, and that material properties aside from density do influence penetration depth (such as strength, strain, and strain rate dependence) [3]. 
It is also important to note that for “real” jets, penetrator length  is actually a function of time (as the penetration is a function of the penetration velocity and the time taken for the jet to be fully eroded) [4] [3]. 
Several significantly complex equations exist for calculating shaped charge performance, but these equations also require much more information – for example, parameters defining standoff, rate of jet spreading, particulation, correction factors, etc etc [3]. These are not covered. 
[bookmark: _Toc155274676]Jet Formation
The charge is initiated at the base opposite the apex of the cone. The detonation wavefront meets the apex of the cone, forcing it out towards its base – the metal liner collapses inwards. The liner is forced inwards, to a common centre point, where it forms into a long jet moving perpendicularly from the apex of the liner. The pressure is such that the metal remains a solid but flows hydrodynamically (like a liquid). The jet velocity is in the region of 6,000m/s to 10,000m/s. The metal continues to flow into the jet, though with steadily decreasing velocity (The tail end of the jet moves at circa 2000m/s). This velocity gradient results in the stretching and eventual “particulation” of the jet. The jet consists of around 20% of the material in the liner; the remaining 80% forms a “slug” moving between 300m/s and 800m/s  [6] [7] [4] [1] [8].
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[bookmark: _Ref155084857]Figure 3 - Flash X-ray images of liner collapse, 14 to 30 µS after the detonation wave has reached the cone apex [1]
[bookmark: _Toc155274677]Shaped Charge Application
[bookmark: _Toc155274678]Factors affecting performance [1]:
The primary design factors affecting the performance of a shaped charge from a pure design perspective are the cone diameter, cone angle, cone material and detonation velocity of the explosive (though there are more parameters). Standoff is also closely related to performance. 
Cone Diameter (CD): influences the length of the jet and the amount of material it contains – this is directly linked to the penetration.  Note – optimum cone thickness for a classical shaped charge is 2% to 4% of the cone diameter [1] [6]. 
Cone angle: up to a certain point, the smaller the cone angle, the faster the jet. realistically, the lower limit tends to be 30-40 for reasons of jet stability. Generally, as the angle increases, the resulting jet widens, reduces in length, and slows – until it produces a single fragment around 140 (the EFP). 
Cone material: material choice is critical. The chosen material must have high ductility at a very high strain rate, a high melting point (to avoid being vaporised by the detonation), and a high sonic velocity (bulk modulus) to form the fastest and most coherent jet. There are some other considerations – certain materials, such as depleted uranium, perform incredibly well as shaped charge liners, however, have radiation or toxicity concerns associated with their use. Denser materials would lead to better performance, but these do not have the required ductility [6]. As such, copper remains the most popular. 
Standoff: This is also an important consideration when employing the shaped charge. For maximum performance, the jet must be allowed to fully form before impacting the target – however, leave too much space and the jet will particulate into a string of high-velocity slugs rather than a unified je, and the particles will begin to drift and tumble off-axis. These particles will impact in slightly different locations, off the original axis, and may even impact the sidewall or the crater of the hole. This reduces penetration significantly [9]. 
Head height: This is the distance between the tip of the cone and the point of initiation. 1 CD is ideal. 
Wave shaper: The inclusion of a small inert barrier (often plastic is used) in the charge can lead to significantly increased performance. When positioned correctly, near the point of initiation, the detonation shock waves are briefly attenuated in the local area of the barrier, while continuing to spread outwardly and around the barrier. This results in a wavefront that appears to have emanated from the periphery of the charge, as per Figure 4. 
[image: A diagram of a square with a triangle and a square with a triangle

Description automatically generated]
[bookmark: _Ref154496733][bookmark: _Ref154496728]Figure 4 - (L) shaped charge without wave shaper, (R) an equivalent charge with a wave shaper [1]
Liner profile: The shape of the liner is key. The change of angle that occurs during jet formation affects the velocity gradient of the jet. The trumpet and bi-conic shaped increase this velocity gradient, giving a longer (and therefore “more penetrating”) jet – whereas the “Norman Helmet” shape gives a thicker jet that elongates more slowly, maintaining effectiveness at a longer standoff. Some examples of common liner profiles are given in Figure 5. 
[image: ]
[bookmark: _Ref154514354]Figure 5 - various liner profiles [1]

Energetic fill (inc. fill method): Typically, a high explosive with a high Velocity of Detonation (VoD), and a high detonation pressure are used. The VoD is (to a reasonable extent) dependent on density, and detonation pressure is proportional to the density and the square of the VoD – i.e. density is key. As such, in addition to the choice of material itself, careful attention must also be paid to the method of manufacture. Filling is done by either casting, extrusion, or pressing (in order of lowest to highest resulting density). It should be noted that a density gradient is inescapable when pressing, though this may not necessarily result in asymmetry provided it is conducted carefully [1]. Experiments with low explosives (specifically, a fast-burning pistol powder) have also been conducted recently, though these resulted in jet speeds of only 1000-2000m/s [10], too slow for hydrodynamic penetration to occur. 
Precision (of manufacture): Imperfections in the manufacture resulting in the asymmetry of the charge components, fill, and/or resulting shock front, will reduce performance significantly – the symmetry of the liner collapse is dependent on the symmetry of the shockwave [1]. Intimate contact between the fill and the liner is also key for performance. Adding to the complexity of a charge design means more parameters and tolerances that must be controlled.
[bookmark: _Toc155274679]Behind armour effect
Lethality must be considered – penetration is near useless unless there is a reasonable chance that the behind armour effects will be result in the disabling of vehicle or crew.  The successful penetration of a target will result in overpressure, spalling from the edges of the hole, and intense heat inside the target vehicle. The tapering nature of the hole should be considered – if the charge penetrates the target with the last fraction of its capability, any exit hole and the resulting terminal effects will be comparatively small, resulting in less damage to the vehicle and crew. This tapering hole is pictured in Figure 6. As such, it is desirable to “overmatch” your target by at least 20% to ensure a reasonable standard of lethality [1]. It should also be noted that the Prescence of “clutter” in front of the jet – (such as a fuse mechanism) has an ill effect on performance due to it being encountered while the jet is still forming. Even light structures can reduce performance by up to 10% [1]. 
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[bookmark: _Ref154917865]Figure 6 - Sectioned steel blocks, penetrated by a shaped charge [8]

[bookmark: _Toc155274680]Shaped Charge Defeat
The defeat of shaped charges is complex. Assuming that the complete undetonated munition cannot be attacked or damaged while it is travelling towards its target (for example, by an active protection system or by bar armour), the jet itself must be defeated. This can be done be applying inhomogeneity to the jet, and by imparting off-axis momentum. This is what Explosive Reactive Armour (ERA), or Non-Explosive Reactive Armour (NERA) seeks to accomplish. 
The concept of ERA is simple – a two-plate sandwich, filled with a shock-sensitive explosive. An incoming projectile or shaped charge jet penetrates the first (“flyer”) plate, then sets off the explosive behind. The flyer plate is immediately propelled away – this reduces the penetration by two main mechanisms. Firstly, as the plate moves relative to the jet, fresh unpenetrated metal is exposed to the jet, eroding it away. If this plate is fully penetrated, the remaining section of the jet strikes the back anvil plate, which has been driven back towards the main armour of the tank by the detonation – it rebounds, and is driven outwards, having much the same effect on the jet as the first plate [6]. The second is the “shearing” the jet (or long-rod penetrator) from the plate flying rapidly off-axis– effectively shortening its length, which is directly linked to penetration (Equation ). This also imparts off-axis momentum to the rest of the jet, resulting in reduced penetration for reasons described in a previous section. 
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Figure 7 - Flash X-ray radiograph, shaped charge jet detonating ERA [4]. The remaining jet on the right-hand side is short and weak.
ERA poses a high threat to any friendly infantry surrounding or riding on the vehicle it is fitted to. It is also very heavy – these problems are done away with by NERA, at the cost of reduced effectiveness. 
NERA uses much the same flyer and anvil plate concept, however instead of an explosive fill, an inert material is used – usually a rubber material, with very elastic properties. Upon impact with the elastic interlayer, it bulges heavily, deflecting both the front and back plate in opposite directions. This sudden deflection is enough to disturb the penetrator or jet in a similar, though in a less violent manner to the explosive equivalent [10]. 
A relatively straightforward concept to defeat ERA/NERA is the “tandem charge” warhead. This contains a smaller precursor charge to set off the ERA, then a larger follow-up charge to penetrate the now-unprotected area. 
A novel concept for the defeat of shaped charges is electric armour. It uses two plates, connected to a large capacitor. The jet penetrates the first plate, and upon encountering the second plate, closes the circuit and discharges the capacitor. The amount of energy dumped into the jet results in the jet being vaporised. This technology is still in its infancy. 
[bookmark: _Toc155274681]Modelling Background
[bookmark: _Toc155274682]Types of Mesh Formulation
Three types of hydrocodes are used in the Finite Element Analysis (FEA) simulation of shaped charges, and other high strain rate work – The two main types are Lagrangian and Eulerian. A third version, a hybrid of the two, also exists. These are all discussed in the next section. 
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Figure 8 - (L) Lagrangian depiction, (R) Eulerian depiction, of an identical shape [2].
Lagrangian Mesh
In the Lagrangian method, it is considered that fluid consists of fluid particles. The movement of these particles is followed throughout, as they move in the flow of other particles [11]. In a computer model, the entire item is “meshed” – the CAD drawing of the item in question is defined from continuous geometric shapes [12]. The intersections between these shapes are known as “nodes. The nodes move with the material. No material passes between the elements – instead, the elements stretch and distort according to the findings of each step calculation. This can lead to problems with mesh distortion (widely encountered in the writing of this report) when the elements distort to such a degree that “solving” the next time step is impossible. Even one distorted element, out of thousands in a simulation, will cause the entire simulation to crash. Despite this, boundary and interface conditions are easy to apply, as boundary nodes will remain on the boundary [13]. 
Eulerian Mesh
The Eulerian method is fixated on a particular point in space, recording the properties of the fluid elements as they pass that specific point [11]. In a computer model, Eulerian hydrocode creates a uniform mesh of cells, each with equal and identical volume and shape. The position of each cell relative to another remains constant. The entire mesh is governed by boundary conditions. The items being modelled are created independently of the mesh, which is overlain on top. For each time step, the conditions/variables in each cell are calculated. Material that crosses the outermost boundary of the mesh is no longer included in the simulation. Boundary and interface conditions can be difficult to impose on the items being modelled, as the material boundaries and the nodal boundaries may not coincide. Mesh distortion does not exist, as the mesh is “fixed” – however, a very large mesh domain is required as ideally the whole “subject” in the model should be viewable [13]. 
Arbitrary Lagrangian-Eulerian (ALE) & Re-Meshing
ALE meshing is a hybrid of Lagrangian and Eulerian methods – however, employing it can be extremely complex and requires specialised knowledge of both theory and the practical application of the software. The ALE mesh can be updated in three ways [14]:
1. Be moved with the rest of the nodes, like a Lagrangian mesh
2. Be held and fixed like the nodes of a Eulerian mesh
3. Be moved in an arbitrary way to result in a continuous re-zoning capability
Effectively, the model can “stop” at certain points, and re-mesh itself, then carry on with the simulation. This requires a large amount of computational resources. In theory, this results in a better capability to deal with extreme distortion than a pure Lagrangian mesh, while keeping the fine resolution of a Eulerian method – though this is difficult to apply in practice. The author attempted to use this technique to deal with distortion errors, however, did not have adequate time to fine-tune the parameters and as such abandoned the attempt amidst many errors. 
Mesh Geometry, Graduation, and Controls
The user can select the type of element, the desired element size, and several parameters intended to control element distortion. While more elements theoretically results in greater accuracy, to have an incredibly fine mesh throughout the model would result in a impractically long runtime. In the case of this model of a shaped charge, the most valuable areas are the apex of the cone, and the interface between the cone and the HE fill. By graduating the mesh - having a finer mesh towards these more important areas and a coarser mesh elsewhere – it is possible to retain a high degree of accuracy and minimise computational time. An example of graduated mesh is shown in Figure 9. 
[image: ]
[bookmark: _Ref154580269]Figure 9 - Graduated mesh on 2D axisymmetric model
The graduation can be seen clearly- it is more extreme in the liner than the HE fill. 
Ordinarily, once a model is running correctly, a mesh convergence study should be carried out – finding out the point at which further refining the mesh does not have any effect on the accuracy of the results. As this model cannot be properly validated in its current state, this was not performed.
Approximations
As per the name – there is a finite number of elements in any one simulation, and when their shape is controlled, geometric approximations are made to allow the elements to make up their shapes – for example, what is a tiny radius on a drawing would be several straight edges when looked at closely on a meshed part. The author does not believe these approximations to have any real impact on the accuracy of the model; given their relative inexperience at FEA modelling, the larger inaccuracies are likely to come from elsewhere. 
Design
The design of charge used in this model is a simple approximation of what a shaped charge able to be fired from a 12-bore shotgun would look like. Note that in a real application, a fuze/safe-arm unit would be included, which has been omitted in the model. As a shotgun is non-rifled, the platform lends itself well to the delivery of shaped charges – shaped charges will not perform as well when spun due to radial dispersion of the jet [15]. Charges intended to be fired from a rifled gun either contain a specially fluted liner (designed in such a way that the flutes result in the jet not being dispersed) or slipping driving bands. The charge modelled in this design would be intended for the disabling of lightly armoured vehicles and could perhaps be enhanced with a fragmenting case to give increased lateral anti-personnel effect.
· Cone Diameter: 14mm
· Liner Thickness: 0.5mm (circa. 3.6% of CD, thus conforming to the general “thickness is 2-4% of the CD rule”)
· Cone Angle: 31
Material choice and properties
Unfortunately, the availability of material data drove the material choices in this model. The material properties for the materials used are detailed in annexe A. 
Liner – Copper
HE  – TNT
Case – Steel
Explosive Equation of State
The most widely used open-source model for energetics in FEA is the Jones-Wilkins-Lee (JWL) Equation of State (EoS). It gives an accurate depiction of the thermodynamic properties – pressure, volume, and specific energy - of the detonation products of most common ideal explosives [16]. This model will be used. The input parameters are all material-dependent constants obtained by experimentation. It is important to note the JWL model is a “programmed burn” based on the VoD – reaction/initiation of the energetic is not determined by shock (as it would be in a real explosive) [17]. For the purposes of this model, which is concerned by the material response to shock and not the response of the energetic itself, this is not a concern. 
Liner Equation of State
Mie-Grüneisen parameters were added for the copper liner. The Mie-Grüneisen EoS is used to determine pressure in a shock-compressed solid – in other words, it is incredibly important for an accurate representation of the stress in the liner and modelling the collapse process. The linear - (Shock Velocity and Particle Velocity) Hugoniot form is used, which requires only three inputs- the bulk speed of sound in the material (), the Grüneisen ratio (),  and the slope of the - curve (s) [18] [17].
[bookmark: _Toc155274683]Results
Two models were run – a 2D (axisymmetric revolved) and full 3D. Both models used the Lagrangian hydrocode in ABAQUS, results are summarised below. Errors were encountered throughout, mainly around excessive element distortion of only one or two elements in the copper liner. The author found this distortion difficult to control using the traditional methods of element deletion and distortion control. This difficulty is theorised to be due to the material properties of copper – it is a soft and ductile, yet tough metal, especially under the incredibly high strain rates encountered in the shaped charge (ironically virtually the same reasons it is so well suited as a liner material in the first place). This ductility and toughness means that the elements can distort to such a degree that they crash the simulation, without being fully damaged – meaning that element deletion has virtually no effect on the robustness of the simulation. Conversion to particles (elements are converted to meshless particles when they are fully damaged) was also experimented with, with no change. Distortion control had no positive effect either (and resulted in easily spotted unrealistic results); it works by applying a penalty force when a node moves to a point a small “offset distance” from its constraint plane and can have negative effects on the results by inhibiting what would be “real” legitimate deformation. It also cannot control distortion caused by hourglassing, though this is easily spotted by the user [19].
[bookmark: _Toc155274684]2D Results
The 2D model was comparatively trouble-free once the mesh had been refined a few times, and eventually presented a clean jet. Progressive screenshots are presented below. Both section and revolved views are shown, though the model is identical. 
Both stress and strain are presented in the following screenshots. In short, stress (a quantity) is the force per unit area and strain (dimensionless) is a measure of the deformation in a material due to stress. The outputs used in ABAQUS are Maximum Principal Stress (S) and Maximum In-Plane Principal Strain (LE). 
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Figure 10
The HE is initiated at the top centre of the charge.
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Figure 11
The detonation wave propagates through the HE fill, stress waves can be seen in the upper section of the case – it appears as though two stress waves have interacted constructively within the case to produce an area of exceptionally high stress. 
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Figure 12
The hemispherical detonation wave front has contacted the liner.
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Figure 13
Minor violations of the symmetry plane can be observed, along with element overclosure. Areas of high compressive stress can be seen in the liner, along with a tiny area of “rarefaction”. This is perhaps due to the compressive wave reflecting back from the inside edge of the liner as a tensile wave and interacting again with the detonation shock front both constructively and destructively in different areas.
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Figure 14
Areas of higher stress can be seen in the liner as it begins to deform, along with areas of comparatively little stress behind the shock front (see above).
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Figure 15
The jet itself is the area of the highest strain. Other areas of high strain include the edges of the liner as they are compressed and separated from the case by the shock front. The strain also appears to be propagating outwards in the liner as the sides are forced into the centre. 
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Figure 16
The liner has started to form a clean jet.
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Figure 17
The jet is now elongating, with the HE about to break through the bottom of the liner. If the simulation had run for longer, the main portion of the liner would come down and be “folded inwards” towards the jet, becoming the slug portion. The compression of the liner at the edge is more clearly shown by the strain in Figure 19. 
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Figure 18 - liner only
The high stress in the liner is now relatively uniform and distributed throughout. This screenshot can be compared to Figure 3 and demonstrates that the liner collapse in the model and the collapse in real life are similar. 
[image: A computer screen shot of a blue object

Description automatically generated]
[bookmark: _Ref155269366]Figure 19
The highest strain is in the stretching area of the jet, and radially around the base of the liner where it is being compressed and separated from the case. This area will be “folded down” and eventually become the slug. 
[image: ]
Figure 20 - 2D Axisymmetric velocity plot
Most of the nodes at the apex of the cone, depending on where they are, are travelling between 6000m/s and 10,000m/s. This is the classic velocity range for a shaped charge jet. There is one significant outlier node, with a velocity approaching 14,000m/s – however, this is well outside the typical velocity range and as such will be considered an outlier perhaps caused by excessive distortion. 
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[bookmark: _Ref155106112]Figure 21 – 2D strain graph
The strain graph in Figure 21 shows the strain in the liner. The shock front contacts the liner at about 2µs which starts to deform rapidly. The curve begins to flatten once the nodes have become part of the jet and are not being directly driven by the shock front. 
[bookmark: _Toc155274685]3D Results
The 3D model was problematic. It would crash much earlier on and had more problems with overclosure. It was created by revolving the 2D drawing, both were identical. 
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Figure 22 – 3D sectioned model tet mesh
The graduated tetrahedral mesh can be seen above. The size of the HE mesh and the liner mesh at the apex is similar, in an attempt to avoid premature distortion. 
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Figure 23 – 3D overclosure
Overclosure can clearly be seen – the HE is penetrating the copper liner rather than driving it. This is the furthest the 3D model ran, despite efforts to further refine the mesh and edit distortion parameters. This is possibly because the elements at the apex of the cone “crash into” each other, resulting in comparatively excessive deformation much earlier on rather than violating the plane of symmetry as per the 2D model. 
Further attempts were made to refine the model, including a different (hex-dominated) mesh seen in Figure 27. This resulted in a much cleaner start to the jet, however issues surrounding distortion were much more present. The tet mesh is much more resistant to distortion. 
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Figure 24
Again, the area of the highest strain is in the jet tip and the material about to be drawn into a jet – though a small ring of slightly higher strain is noted around the periphery of the charge. 
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Figure 25
What was initially a small ring of slightly higher strain has grown as the shock front from the detonation has reached it (compressing the material at the bottom of the liner). It is interesting that there is a central ring of very little strain around the jet. This also present in the 2D model (see Figure 19) It is possible that this area is simply being folded inwards – at the top and bottom only - in one piece, to become the main body of the slug. This would explain the lack of strain in the middle. 
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[bookmark: _Ref155106814]Figure 26 - 3D strain graph
Interestingly, the 3D strain curves appear to be about half the value of their 2D counterparts. 
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[bookmark: _Ref155105867][bookmark: _Ref155105844]Figure 27 - hex-dominated mesh
The stress wave can be plainly seen above, along with some comparatively stress-free areas in the HE. 
[image: ]
Figure 28 - 3D jet velocity
The velocity of the nodes at the cone apex in the 3d model is between 4000m/s and 5000m/s. This is slightly below the expected jet speed (and only 50% of the result given by the 2D axisymmetric model) but is still fast enough that hydrodynamic penetration would occur in the target. It Is possible that had the model run further, and the jet allowed to fully form, that the resulting velocity gradient would have resulted in faster nodes in the tip – however, the velocity appears to be reducing/flattening off. Furthermore, the velocity being about 50% that of the 2D model jet ties in with the strain values in Figure 26 being roughly halved as well. 
[bookmark: _Toc155274686]Limitations
Aside from the difficulties encountered in using the software, a large issue was the lack of quality open-source material data – the availability of material data was a driving force behind some material assignments, instead of performance. Material data is expensive to acquire, and data pertaining to certain modern materials and explosives can pose a security risk or be commercially sensitive. 
Problems were also encountered in the 3D model with respect to the node limit; experiments with a much finer mesh could not be conducted. 
The hydrocode model – geometric approximations aside – also assumes that a charge is “perfect” in manufacture – free of symmetry errors, inclusions, occlusions, or any other defect that would influence the performance from a manufacture standpoint. 
[bookmark: _Toc155274687]Further Work
The most important piece of further work related to this model would be to validate it. In its current form, only a rudimentary “gross error check” can be conducted. By comparing the jet velocity obtained in the model to the typical velocity of a real jet and by looking at the stages of liner collapse and, comparing it to flash X-ray radiographs, it is possible to assess how realistic the model is from a jet formation standpoint. By these metrics only, the 2D model “passes” as realistic, though ideally a formal validation should be conducted. 
The only way to validate the model in its current state would be to either make an identical charge, fire it, and compare flash X-ray images of the jet formation to the model. This is time consuming and expensive. The best way of performing some rudimentary scientific validation would be to introduce a target plate into the model, then compare the following:
· Pressure calculated by Equation 1 (Bernoulli’s equation) to the pressure at the jet-target interface in the model
· This can be conducted at any point in the simulation so long as there is some penetration.
· Penetration calculated by Equation 2 (hydrodynamic penetration) to the total penetration in the model
· To do this, the model would have to run until the jet is fully eroded. 
This is a good example that not all complexity is bad complexity – in this case, making the model more complex by introducing a target would make it much easier to validate. 
The author would also have liked to alter the model in several ways:
· Introduce a wave-shaper into the design
· Round the apex of the cone (for realism due to the production methods of liners)
· Change to a more realistic explosive fill, preferably a modern HMX-based polymer-bonded explosive (which is much more suited to small gun-launched munitions due to its mechanical and thermal properties)
· Change to a “bi-conic” liner
· Model this exact design in a Eulerian hydrocode – while the Lagrangian approach is ideal for assessing material flow in a granular manner, or for use by a highly competent user able to successfully interpret the error messages (and swiftly make the required changes to the an excessively distorted mesh), the Eulerian method is much easier to use for problems involving high deformation when the software user is not entirely at-home with FEA and the underlying theory.
· Model this exact design in a different package, specifically designed for the modelling of shaped charges (such as QinetiQ’s “GRIM” package)
· Introduce a semi-infinite target plate for validation studies
· Carry out a mesh convergence study

[bookmark: _Toc155274688]Future of shaped charge design & modelling constraints
Development of the shaped charge continues. One exceptionally novel concept looks at the development of an electromagnetically corrected or focussed jet – a coil, connected to an explosively-pumped flux compression generator, surrounds the body of the charge. The resulting field can be used to either accelerate or collimate the jet, allowing much greater penetration and/or standoff. To the author’s knowledge, there are no published papers on this concept available. Other areas for development include multi-material liners, nanomaterials, reactive materials, porous materials, and powders [20]. These advanced concepts will be incredibly expensive to manufacture and test, meaning that modelling (and “mixed disciplines” of modelling – for example, combining a material and energetic model with a RF field model) will become even more important and the classic balance of an improved model versus increased computational time and resources may shift in the favour of a more accurate model. 

[bookmark: _Toc155274689]Conclusion
This report has established that FEA can be a useful method for examining the formation of a shaped charge jet, though its correct use is heavily dependent on the operator’s ability to competently use the software package and understand the underlying physics. Ideally, this model should have been run in an Eulerian environment instead as it is much more tolerant of extreme deformation, and have included a target for validation. Unfortunately, little more can be gleaned from the models in their current state. 
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[bookmark: _Toc155274691]Annexe A – Material Data
All units (where units apply) are SI standard, to be input directly into ABAQUS. Some values are dimensionless.
[bookmark: _Toc155274692]Copper
[21]
Density: 8870
Shear Modulus: 4.6e10
	[bookmark: _Hlk154501837]Johnson-Cook Damage

	D1
	D2
	D3
	D4
	D5
	Melting Temperature
	Transition Temperature
	Reference Strain Rate

	0.54
	4.39
	3.03
	0.015
	1.12
	1356
	293
	1


Fracture Energy: 1.3e09
	Equation of State (Us-Up)

	c0
	s
	Gamma0

	3933
	1.489
	2.02



	Johnson-Cook Plasticity

	A
	B
	n
	m
	Melting Temperature
	Transition Temperature

	9e7
	4.23e08
	0
	1.09
	1356
	293



[bookmark: _Toc155274693]TNT
[22]
Density: 1630
	Equation of State (JWL)

	VoD
	A
	B
	omega
	R1
	R2
	Detonation Energy Dens.
	Pre-deton. Bulk Modulus

	6930
	3.712e11
	3.21e09
	0.3
	4.15
	0.95
	4.29e06
	0


Detonation point at the boundary of the case to the fill, in the centre of the charge
[bookmark: _Toc155274694]Steel
[23]
Density: 7860
	Johnson-Cook Damage

	D1
	D2
	D3
	D4
	D5
	Melting Temperature
	Transition Temperature
	Reference Strain Rate

	0.05
	3.44
	2.12
	0.002
	0.61
	1793
	295
	1


Displacement at Failure: 0.001
	Elasticity (Isotropic)

	Young’s Modulus
	Poisson’s Ratio

	2e11
	0.3



	Johnson-Cook Plasticity

	A
	B
	n
	m
	Melting Temperature
	Transition Temperature

	7.92e08
	5.1e08
	0.26
	1.03
	1795
	295



	Rate Dependent Hardening (J-C)

	C
	Epsilon dot Zero

	0.014
	1
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