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[bookmark: _Toc155643023]Abstract
This report will review existing literature on the modelling of shaped charges and the factors affecting their performance. Largely focusing on the liner material and its shape, and the high explosive fill. A design will then be drawn on Abaqus Explicit, initially as a 2D axisymmetric model and then as a 3D model. A shaped charge device, consisting of a steel casing, a high explosive charge (TNT), and a conical copper liner was chosen to be modelled. These choices were based upon existing designs and availability of data for the models. The mechanics and structural aspects of physics and engineering science related to shaped charges will be explored.


























1. [bookmark: _Toc155643024]Introduction
[bookmark: _Toc155643025]Shaped Charges
A shaped charge is a device, consisting of a cylinder of high explosives with a hollow cavity at one end and an initiation train at the opposite end. Shaped charge effect was first noted by Forester in 1883 [1]. The terminology of shaped charges is shown in Figure 1 and can be used as a reference throughout this paper.
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[bookmark: _Ref155511207][bookmark: _Toc155640079]Figure 1 Shaped charge terminology [2]

Early shaped charges did not contain a liner and were simply hollow cavities. It was later discovered that by placing a liner against the charge further increases the focusing effect of the shaped charge (SC), known as the Munroe effect [3] [4]. It is only when this cavity contains a material liner, that the explosive device should be called a shaped charge [5]. The liner is designed to collapse following the initiation of the high explosive (HE). 
When the detonation wavefront reaches the liner apex, the resulting high pressure causes the liner material to flow in a hydrodynamically – remaining a solid but flowing like a liquid. The liner collapses along its axis of symmetry and elongates to form a narrow jet – experiencing huge plastic deformation at high strain rates. Walters and Zukas [3] note that approximately 15-20% of the liner material accounts for the jet; the remainder will form a slug at a much lower velocity. The jet stretches while accelerating, resulting in a velocity gradient, and eventually the breakup of the jet into particles. This is known as jet particulation [6]. The generation of the shockwave creates a change in entropy of the system with an increase in temperature. When the solid explosive detonates and becomes a gas, the level of entropy increases due to the increase in disorder of particles in the gas, this process in part occurs because of adiabatic processes –heat generated by the explosion does not have chance to dissipate and no heat is transferred in or out of the system [7]. Figure 3 clearly shows the hollow cavity effect and that of lined shaped charges and then the effect of including a stand-off distance, with the penetration depth increasing with each addition.
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[bookmark: _Ref154520640][bookmark: _Toc155550290][bookmark: _Toc155640080]Figure 2 Jet and slug formation in a shaped charge [8]
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[bookmark: _Ref155265405][bookmark: _Toc155550291][bookmark: _Toc155640081]Figure 3 Visual explanation of the theory of shaped charges [9]

Shaped charge design requires consideration of many factors and a level of expertise to achieve the required performance from a design. Factors such as cone diameter, shape of liner, liner material, stand-off distance, high explosive, symmetry, and manufacture quality of each component will all affect the performance. It is possible to consider the effect of each of these factors individually using simulations in FEA programmes and build upon the results from each factor. Ideally, simulations must be validated to verify the results, either by comparing existing experimental data or by performing experimental tests [9].
Existing research of several of these factors is summarised below and will be used to inform the design of the shaped charge to be modelled for this report. Exclusion of other factors is not an indication they are any less important but are simply beyond the scope of this paper. In real-world situations, the overall design of the shaped charge will be dependent on its intended use. The military use shaped charges against hard barriers, the concept is also used in the oil and gas industry to perforate wellbores; and in demolition and blasting works, to name a few examples. Interestingly, they are also used in avalanche control and by Explosive Ordnance Disposal teams to safety detonate unexploded devices [10].
[bookmark: _Toc155550025][bookmark: _Toc155643026]Liner Material and Shape
The liner material needs to be ductile enough to collapse but strong enough to form and sustain a jet capable of penetration into a harder material, without vaporising.
Liner geometry strongly influences performance characteristics. A lower cone angle will produce a shallower jet compared with a liner with a higher cone angle which would produce a more concentrated jet, through the lower angle may result in an unstable jet. For military applications, Mukhtar et al found a cone angle less than 60◦ is beneficial for maximum penetration depth [11], however the driving factor behind design decisions is the use case. Common liner shapes include:
· Conical
· Ogive 
· Hemispherical 
· Tandem
In 2017 Zhang et al simulated three different shaped charge liners; conical, hemispherical and spherical-segment, associated with three different types of jet. Using a mesh-free Lagrange method they found the jet from the conical liner had a greater velocity and length than those from the other two shapes, suggesting the conical liner may provide a greater depth of penetration [12]. A report in 1964 by Oscar Klamer claims that the cone shape had already become the standard design for shaped charge liners due to the penetration characteristics associated with that design [13].
Manfred Held reviewed materials used for liners of shaped charges in 2001 [14]. He noted that the crystal structure of the material used for the liner is important as it influences its collapse and particulation, the penetration depth is proportional to the square root of the density of the liner material and the density and sound velocity of the material heavily influences the velocity of the jet after detonation. Copper has been repeatedly produced with a fine crystal structure which provides an excellent balance of the above factors and is therefore one of the common materials used in shaped charge liners. His paper suggested molybdenum and tungsten could be suitable alternative materials to copper. Increased penetration with an alloy of copper and tungsten was shown by Tie-Fu and He-Rong [15], due to an increase in density of the liner. A 2019 paper by Yi et al, looked at using polymers rather than metals as liners. Simulations showed it would be possible but further testing was required at that point [16].
Research so far has shown that materials with a homogenous structure (where it has the same physical and chemical properties throughout), and with good ductility, are beneficial for shaped charge liners. However, stress and strain, temperature and pressure are all also crucial in the formation of the jet. Marcisz et al, commented that liners should be highly ductile when under high strain rates (approximately 10000 s-1 [17]).
Liner thickness and explosive mass to liner mass ratio will greatly affect the formation of the jet/slug and its penetration but have been excluded from this study due to the limited time available. However, it is worth considering for future work that liner thickness will need to be varied with cone angle and the liner material, as shown in Figure 4 below [13].
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[bookmark: _Ref155103654][bookmark: _Toc155550292][bookmark: _Toc155640082]Figure 4 Effect of cone angle on penetration [13]
[bookmark: _Toc155550026][bookmark: _Toc155643027]High Explosive Fill 
The type of high explosive used in the device will dictate the power of the shockwave. The shape of the explosive fill also has an effect. Velocity of Detonation (VoD) of the high explosive will affect the overall performance of the shaped charge and explosives with a high velocity of detonation tend to perform better. If the VoD is too low, there will not be the required energy to collapse the liner and form the jet. The timing for the detonation is also critical but irrelevant in the context of this report. Typical explosives used in shaped charges include polymer-bonded explosives (PBX), research development explosive (RDX) based compositions and Comp B.
In the paper “Influence of different shaped charge parameters on jet penetration into metallic target” by E.E. El-Sayed et al, they analyse three different high explosive materials, Composition B, HMX (high melting explosive) and C4. They found HMX produced a faster jet, and it penetrated a steel target further than other explosives tested [18]. They noted this result was consistent with other studies such as S. Zaki et al [19].
In J.Simon’s paper from 1974, ten different explosive fills were evaluated to determine their influence on shaped charge performance. The results are presented in Table 1. The paper concluded that generally an increase in explosive capability will result in greater penetration from the shaped charge. It was also noted that a more confinement provides the same effect as using a more energetic explosive [20]. 
[bookmark: _Ref155183919][bookmark: _Toc155620627]Table 1 Explosive filler characteristics [20]
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Bohanek et al referred Richard Barbour’s book “Pyrotechnics in Industry”, stating that explosives with a velocity of detonation below 4500m/s may not be suitable to use in shaped charges due to the significantly lower effect they produce [9].  The data in Table 1 correlates with this and will need revisiting selecting a fill for the model.
[bookmark: _Toc155550027][bookmark: _Toc155643028]Stress and Strain
Stress refers to forces acting upon an item, and strain describes the deformation of that item from the applied stress. When the explosive in a shaped charge detonates, extremely high stresses focus the liner into a fast-moving jet with speeds up to 10km/s. Jet formation is highly dependent upon the stress, strain and strain rate within the shaped charge [21]. The liner, during collapse, can experience strain rates of 104-107 s-1 and pressures of up to 200 GPa within the shaped charge [6]. 
Abaqus is widely used to analyse stress and strain in various materials and situations including in the world of explosives. For example, in 2019 Gargano et al used Abaqus Explicit to model explosive blast responses [22] and Jablonski et al used a coupled Eulerian-Lagrangian CEL capability in Abaqus Explicit to model blast events [23]. When assessing stress and strain in FEA software, the results images for can look identical. Careful analysis of the numerical data obtained across different simulations is required. 
[bookmark: _Toc155550028][bookmark: _Toc155643029]Finite Element Analysis
Abaqus is a finite element analysis (FEA) tool used to analyse the structural and thermal behaviour of models without the initial requirement for experimental testing [24]. It is not specifically designed for the analysis of detonation waves, but it can be used to simulate the response of materials when subjected to explosive forces. Explicit, dynamic analysis is suitable for the modelling of high-speed events.
Firstly, an accurate 2D drawing or 3D model of a part is produced. 
FEA breaks down a part into components called elements. The software then calculates forces at each element. Results can then be analysed to understand the behaviour of the model and to identify any weaknesses [25], [26] [27].
FEA can be used in many industries and Fish et al [28], gave examples including:
· Accident crash analysis
· Seismic analysis of structures
· Stress and thermal analysis of parts and devices
[bookmark: _Toc155550029][bookmark: _Toc155643030]Meshing and Nodes
The elements in FEA are collectively known as the finite element mesh. A model design is covered with a finite number of joining points, called nodes [29]. Meshing provides information to the software on the shape and size of the model to be analysed. It is at each of the nodes where forces are calculated. The mesh needs to be fine enough to capture enough data for the boundary and loading conditions but not so fine the analysis exceeds the available computational power or exceeds a reasonable processing time.	
A graduated mesh, with more nodes in the areas of interest, may be utilised in key parts of the model to reduce the processing time and requirements from the computer while maintaining a relatively high standard of accuracy. 
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[bookmark: _Ref133844479][bookmark: _Toc155550293][bookmark: _Toc155640083]Figure 5 Example of triangular finite element mesh [28]
Figure 5 demonstrates the difference between a coarse and fine mesh. Using a triangular elements, the coarse mesh on the left has fewer nodes than the fine mesh on the right. Based solely on the number of nodes, the data from the fine mesh could be considered more accurate than the data from the coarse mesh providing the simulation runs successfully. 4-noded tetrahedral mesh can also be used which will increase the number of nodes within the mesh.
[bookmark: _Toc155550030][bookmark: _Toc155643031]Mesh convergence and independence
For simulation results to be accurate, it is common to demonstrate the result is independent of the mesh size. This is done following the determination of how many elements are required to produce repeatable results with decreasing mesh size. At this point, further refinement of the mesh will not alter the results. To demonstrate the mesh is independent several simulations can be performed with different mesh sizes and results compared [30]. If they do not change, the results are independent of the mesh [31]. [27].
[bookmark: _Toc155550031][bookmark: _Toc155643032]Boundary Conditions
Boundary conditions represent the physical environment and constraints of a structure. If boundary conditions are not set correctly, simulation results will not be representative of experimental testing. Boundary conditions are applied to geometry such as faces and edges, and nodes [32].  Force, pressure, and gravity are all examples of boundary conditions [33].
[bookmark: _Toc155550032][bookmark: _Ref155617131][bookmark: _Toc155643033]Lagrangian and Eulerian Approach
There are two main approaches to hydrocode modelling – Lagrangian and Eulerian. These are discussed below. 
In the Lagrangian approach (used in this paper), the model is itself turned into a mesh of specified shapes of a specified size. The nodes in the mesh distort and move following the completion of each computational step (which calculates the parameters for each individual node) depending on the stresses or pressure imparted to it. From a pure efficiency point of view, as the mesh grid is only as large as the model itself, it is efficient (though in practice a higher node count can cause issues). This approach provides accurate measures of deformity, however when elements excessively distort the simulation is likely to crash as the code can no longer calculate the following step (as is often found in incredibly high strain rate events). Tools are available to help control this distortion, essentially focussed on the removing of cells that are highly distorted, but ultimately this makes the model less accurate. 
In the Eulerian approach, the model is free to move under a fixed grid, and a calculation of the pressure, temperature, and other factors, in each grid square is performed for each step. The Eulerian method is often seen as less computationally intensive since instead of computing each parameter for every single node, an “average” (for each cell) is instead calculated.  It is also impossible for excessive distortion to cause the simulation to crash in a Eulerian environment as a cell will only be treated as partially filled with a material. Problems arise with the Eulerian approach when cells may feature more than one material, or when a feature of the model is much smaller than a cell [34]. 
A hybrid of the two methods also exists – Arbitrary Lagrangian-Eulerian (ALE). This allows the model to stop mid-simulation to remesh itself and allows the mesh to move independently of the material. This is ideal for high strain rate problems where a typical Lagrangian mesh may crash due to excessive distortion, however employing this method is difficult and requires experience and as such was not used in this model [35]. 
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[bookmark: _Toc155550294][bookmark: _Toc155640084]Figure 6 A visual explanation of the three types of meshing discussed in 1.5.4 [36]
[bookmark: _Toc155550033][bookmark: _Toc155643034]Jones-Wilkins-Lee (JWL) Equation of State (EOS)
An Equation of State (EOS) is a mathematical relationship that describes the thermodynamic properties such as temperature, pressure, and volume under different conditions. For this report, the JWL EOS is important. The JWL EOS describes the behaviour of explosives under high pressure conditions, i.e. during detonation. It can be used to predict the energy release and pressure generated during a detonation [23], [37].



[bookmark: _Toc155643035]Methodology
Using a Lagrangian approach, a 2D axisymmetric model was drawn in Abaqus Explicit based on a literature review of existing shaped charge design and existing knowledge in this field. A shaped charge with a steel case, TNT fill and copper liner was chosen. This was in part driven by the availability of material properties whilst remaining true to the knowledge gained during the literature review, such as detonation velocity of the explosive and the common use of copper in liners.
 A 4-noded tetrahedral mesh design was used, providing more accurate analysis and therefore more accurate results.
Data was obtained from 2D simulations. Parameters were then modified to refine the simulations. The design of the model itself was not modified so data could be directly compared. The model was revolved to produce the appearance of a 3D model without any of the associated difficulties of 3D modelling.
Once no further significant improvements were made in jet velocity and formation, the 2D design was re-sketched into a 3D model and further simulations performed. The same process of modifying the parameters and re-running simulations was performed with the aim of obtaining similar performance to the 2D design.
Different meshing values and techniques were used throughout the simulations, such as fine and coarse meshes on the individual parts and graduated meshes through the parts and into the adjacent component. 
Abaqus visualisation tools were used to view the results.
A second 2D shaped charge design was modelled after the success of the first. The second model was a duplication of the shaped charge design in Walters and Zukas, page 181 [1]. The Walters model was abandoned after unresolvable errors were encountered (see Figure 52). 
[bookmark: _Toc155643036]2D Design
[image: A blue grid with a line in it
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[bookmark: _Toc155640085]Figure 7 High explosive fill sketch of shaped charge.
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[bookmark: _Toc155640086]Figure 8 Casing sketch for 2D shaped charge design.
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[bookmark: _Toc155640087]Figure 9 Liner sketch for 2D shaped charge design.
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[bookmark: _Toc155640088]Figure 10 Assembly of shaped charge design.
[image: ]
[bookmark: _Toc155640089]Figure 11 Second 2D shaped charge design - Walters and Zukas [1] - casing
[image: ]
[bookmark: _Toc155640090]Figure 12 Second 2D shaped charge design - Walters and Zukas [1] - liner

[image: ]
[bookmark: _Toc155640091]Figure 13 Assembly of second 2D shaped charge design from Walters and Zukas [1]
[bookmark: _Toc155643037]3D design
[image: ][image: ]
[bookmark: _Ref155556473][bookmark: _Toc155640092]Figure 14 - 3D Shaped charge design
Figure 14 shows the 3D design. It is a revolved version of the 2D model.
[bookmark: _Toc155643038]Material Properties	
Material properties used in this study can be found in Appendix 2.








[bookmark: _Ref153367700][bookmark: _Toc155643039]Results
[bookmark: _Toc155643040]2D design results
For ease of reading, comments are presented inline, underneath each image.
Figure 16 through to Figure 21 show the results from the first simulation of the 2D design.
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[bookmark: _Toc155640093]Figure 15 Stress data early in formation of the jet
High stress can be seen in the tip of the jet as it elongates.
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[bookmark: _Toc155640094]Figure 16 Strain data early in formation of the jet
The area of highest strain is the jet body as it forms as this is the area of highest deformation.
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[bookmark: _Ref153362765][bookmark: _Toc155640095]Figure 17 First simulation of 2D design showing strain data at the end of the simulation.
The top of the case is exhibiting higher strain where it is being stretched. The tip and main body of the jet are under the highest strain as it elongates, the rear slug portion is under moderate strain as it is being compressed but not stretched.
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[bookmark: _Toc155640096]Figure 18 First simulation of 2D design showing stress data at the end of the simulation.
The entire assembly is under very high stress, the more valuable data throughout is in the strain analysis. That shows where the deformation is rather than simply the forces on each part.
[image: ]
[bookmark: _Toc155640097]Figure 19 Velocity of the tip of the jet at the end of the simulation
While the velocity presented by the 2D model is lower than expected (for reasons discussed later), the velocity region is still above the 3000m/s required for hydrodynamic penetration of a target. 

[image: ]
[bookmark: _Ref155603046][bookmark: _Toc155640098]Figure 20 Velocity of the jet when the runtime was increased, and a graduated mesh applied throughout.
In this next simulation, the nodes at the tip of the jet have increased in velocity and are comfortably within the classical velocity range for a shaped charge.
[image: ]
[bookmark: _Ref155556882][bookmark: _Toc155640099]Figure 21 Detonation wave propagating through the shaped charge.
Figure 22 is included for interest. The detonation wave is propagating through the HE.
[image: ]
[bookmark: _Toc155640100]Figure 22 Detonation wave propagating through the HE - 180◦revolved 2D model.
The areas in front of the shock front are under the highest stress as they are subjected to the shock loading of the detonation wave. A graduated mesh is shown in the liner but not in the HE or case.
The following simulations were run using the “encastre” boundary condition.
[image: ]
[bookmark: _Toc155640101]Figure 23 A boundary condition was added to the model - strain data - full shaped charge.
The top of the case exhibits moderate strain where it is being stretched. The tip and main body of the jet are under the highest strain as it elongates, the rear slug portion is under moderate strain as it is being compressed but not stretched. This simulation produced a longer jet when boundary conditions were added.
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[bookmark: _Toc155640102]Figure 24 Velocity of the jet tip with a boundary condition added to the model.
Although the jet looked longer in this simulation, the velocity of the jet was overall slower. 
[image: ]
[bookmark: _Toc155640103]Figure 25 Strain data at the tip of the jet with a boundary condition added to the model.
As expected, the strain rises sharply as soon as the detonation wave front contacts the liner. This is comparable to the other 2D simulations.
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[bookmark: _Toc155640104]Figure 26 Liner at the end of the simulation with more steps and a graduated mesh in the liner and HE.
This simulation, with a graduated mesh in the liner and HE, would have resulted in a slug forming had it run to completion. This can be seen where the jet begins to narrow.
[image: ]
[bookmark: _Ref155558503][bookmark: _Toc155640105]Figure 27 Detonation wave and jet formation.
The detonation wave has progressed beyond the tip of the jet. Area of high stresses can be seen in the cone area of the liner.
[image: ]
[bookmark: _Toc155640106]Figure 28 Velocity of the jet for Figure 28
Despite the possible slug formation, the velocity of the jet was lower and less stable than seen in other simulations. Sudden decrease in velocity can be seen at the start of the graph. The reason for this is unclear.
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[bookmark: _Toc155640107]Figure 29 Jet strain for Figure 28
The strain in the jet rises instantly as the shockwave contacts the liner, this correlates with the high stress seen in Figure 28.
[image: A screenshot of a computer program

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: ]
[bookmark: _Ref155558862][bookmark: _Toc155640108]Figure 30 Formation of jet and beginnings of a slug.
Figure 31 is included for interest only. The jet formation and the potential for the slug can be seen.
[image: ]
The strain in the jet tip as it begins to form is much higher than in the surrounding material. This is due the liner deforming as the jet is formed, though initially just at the apex.

[bookmark: _Toc155643041]3D design results
[image: ]
[bookmark: _Toc155640109]Figure 31 Stress data - first 3D simulation.
The first simulation of the 3D shaped charge model produced a jet. Elements of the HE filling “blew up”, forming spikes which protruded through the casing. Whilst this is not representative of an experimental test it does not affect the results here.
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[bookmark: _Toc155640110]Figure 32 Strain data - first 3D simulation.
The liner separated from the case in the first 3D simulation, but a jet was still produced.
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[bookmark: _Toc155640111]Figure 33 Jet velocity - first 3D simulation.
The velocity is notably lower than that in the 2D simulations and quickly drops off to approximately 3500m/s. This may be due to the liner detaching from the casing.
[image: ]
[bookmark: _Toc155640112]Figure 34 Strain data - first 3D simulation
Strain for the 3D model does not rise as sharply as the 2D simulations. Again, this may be due to the liner detaching.
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[bookmark: _Toc155640113]Figure 35 First3D model simulation.
High strain can be seen in the tip of the jet, with lower strain shown in the inverted conical liner. The high strain in the tip is due to the jet stretching and accelerating.
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[bookmark: _Ref155615071][bookmark: _Toc155640114]Figure 36 3D simulation - finer mesh in HE.
In this 3D simulation (Figure 37-Figure 40) a finer mesh was applied to the HE. Elements of the HE are “blowing up”. This is considered irrelevant as the focus is on the liner collapse, not the detonation process.

[image: ]
[bookmark: _Toc155640115]Figure 37 Stress data - finer mesh in HE.
Unfortunately the stress data here is not easily analysed. If the simulations had run to completion, more information may be available.
[image: ]
[bookmark: _Toc155640116]Figure 38 Jet strain data - second simulation.
The strain does not rise as sharply as would be expected and as that seen in the 2D simulations. The value obtained is approximately 75% of the 2D counterpart simulation.
[image: ]
[bookmark: _Ref155615096][bookmark: _Toc155640117]Figure 39 Jet velocity - second simulation
The velocity shown is approximately 75% of the 2D counterpart simulation.
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[bookmark: _Ref155604140][bookmark: _Toc155640118]Figure 40 180◦ cutaway view - graduated mesh in liner.
Figure 40 and Figure 41 show results with a graduated mesh in the liner and more steps added to the runtime. The simulation is still 3D but shown as a 180◦ cutaway. Higher strain can be seen in the jet. A stress screenshot has been excluded due to lack of useful data.
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[bookmark: _Ref155604192][bookmark: _Toc155640119]Figure 41 Graduated mesh in the liner.
Elements are distorting out of plane. It is not clear if this is HE or the liner. This highlights one of the issues associated with 3D modelling. The HE fill is also “blowing up” again.
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[bookmark: _Toc155640120]Figure 42 Jet velocity - graduated mesh simulation.
The velocity is erratic. A few outlier nodes appear to suddenly change their velocity. This may be due to excessive deformation in those nodes.

A colleague suggested adding viscosity to the 3D simulation. The results are in Figure 43 and Figure 45.
[image: ]
[bookmark: _Ref155614713][bookmark: _Toc155640121]Figure 43 Simulation - added viscosity.
The liner has detached from the case, and HE is protruding. High strain in the jet tip is visible. This will have been accelerated and inverted prior to the liner detaching.
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[bookmark: _Ref155614735][bookmark: _Toc155640122]Figure 44 Liner only view - added viscosity.
The strain gradient from the tip of the jet through the inverted liner is visible as the jet is elongated away from the point of detonation.
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[bookmark: _Toc155640123]Figure 45 Jet velocity from viscosity simulation.
The jet velocity is considerably lower than that seen in all other simulations. This is not surprising given the increase in viscosity. Adding this parameter did not have the desired effect of removing the HE spikes and given they don’t affect the data for these simulations, there may be little benefit in achieving this.
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[bookmark: _Ref155605411][bookmark: _Toc155640124]Figure 46 Detonation wave propagation in 3D model
Figure 46, included for interest only, shows the detonation wave propagating through the shaped charge.

[image: ]
[bookmark: _Toc155640125]Figure 47 3D model simulation with a very fine mesh in the liner
Some issues were encountered during the simulations. Here the simulation crashed due to excessively distorted elements. This is likely as a consequence of the incredibly fine mesh in the liner.
[bookmark: _Toc155643042]Additional images
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[bookmark: _Toc155640126]Figure 48 Example of a poor graduated mesh - very fine liner to a much coarser casing
This mesh would be difficult for the software to resolve. A mesh in one component should be similar to the mesh in an adjacent component.
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[bookmark: _Ref155605973][bookmark: _Toc155640127]Figure 49 Meshing errors with the Walters’ design.
In Figure 49 the meshing issue encountered during the sketching of the Walters and Zukas design is shown, along with the error message when the job was submitted. This was unresolvable with the author’s current level of knowledge.
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[bookmark: _Ref155606185][bookmark: _Toc155640128]Figure 50  Meshing problems with 3D model.
3D models can be more complicated and complex to draw and analyse, errors such as the one in Figure 50 are more common in 3D, often requiring a greater understanding of the software to resolve. They also require more computational power than a 2D model. But get the model and simulation correct and the data obtained can be invaluable.

















[bookmark: _Ref153368133][bookmark: _Toc155643043]Discussion
[bookmark: _Toc155643044]Simulation 
A simulation of a shaped charge will always be challenging and typically a Eulerian approach would be used but this used alone will also present some disadvantages. It is possible to use a combined approach. A combined method (Arbitrary Lagrangian Eulerian, ALE) helps resolve some issues of the individual approaches, such as mesh deformation in the Lagrangian approach and difficulties analysing deforming boundaries in the Eulerian approach [38].	
In retrospect, the thickness of the shaped charge liner presented in this paper may explain the relatively low velocity. Typically, liner thickness in most military shaped charges is 2-4% of the cone diameter. The model presented in this paper has a significantly thicker liner. More material to drive means material will be driven more slowly. In this case, the additional material in the liner would mean that the jet, while slower, would be very stable and effective to longer standoff distances as it will not stretch and particulate as quickly. 
On the whole, the 2D simulations had fewer errors and the results generally showed a jet velocity and strain 25% greater than the 3D simulations.
[bookmark: _Toc155643045]Validation
Validation is a process to gain confidence in the model, conducted after simulations are complete. It is concerned with the accuracy of the model and if it replicates experimental tests, within an acceptable margin of error. An acceptable margin of error is variable depending on the situation being analysed [39] [27].
A straightforward way to validate a shaped charge model is to assess the depth of penetration into a semi-infinite target. The simplest equation is as follows [1]:
P=L 
P = Penetration
L = Jet Length
 Jet Density
 = Target Density 
As can be seen from the equation, there must be a target for the equation to be applied and validation to be conducted. Therefore, validation was not possible in this paper due to the lack of target.
[bookmark: _Toc155643046]Limitations
In previous work the author has commented on limitations of finite element analysis. The work is still relevant and is summarised below [27].

· Assumptions of perfect manufacturing and usage conditions – software assumes perfect conditions. Realistically, geometry can never be perfect – manufacturing tolerances and material purity are not considered by the software; and external factors such as weather or degradation of energetics are not taken into account.
· Human error – analysis will only be as accurate as the information provided by the user. If mistakes are made defining parameters, this is carried forward to the results. This also true for the validation data. 
· Limitation of available data. Different materials may have been utilised in this study if material data was readily available. This can severely limit the accuracy and reliability of the results obtained. The constraint here is severe as data may be sensitive from a commercial or security standpoint.
· FEA by its very nature is an approximate solution. Exact solutions are only given for the nodes across the meshing. Fewer nodes = less accurate data - to the point of mesh independence.
· FEA is limited by computational power. To simulate a complex model, a powerful computer will be needed, and potentially a lot of time to run simulations. This is not always available, so compromises must be made, potentially limiting the accuracy of the results. Fewer nodes = less accurate data. More nodes = increased computational time and power.
· User competence – it takes years of experience to understand FEA with any degree of competence. In addition to learning about the software package, an understanding of the material response and the underlying physics of the models used in a simulation is critical to valid interpretation of results. If there is a deficiency in the model due to lack of knowledge, how can it be accounted for in the results? 
· FEA is often performed on parts rather than whole systems – this does not allow for whole system interactions and therefore simulation results will not necessarily reflect the behaviour of the part when it is considered as part of a full system or in the environment. 

[bookmark: _Toc155643047]Future work
· Altering the model to allow proper numerical validation to be performed – by placing a target in the simulation. Compare the results obtained from the validation with any relevant existing data.
· Conduct a mesh convergence study.
· Model this charge in a Eulerian code and using ALE meshing then compare the results.
· Add a Mie-Gruneisen Equation of State in the Us−Up Hugoniot form for the liner. This is important in the analysis of projectiles hitting targets at very high speeds as it determines the pressure in a shock-compressed solid such as the liner in a shaped charge [40].
· Increases experience of the software to enable a deeper understanding of the results.


















[bookmark: _Toc155643048]Conclusion
This study demonstrates that finite element tools are a valid means of modelling shaped charges, however, it also highlights many of their constraints. The model requires a significant amount of refinement in its current state before it can be considered useful or validated, but the basic collapse process is correctly shown. The scope for modelling shaped charges using FEA is extensive. Figure 51 shows an overview of just the issues in Mehmannavaz et al’s paper in 2021 [41], and demonstrates how broad this area of research is. 
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[bookmark: _Ref155273303][bookmark: _Ref155620945][bookmark: _Toc155640129]Figure 51 Overview of shaped charge issues covered by Mehmannavaz et al [41]
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[bookmark: _Toc155643050]Appendix 1
[bookmark: _Toc155620628]Table 2 Material properties for copper [42]
	Copper

	Mass density (kg/m3)
	Young's Modulus
	Poisson's ratio
	Yield stress 1 (MPa)
	Plastic strain
	Yield stress 2 (MPa)
	Plastic strain

	8770
	110x109
	0.364
	34x106
	0
	210x106
	0.1



[bookmark: _Toc155620629]Table 3 Johnson Cook damage properties for steel [43]
	Steel - Johnson Cook Damage

	d1
	d2
	d3
	d4
	d5
	Melting Temperature (◦C) 
	Transition Temperature (◦C)
	Reference Strain Rate

	0.05
	3.44
	2.12
	0.002
	0.61
	1793
	293.2
	1



[bookmark: _Toc155620630]Table 4 Johnson Cook Plastic properties for steel [43]
	Steel - Johnson Cook Plastic

	A (MPa)
	B (MPa)
	n
	m
	Melting Temperature (◦C) 
	Transition Temperature (◦C)

	792x106
	510x106
	0.26
	1.03
	1793
	293.2



[bookmark: _Toc155620631]Table 5 Other material properties for steel [43]
	Steel

	Mass density (kg/m3)
	Young's Modulus
	Poisson's ratio

	7860
	200x109
	0.3



[bookmark: _Toc155620632]Table 6 Material properties for TNT [44] 
	TNT – Density 

	Mass density (kg/m3)
	1630



[bookmark: _Toc155620633]Table 7 JWL Equation of State for TNT [44]
	TNT - JWL EOS

	Detonation wave speed (m/s)
	A (MPa)
	B (MPa)
	omega
	R1
	R2
	Detonation energy density
	Pre-deton bulk modulus

	6930
	373800x106
	3747x106
	0.35
	4.15
	0.9
	36900000
	0
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