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1
Abstract
This report first covers what a shaped charge is, how it works and what are the key elements that make up a shaped charge. It then goes on to describe the experimental process which will digitally simulate a shaped charge. The results of two 2D simulations and two 3D simulations are presented in this report, then analysed and compared. Finally, conclusions will be made based on the limited evidence available and suggests areas and methods of future research. 
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1 [bookmark: _Toc218501748]Introduction
This report is designed to inform the reader on shaped charges (SC), giving them an understanding of what a SC is, how they function and SC research. This report will take an in-depth look at recent papers published on both real-world testing of SCs and software modelling of SCs. This literature review has been used to inform the direction of investigation. This report will then go on to use Abaqus modelling software to develop two two-dimensional (2D) SC designs and develop one of them into a three-Dimensional (3D) simulation. This report will then explore advanced meshing techniques such as adaptive meshing and smooth particle hydrodynamics (SPH). With the rise of software modelling set to reduce experimentation costs significantly, the report will look to examine the comparability between real world results and simulated results. 
1.1 [bookmark: _Toc218430500][bookmark: _Toc218501749]What is a SC
A SC is an explosive device designed to cut/penetrate significantly further into a specified material than a standard explosive charge is capable of. 
A SC is typically made of three parts, an external casing (made of a non-explosive material), a high explosive filling and a liner – a non-explosive material that will form the penetrating jet.
The common variants of SCs are a conical SC, a liner SC and an explosively formed penetrator. These three different types all perform distinct roles which are described below:  
A conical SC’s defining feature is its cylindrical shape with a large hollow cone in the centre. This cone is made from a dense material that forms into a ‘jet’ allowing for maximum penetration – a conical SC can penetrate between 7-10 times [1] [2]the diameter of the cone and is typically used to penetrate well armoured facilities or vehicles. 
A linear SC is what is referred to as a cutting charge, used in a variety of industries, its defining feature is the V shaped liner that runs the entire length of the charge. This form of SC allows for rapid cutting of strong materials such as concrete or steel. 
Finally, an explosively formed penetrator (EFP) differs from the other SC, EFPs form a solid slug rather than a jet. This is due to a shallower liner; this means that the liner has a significantly reduced penetration but can be effective from a much further distance. 
1.1.1 [bookmark: _Toc218430501][bookmark: _Toc218501750]How does a SC work 
The above SCs are all made up of a casing, explosive fill and liner. When the explosive is detonated, the shockwave from the explosive propagates down the explosive fill towards the liner, this shockwave has an immense pressure and when it hits the top (tip of the cone, V or concave liner) the liner starts to deform with the liner being inverted and the tip of the cone rapidly moving down towards the base of the charge. The shockwave carries such a high force, in the form of pressure and heat that it transforms the liner into a high velocity jet of material. This is as a result of the Munroe effect
1.1.2 [bookmark: _Toc218430502][bookmark: _Toc218501751]The Munroe effect 
The Munroe effect [3] [4]occurs when an explosive is shaped with a hollow cavity. Rather than distributing energy equally, the energy is concentrated along the axis of the cavity. This effect allows for a material to be lined against the inside of this cavity so when the Munroe effect takes place, the energy is transferred to the liner and a jet is formed that can reach speeds of up to 5-10km/s [5]  and in a conical SC, can penetrate 7-10 [6]times the diameter of the cone. 




2 [bookmark: _Toc218430503][bookmark: _Toc218501752]Literature review 
It was not until the 1960s that computers were good enough to simulate a SC, these early simulations used Eulerian and Langarian modelling techniques. [7]
After reviewing several sources, it was clear that the history of SCs dates back to 1792 [2] with both civilian and military applications applicable. It was not until the ‘fundamentals of shaped charges’ [8] that a standard used by engineers, researchers, and scientists was created. It has become the baseline for validating both analytical and numerical models. This work was only possible due to the groundwork laid out in a series of works called ‘Foundational analytical theory’ [9] [10] [11]. This work was carried out in the late 1940s and early 50s and focused specifically on jet velocity, penetration scaling and jet length, and laid the groundwork for Arbitrary Lagrangian–Eulerian (ALE) and SPH simulations. 
2.1 [bookmark: _Toc218430504][bookmark: _Toc218501753]Modelling techniques 
There are several modelling techniques that are used widely. Eulerian, Lagrangian, finite element analysis (FEA) and ALE, all use a mesh structure to model inputs. In contrast the SPH does not use a mesh to model the materials. The following paragraphs discuss these methods: 
2.1.1 [bookmark: _Toc218430505][bookmark: _Toc218501754]Eulerian 
This method uses a fixed mesh and material flows through the mesh. This method copes well with extreme deformation and gas expansion. However, it struggles to track material boundaries accurately. [12] 
[bookmark: _Toc218430506][bookmark: _Toc218501755]2.1.2 Lagrangian 
For this method the mesh moves with the material, the nodes follow deformation, this is good at tracking stress, strain and temperature. This method struggles when the material and mesh distort together.  
[bookmark: _Toc218430507][bookmark: _Toc218501756]2.1.3 ALE 
This method takes a hybrid approach allowing the mesh to move independently of the material, this combines the positives of Lagrangian and Eulerian allowing for a strong mesh that tracks the material. This method does carry high costs/difficulty. 
[bookmark: _Toc218430508][bookmark: _Toc218501757]2.1.4 SPH
SPH avoids mesh tangling by turning the material into particles, this is good when simulating extreme deformation. One limitation of this being the particles do not obey boundary conditions making accurate results difficult. This method is also less mature than other methods, posing questions over accuracy.  
[bookmark: _Toc218430509][bookmark: _Toc218501758]2.1.5 Finite element analysis (Explicit) (FEA(E)) 
As stated, the software used for these simulations is SIMULA’s Abaqus Finite element analysis (FEA). Specifically, these simulations will use the explicit solver. FEA breaks down a structure into finite elements and applies controlling equations. Usually, this method uses an implicit solver, but due to the nature of shaped charges, the high-speed complex interactions, an explicit solver is used. An explicit solver integrates Newton’s laws of motion in small time steps, without solving equilibrium equations at each step. This makes it very good for modelling shaped charges. 
[bookmark: _Toc218430510][bookmark: _Toc218501759]2.2 Materials 
Material properties can dramatically change the penetration and velocity of a SC and thus it is important to understand the characteristics of each material used. metals, target materials and explosives all have different material models that can be used. Some common constitutive models for the liner are: Johnson-Cook [13], Steinberg–Guinan–Lund (SGL) [14] and Mechanical threshold stress (MTS) Model. These three all have strengths and weaknesses seen in table 1.






	Material model
	Johnson Cook 
	SGL
	MTS

	Strength 
	· Good for jet kinematics 
· Widley available parameters, 

	· Good at shock physics and melt prediction 
	· Good at high strain rate 

	Weakness 

	· Less accurate at high pressures 
	· High complexity 
	· High complexity 


[bookmark: _Toc218430587][bookmark: _Toc218441694][bookmark: _Ref218420963]Table 1 
Equally, common methods for modelling how a material responds to shock compression are Jones-Wilkins-Lee (JWL) equations of state (EOS) [15] for explosives. Mie–Grüneisen EOS for metals which uses shock Hugoniot data to model high‑pressure behaviour. 
[bookmark: _Toc218430511][bookmark: _Toc218501760]2.3 Validation 
 The best way to validate a simulated SC is to build one to the same specifications and test it using real world techniques such as flash radiography, X-rays and photon doppler velocimetry (PDV) [16]. These can validate the geometry and pointwise velocity of the simulations. However, the time and resources associated make this not always feasible.  An alternative, but less effective way to validate results is to use improved methods of modelling [17]: dynamic effective charge model, ALE and SPH, to run the same simulation. 



   
3 [bookmark: _Toc218430512][bookmark: _Toc218501761]Modelling 
As part of this assessment into SCs an attempt was made to create bespoke models to understand the challenges faced when using software to model a SC detonation. The educational authority dictated that for this report all simulations should be run on SIMULA’S Abaqus Finite element analysis (FEA) software. This system is designed to model high speed impacts and cope with explicit modelling challenges. Equally it can incorporate adaptive meshing and SPH techniques into simulations making it a versatile tool. 
Post literature review, it was decided that one SC design should be selected and two 2D simulations should be undertaken, with one variable changed. One of these results should then be expanded into a 3D simulation and the results analysed and compared. 
3.1 [bookmark: _Toc218430513][bookmark: _Toc218501762]Shape 
Prior to choosing materials a design needed to be created. After the review, it became clear that there are a number of SC designs available, most of them having almost complete specifications. Selecting an already proven design ensured that any issues with the simulated jet would be computational and not design related. After discussing shapes with senior academic figures, it was recommended that having a flat tip on the cone allowed Abaqus to function better. This contributed to the choice of final design. [5] Figure 1 displays the dimensions used [11]. 
[image: ]
[bookmark: _Ref218432242][bookmark: _Toc218441643]Figure 1 - Dimensions of the SC [11]
Once a design was decided, the material properties could be researched.  
[bookmark: _Toc218430514][bookmark: _Toc218501763][bookmark: _Ref218507695]3.2 Properties
Abaqus allows for material properties to be assigned to individual sections of the model. It was decided that steel would be the casing material and copper would be the liner material. This experiment required that a variable be changed between the two 2D models, the variable chosen was the high explosive fill. Table 2 shows the materials considered for the explosive fill and table 3 displays the values used for steel and copper.





	Explosive 
	Mass Density (Kg/m3) 
	Detonation wave speed
(M/s)
	A 
(Pa)
	B
(Pa)
	Omega
	R1
	R2
	Detonation energy density 
(J/M3
	Pre-detonation Bulk Modulus 
(Pa)

	Composition 1 (C1)
	1930
	9061
	1.8276e12
	6.135e10
	0.30
	5.88
	1.8
	9.6e9
	1.1990e10

	Polymer Bonded Explosive Number-110 (PBXN-110)
	1672
	
8330

	
9.504e11
	1.098e10
	0.4
	5
	1.4
	8.7e9
	8.7e09

	Trinitrotoluene (TNT)
	1630
	6930
	3.7377e11
	3.747e9
	0.4
	4.15
	0.9
	6.7e9
	1.e10


[bookmark: _heading=h.84huenj83a3n][bookmark: _Ref218433104][bookmark: _Toc218441695]Table 2 - Material properties for explosives used [5] [18] [19] [20] [21] [22] [23] [24]
[bookmark: _heading=h.bkoigyj67hds][bookmark: _Toc218441692]Equation 1 – JWL EOS [5]
[image: ]



	Material 
	Mass density (kg/m3)
	Youngs modulus (Pa)  
	Poisson’s ratio 
	A 
(Pa)
	B
(Pa)
	N
	M
	Melting temperature (k)
	Transition temperature (k)
	C
	Epsilon dot Zero 
(s-1)

	Steel 
	7870
	2.00e11
	0.29
	7.92e8
	5.1e8
	0.26
	1.03
	1793
	1040
	0.014
	1

	Copper
	8960
	1.30e11
	0.34
	9.0e7
	2.92e8
	0.31
	1.09
	1356
	300
	0.025
	1


[bookmark: _heading=h.vd1ojm52ppvo][bookmark: _Toc218441696][bookmark: _Ref218503772]Table 3 – Material properties for steel [25], [26] [5] [27]and copper [28], [29], [30] [31]
[bookmark: _heading=h.3yt92xkpvqe0][bookmark: _Toc218441693]Equation 2 – Johnson Cook stress model [5]
[image: ]Table 2 and 3 display the Johnson-cook and JWL-EOS values that were used in the simulations. 
These values fit into equations, specifically, Equation 1 and Equation 2. These equations are key to digital modelling. They are critical by allowing the complex shock physics of explosives to be transferred to mathematical values and so simulate the physics of detonation.  
Note that three high explosive fillings were considered and thus have been included in the report. As only two can be used, basic trial simulations showed that TNT and C1 work significantly better than PBXN-110. Although it is unclear why PBXN-110 did not produce results that were deemed accurate, it is likely due to an issue with the property values, for example the low mass density and high detonation wave speed. These two factors are thought to cause issues with Abaqus and so PBXN-110 was not used in further simulations.  
When looking at the materials it is also worth noting the differences between TNT and C1. Their mass density and detonation wave speed are significantly different and so were chosen to produce varied outputs from simulations. 
[bookmark: _Toc218430515][bookmark: _Toc218501764]3.3 Assembly
[image: A computer screen shot of a blue grid
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[bookmark: _Toc218441644][bookmark: _Ref218432261]Figure 2
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[bookmark: _Toc218441645][bookmark: _Ref218433606]Figure 3
[image: A computer screen shot of a blue grid
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[bookmark: _Toc218441646][bookmark: _Ref218432263]Figure 4
Figure 5 displays all three parts assembled and meshed. 
[image: A computer screen shot of a blue object
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[bookmark: _Toc218441647][bookmark: _Ref218432309]Figure 5
Once a design and properties had been decided on, the final step was to assemble the design in Abaqus and assign properties to it. The key parts of generating this simulation include sketching, properties and meshing. Appendix A describes in detail the process to generate a: 2D, 3D, ALE and SPH simulation.
Each part of the SC had to be sketched separately, and the sketch saved before it was turned into a part. By saving the sketch it could be imported when sketching the other parts. Saving the sketches also allowed them to be imported again when making the 3D parts. Figure 2 - 4 show the parts that were sketched, note the casing appears differently to the original design. This is because of trials, see Appendix A for further information. 
Applying the correct properties to the simulation was another key stage of assembly. This was done using the property module. 
Both 3D and 2D simulations required boundary conditions to be set. These boundary conditions helped to simulate a mirrored/fully cylindrical charge while allowing a dissected view of the simulation. This assisted in understanding the physics within the simulation. 
Finally, each part had to be meshed individually, this allowed for several meshes of different densities, each assigned to a different part.  See Appendix A for more detail. Once each part had been meshed, assigned properties and boundary conditions they could be assembled and were ready for a simulation. Figure 5 shows the 2D model prior to simulation.
[bookmark: _Toc218430516]

4 [bookmark: _Toc218501765]Simulations 
4.1 [bookmark: _Toc218430517][bookmark: _Toc218501766]Results of 2D 
4.1.1 [bookmark: _Toc218430518][bookmark: _Toc218501767]2D TNT simulations
Once the model has been created, the mesh can be modified many different times to achieve the best results. 
The figures below show the critical points from the results of a 2D simulation of a SC with a TNT filling. 
[image: A computer screen shot of a blue and green head
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[bookmark: _Toc218441648][bookmark: _Ref218432324]Figure 6

[image: A computer screen shot of a blue and green object
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[bookmark: _Toc218441649][bookmark: _Ref218432335]Figure 7
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[bookmark: _Toc218441650][bookmark: _Ref218432346]Figure 8
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[bookmark: _Toc218441651][bookmark: _Ref218432366]Figure 9
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[bookmark: _Toc218441652][bookmark: _Ref218432373]Figure 10
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[bookmark: _Toc218441653]Figure 11
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[bookmark: _Toc218441654][bookmark: _Ref218432402]Figure 12
[image: ]
[bookmark: _Toc218441655][bookmark: _Ref218432412]Figure 13
[image: A screenshot of a computer
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[bookmark: _Toc218441656][bookmark: _Ref218432425]Figure 14

Figure 6 shows that at 2.5e-06 seconds (s) the detonation wave hits the top of the liner. Using the scale on the left of the image the detonation wave has a pressure of 6.5e+9 Pascals (Pa) at the time it reaches the top of the liner. Once the detonation wave exits the explosive it becomes a blast wave and impacts the liner forcing it down. Figure 7 shows the top of the liner being forced down at a time period of 5e-06s. At this point the cone of the liner is being depressed before the detonation wave has reached the bottom of the SC and is experiencing a force of 1.2e+9Pa.
Figure 8 depicts the simulation at a time of 7.5e-5 seconds. Although it appears the tip of the cone of the SC has been deformed, the red circle highlights this is actually the TNT leaking through the mesh. Figure 8 also depicts the walls of the liner depressing inwards as the pressure from the blast wave reaches the bottom of the SC. 
Figure 9 and Figure 10 depict the same point in the simulation, 1.0e-05s. However, Figure 10 shows the SC with the HE and casing removed, this allows for greater analysis of the forces impact on the liner. It can be seen that parts of the liner are experiencing pressures of up to 7.0e+09Pa. This is not possible to determine in Figure 9 and demonstrates the benefit of removing parts of the SC. When comparing these images, it is important to note that the HE is penetrating the liner, although it is unclear if this is an error in the simulation or a representation of real events.
Figure 10 shows the liner is experiencing positive and negative pressure, this demonstrates that outside of the liner is experiencing compression, positive pressure. While the middle of the liner is experiencing tension, negative pressure. 
Figure 12 demonstrates what the fully formed jet would look like. The TNT has enough energy to create a force great enough to make a jet out of a copper liner. The image also shows a relatively well-formed jet and represents how simulations can produce seemingly reliable results. 
Figure 13 shows the same simulation with the mesh removed to give a clearer image. The image shows the distortion of the casing and the final form of the liner once it has formed into a jet. It is from this image that the velocity time graph was created. 
Figure 14 shows the velocity time graph generated from this simulation, this graph was produced by selecting the nodes towards the tip of the jet at the end of the simulation and using the Abaqus software to produce the graph.
The graph shows a rapid increase in velocity to over 3.4m/s in roughly 1.1 seconds before dropping down to a consistent 2.5m/s. This sudden peak is caused by the Munroe effect and allows the formation of the jet. Once the blast wave has imparted its energy onto the jet, it will reach its maximum velocity and theoretically become a ballistically stable jet. Unfortunately, due the length of the jet being unknown it is not possible to calculate the penetration capability of this jet. 


4.1.2 [bookmark: _Toc218430519][bookmark: _Toc218501768]2D C1 simulation
The figures below show the results of a 2D simulation of a SC that has a copper liner and an explosive filling of C1. 

[image: ]
[bookmark: _Toc218441657][bookmark: _Ref218432453]Figure 15
[image: ]
[bookmark: _Toc218441658][bookmark: _Ref218432462]Figure 16

[image: ]
[bookmark: _Toc218441659][bookmark: _Ref218432489]Figure 17
[image: ]
[bookmark: _Toc218441660][bookmark: _Ref218432502]Figure 18
[image: ]
[bookmark: _Toc218441661][bookmark: _Ref218432544]Figure 19

[image: ]
[bookmark: _Toc218441662][bookmark: _Ref218432552]Figure 20
[image: ]
[bookmark: _Toc218441663][bookmark: _Ref218432579]Figure 21
[image: ]
[bookmark: _Toc218441664][bookmark: _Ref218432581]Figure 22
[image: ]
[bookmark: _Toc218441665][bookmark: _Ref218432597]Figure 23
[image: ]
[bookmark: _Toc218441666][bookmark: _Ref218432613]Figure 24

Figure 15 shows the pressure on the edge of the detonation wave being 3.4e+10Pa, at a time of 2.5e-06s.
Figure 16 shows the simulation at a time of 5e-06s. The figure also shows the liner is experiencing positive and negative pressures. Figure 16 also shows the tip of the liner being depressed due to the force exerted on it by the blast wave. 
Figure 17 has several key features, it shows the detonation wave being deflected back through the mesh once it has impacted the liner. It also shows the explosive filling seeping through the liner and shows the initial deformation of the liner as it reverts inwards. One of the limitations of this model is that the high density of the mesh around the tip of the liner means that the pressure being exerted on it is not possible to see due to the clumping of the mesh. 
Figure 18 shows the liner without the HE or casing. It is only through comparing this image to Figure 17 that we can see the initial spike is caused by the HE not the liner deforming. In addition to this we can see from a zoomed-in look at the liner that it is experiencing a pressure of 3.3e+10Pa and -1.13e10Pa at a time frame of 7.5e-06s. The positive and negative pressure values demonstrate that as the jet is forming, the liner is experiencing tension and compression stresses. 
Figure 19 and Figure 20 both show the simulation at a time period of 1.00e-05s. These two simulations show the importance of refining the simulation to understand its errors. Figure 19 shows that the TNT leaks through in a single fast strand in comparison at 1.00e-05 seconds the liner is just beginning to form a jet, and the edges of the liner are experiencing high tensile stress, demonstrated by the pressure value of -1.3e-10Pa.  
Figure 21 and Figure 22 show the development of the liner through the simulation. These images demonstrate how the liner transforms into a jet. This only happens once the liner has reached the specific temperature and pressure requirements as a result of the Munroe effect.
Figure 23 shows the simulation at completion. This image shows the significant distortion of the HE and casing while also showing the liner (jet) in its final form. The sharp contrast between accurate results and distorted mesh demonstrate the inaccuracies that can be caused when only using simulations for testing. 
Figure 24 is a velocity time graph. This graph was made from plotting the velocity v time of nodes at the tip of the jet during the simulation. Figure 24 notably has one node that experienced extreme acceleration. This is likely part of the HE (C1) and will be excluded from the results as an anomaly. It can be seen from the graph that the liner of the C1 filled charge reached a speed of 4.5m/s in less than 10e-06 seconds. 

4.1.3 [bookmark: _Toc218430520][bookmark: _Toc218501769]Comparison and conclusions of the 2D simulations 
In the two 2D simulations that have been shown above the only variable changed was the HE filler within the SCs. As can be seen in Figure 10 and Figure 17 the SC with the C1 filling formed a jet at a time of 7.5e-06s in contrast the TNT was not able to form a jet until a time of 1e-05s. 
Similarly, the length of the jet formed was dramatically longer for the SC filled with C1. When comparing the graphs we can see that the C1 caused the copper liner to accelerate to a higher speed more rapidly than the TNT did. This is a contributing factor to the longer jet. The longer jet + higher velocity indicates that the C1 filled SC would have better penetration when compared to the TNT filled SC in the same situation. This is due to the detonation wave generated by C1 having a higher energy and as a result producing a ballistically better jet. 
This dramatic difference in performance is likely due to the difference in properties between these two explosive compounds. C1 has a higher density (1930Kg/m3) this allows for a greater mass of explosive in the same volume, therefore more energy available on detonation.  Equally the C1 has a higher detonation wave speed, this means a more effective transfer of energy through the explosive material. This higher speed also results in more violent shockwaves produced, increasing the C1’s brisance, this may explain the greater distortion on the casing of the C1 filled SC.  These differences in properties are the most likely factor that caused the difference in results produced by the simulations.
The difference in density and detonation wave speed is likely a result of the chemical compounds within these materials. Chemically, C1 is based on RDX (C3H6N6O6) compared to TNT (C7H5N3O6). The difference in oxygen balance, TNT having a negative oxygen balance compared to RDXs near 1:1 oxygen balance, means that detonation of RDX has near complete oxidisation and so releases more energy when reacted. Breaking down the materials chemically helps to explain the difference in detonation energy density between C1, which has an energy density of 9.6e9J/m3 [24], and TNT with a detonation energy density of 6.7e9 J/m3 [24]. This analysis suggests that the results of the simulations are broadly accurate. 
[bookmark: _Toc218430521]

4.2 [bookmark: _Toc218501770]3D simulation
4.2.1 [bookmark: _Toc218430522][bookmark: _Toc218501771]Context 
Having completed the two 2D simulations the next task was to pick one of the 2D simulations and turn it into a 3D model. 
Initially the C1 was chosen due to its higher performance metrics. However, after significant testing there were several key issues identified. C1 caused significant distortion within the modelling. 
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Figure 25 -  27 show the distortion used when using a C1 HE filling. 
Figure 28 shows the specific elements that were distorting, the red highlighted elements. It was suggested that these issues were due to the properties of C1, see Table 2. Specifically, it was suggested that the high detonation wave speed, 9061m/s, was the contributing factor, causing the simulation to crash. One alternative tried was changing the coarseness of the mesh. Ultimately this did not produce successful simulations. It was concluded that the higher detonation wave speed was causing specific elements to crash as the HE pushed outwards against the casing.  
As a result, it was proposed that the 3D simulation should be based on the TNT 2D simulation. After initial trials, it was discovered that the TNT produced results that allowed the simulation to complete rather than crash. 
It was because of this that all further 3D simulations were completed using a TNT HE filling. 
There were three modelling approaches undertaken on the 3D SC. These included, FEA(E), ALE and SPH. These three simulations were carried out using the same material and mesh, this was to ensure that the only variable between these three simulations was the modelling approach taken. 

4.2.2 [bookmark: _Toc218430523][bookmark: _Toc218501772]Fine Element Analysis Explicit (FEA(E))
The initial Modelling was completed using the FEA method with an explicit solver, Figure 29 - 38 show the results of this simulation. 
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Figure 29 and Figure 30 show the initial detonation wave moving through the HE, it can be seen it reaches a peak pressure of 3.6e+9Pa.
Figure 31 and 32 show that the detonation wave reaches the liner with a pressure of 1.23+10Pa and imparts a force of 1.3e+10Pa onto the liner as the energy transfers from the explosive to the copper liner, as a result of the detonation wave transforming into a blast wave. 
Figure 33 demonstrates that the cone of the liner experiences both positive and negative pressure. 
Figure 34 – Figure 36 shows that the liner does not form a consistent jet and instead each element is individually distorted outwards. This may be caused by the ‘weld’ (Appendix A) but shows that the liner does not form a stable unified jet.  
It is only in Figure 37 that an outline of the jet shape is created. This is at a time of 4.5e-05s and shows that the jet does not form instantly. Figure 37 also shows that the liner is experiencing negative pressure; this is due to the uneven pressure experienced by the liner. This causes some parts to be stretched (tensile stress, negative pressure) while some parts are compressed (compressive stress, positive pressure). 
Figure 38 shows a velocity time graph for the simulation. This graph shows a dramatically lower average peak velocity of around 2.5m/s. The lower speed of the jet may be because of the ‘weld’ but may also be a product of carrying out the simulation in 3D. The greater mass may have slowed the rate at which the liner travelled. 
4.2.3 [bookmark: _Toc218430524][bookmark: _Toc218501773]ALE 
Several attempts were made to use the adaptive meshing approach, as described in Appendix A, changes were made to the simulation to enable adaptive meshing software. Unfortunately, after 3 separate simulations the adaptive meshing did not work. 
Adaptive meshing repeatedly caused the simulation to fail, with no clear reason behind why. After discussing with other researchers who had similar issues it was decided that the adaptive meshing software available was not suitable for the situation and so could not produce the desired outcome.  
The failing of the software demonstrates the extreme difficulty to model explosive simulations and highlights why understanding these challenges is important. Due to the limited time available it was decided that moving on to testing SPH would be a better use of time. 
4.2.4 [bookmark: _Toc218430525][bookmark: _Toc218501774]SPH
This method of modelling converts elements into particles, Figure 38 - 49 show a simulation using this methodology, SPH is only set to be used at point 5.0e-06s to reduce the computational power required.
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Figure 39 shows the pressure wave moving through the TNT with a peak of 1.2e+10Pa. 
Figure 40 and 41show the pressure wave decreasing from 1.2e+10Pa down to 9.9e+9Pa as the pressure wave reaches the bottom of the SC. This emphasises how rapidly the detonation wave loses energy. Figure 41 also depicts the negative pressure being experienced by the tip of the liner as it deforms. This is the final screen shot of the simulation before the liner is converted to particles. 
Figure 42 shows the liner has now been converted into particles, SPH is now enabled. The colouration shows how there is positive pressure within the SC pushing outwards and the liner is experiencing tensile stress; this is displayed in the form of a negative pressure. 
Figure 43 - 46 have all had the HE filling removed to ensure a clear view of the image. These images show that the liner first experiences negative pressure as it collapses. The liner then experiences high positive pressure as it is pushed forwards. The figures also show that unlike using the FEA(E) modelling method the SPH method produced a short jet of particles along the central axis of the SC. However, the image also shows a number of particles that do not form part of the jet, this demonstrates one of the issues when using SPH. This issue being that the particles do not necessarily act as they might in real life.  
Figure 47 has been edited to remove the particles which do not form part of the jet. Once these particles have been removed, it can be seen that a roughly uniform jet has been formed. This is a marked difference from the standard modelling method, and demonstrates that ballistically, a better jet has been formed. 
The velocity time graph shown in Figure 48 has a large number of data points on it. This makes interpretation of the graph difficult, but this is due to the density of particles in the tip of the SPH. To accurately identify the velocity of the jet, data points from particles in the tip and just below the tip of the jet need to be collected. The large number of particles in this area make selecting a small number challenging. 
When comparing Figure 48 and Figure 38 there is a clear difference. Using the FEA(E) method, the liner reaches a velocity of 2.5xe3m/s in a time period of 10xe-5s. However, using the SPH method, the particles do not reach 2xe3m/s at any point and at the same time, only reach a velocity of around 0.7xe3m/s. 
Figure 49 shows another challenge when modelling using the SPH methodology. The particles do not obey boundary conditions; this causes them to move through pre-set boundaries. In Figure 47 the image appears to show a jet being formed, when looked at from the frontal plane. However, when looking from a side view, it is clear this is not true. The particles are in a uniform line from one perspective but are actually spread across a 15O angle from the Z axis. To produce an accurate jet a full 360 rotation of the model would need to be generated, this gives the best chance of accurate results but makes it challenging to analyse the physics within the liner.  




4.2.5 [bookmark: _Toc218430526][bookmark: _Toc218501775]Conclusion of 3D simulations
It was initially proposed that a way to validate simulated results was to run a model through improved modelling techniques. This report shows the results of two successful 3D simulations, one using FEA(E) and the other using SPH. These two simulations produced very different outcomes. 
As seen above the SPH methodology produced a much more stable jet than the FEA(E) simulation did. An additional and perhaps more important difference is the velocity.  Figure 38 shows that in the FEA(E) simulation the velocity reached 2xe3 m/s at a time of 15e-6s. In contrast Figure 48 shows that the SPH simulations reached a velocity of 0.7e3m/s at a time of 15xe-6s. This dramatically lower velocity demonstrates the inconsistencies and raises questions about whether it is possible to validate simulations in this way.  
After some research it appears that the maths behind SPH dampens velocity by converting kinetic energy into internal energy. This could explain the difference in results and further reinforces the idea that SC modelling is very complex. 
Furthermore, the failure of the ALE model was unfortunate, as the limited trials could not show useful data so have been omitted from this report. Having had a third result would have been useful to understand the bridge between modern SPH methodology and FEA(E) methods. 
If given more time a solution to the problems faced when using the ALE method may have been found, but as mentioned previously it may have been a software issue.
Appendix B covers a short list of improvements/alterations to the task which may have improved the results.  



5 [bookmark: _Toc218430527][bookmark: _Toc218501776]Conclusion
After reviewing the research carried out, this report presented the results of both academic research and experimental results. It can be concluded that the academic research covers a broad range of topics, and it may have been beneficial to zoom in on one of these topics. The range of modelling techniques covered in the literature review allowed for flexibility when carrying out research and reviewing the experimental work.  
This report did get results for several experiments including two 2D shaped charge simulations, and two 3D simulations, one of which used the advanced SPH technique. The 2D simulations produced results that allowed for a useful comparison between the two different explosives used. These results were supported by reviewing the properties of these explosives, helping to validate the results. 
In contrast the two 3D simulations produced very different results. The dramatic variance between the velocities of the jets and the difference in shapes suggest that using different modelling techniques cannot be used to validate simulations. However, the lack of a simulation using adaptive remeshing (the ALE method) made cross examination of results limited. This reduces the validity of drawing conclusions such as if using different modelling methods could be used to validate simulated results. Given a larger results pool to draw from, accurate conclusions could have been drawn. 
Finally, this report looks at the velocity of the liner within all of the shaped charges but does not examine the penetration. Although velocity is a good indication, jet density and length are key details in a formula to understand penetration. 
As a result, this report informs the reader of shaped charges, the techniques for their modelling but cannot accurately answer the question of model validation without further research. 

6 [bookmark: _Toc218430528][bookmark: _Toc218501777]Appendices 
6.1 [bookmark: _Toc218430529][bookmark: _Toc218501778][bookmark: _Ref218504228][bookmark: _Ref218504352][bookmark: _Ref218504406][bookmark: _Ref218506283][bookmark: _Ref218506462]Appendix A
6.1.1 [bookmark: _Toc218430530][bookmark: _Toc218501779]Assembling a 2D shaped charge 
Once a design had been selected, each part had to be drawn in Abaqus. Each part was drawn separately in Abaqus to the described specification in Figure 1 [5].
The liner was drawn using the sketch tool.  Once this part was drawn the sketch was saved and then the part was created.
To draw the HE, a new sketch was created, and the sketch of the liner was imported. This ensured the correct contact between the HE and liner. Once the HE had been drawn, it was also saved as a sketch. 
The final part to be drawn was the casing, to draw this part the liner and HE were imported and then a casing drawn around them. Figure 2, 3 and 4  show the parts once they were sketched. Note that the casing does not follow the exact specifications described in Figure 1. This is because of initial simulations in which the HE was able to escape through the gap between the liner and the casing. 
Once each sketch was finalised the software would turn it into a part. 
To prepare each part for use in the simulation, the property module was used. properties were assigned to each part: TNT to HE, steel to the casing and copper to the liner. 
If the charge was not going to be reflected across the Y axis such as in Figure 5, then boundary conditions were put on the Y axis to ensure the simulation functioned as intended without the full 2D model in place.  
The final stage of assembly was meshing each part. Meshing is the process of assigning a number of nodes to each part. It is a key step in software modelling; a finer mesh means that the simulation is more accurate but takes longer. A coarser mesh produces less accurate results but is a solution when finer meshes cause the simulation to crash. 
An important consideration is the interaction between two parts with a large difference in mesh size. If there is a large difference, then it may cause errors/distortion. 
For the external casing a coarse mesh was used as the effect of detonation on the casing was not of importance. Reducing the number of nodes on the casing also allowed for more nodes to be used on the HE and liner. 
For the HE filling a global seed was used. When 2D modelling it was decided that using a finer mesh within the HE globally would not be worth the additional computational costs. 
The liner needed a fine mesh at the tip of the cone and did not require this at the edges of the cone. To achieve this, the seed edges tool was used with a single line of bias. The seed part function was then used to generate the mesh. 
Once the above steps were complete, the model had been created and was ready for simulations. 


6.1.2 [bookmark: _Toc218430531][bookmark: _Toc218501780]Assembling a 3D shaped charge 
To create the desired model in 3D a similar process was followed, this process involved creating three new parts using the 3D rotate function. 
By importing the 2D sketches, no new sketches needed to be drawn. To generate three 3D parts, each sketch was rotated around the Y axis 180O. 
The parts were then assigned the same properties as in the 2D simulation. (See Properties section) 
To ensure the proper mathematical calculations were used, the settings were changed from tet to linear.
Boundary conditions were also required to be input. As this was a 3D simulation to stop the HE from detonating outwards (not contained within the casing) boundary conditions were set within the load module. 
To mesh the 3D parts, a similar approach was taken to that of 2D meshing. However, element count was an issue. If the mesh was made too fine, due to the 3D nature of the simulation the number of elements could exceed 25,000, the limit for Abaqus. 
6.1.2.1 [bookmark: _Toc218430532]Trouble shooting/solutions 
Due to the challenges faced during the 3D simulations surface to surface interactions were used and a ‘weld’ was created. 
When analysing the 3D simulations, the HE was penetrating the mesh of the liner, this was causing distortion and crashes. To remedy this, within the interaction module, a surface-to-surface interaction was created between the inner surface of the HE and the outside surface of the liner. After testing, all interactions were changed to be surface-to-surface. This was expected to increase accuracy of the 3D simulation. 
Due to the HE is escaping between the liner and the casing a ‘weld’ was recommended. This weld joined the outside edge of the liner to the inside of the casing significantly reducing the problem. However, it did impact the shape of the jet as seen later.
The significant work put into trouble shooting demonstrates the challenges faced when modelling problems and the difficulty in producing accurate simulations.
2. [bookmark: _Toc218430533]ALE 
ALE can be implemented by modifying a 3D simulation.  To implement ALE, enter the step module and select the part to be modified. Then select the solution step and modify the original step. This should be changed to just before adaptive meshing is implemented. Then create a new step to start when step one ends, then edit the step and use the ‘other’ tool to enter the ALE adaptive mesh domain. Once this is done, using the adaptive remeshing controls section, within the domain manager, the frequency and remeshing sweep values can be edited. Once this box is okayed, ALE will implement it in the simulation. 
2. [bookmark: _Toc218430534] SPH 
SPH modelling can be implemented by modifying a 3D simulation. This is possible by entering the mesh module, and using the edit keywords tool within the model section to input the following, in the section controls: name=ec-3, element conversion=yes, conversion criterion=time, kernel=cubic, SPH conversion = per element 1., 1., 1. With this information entered the SPH will now take effect at the specified time. 




6.2 [bookmark: _Toc218430535][bookmark: _Toc218501781][bookmark: _Ref218507115]Appendix B 
6.2.1 [bookmark: _Toc218430536][bookmark: _Toc218501782]Improvements/Alternatives
It would have been preferable to obtain results from as many different modelling methods as possible. As mentioned, using the ALE method would be one option but there are other methodologies such as Lagrangian and Eulerian. A wider pool of data points would only help to improve understanding of how different techniques compare. 
An alternative way of working would have been to compare simulated results to real world results. Given significantly more time and resources research may have been able to accurately compare a single simulation to a single real-life example. Once the data from one real life sample has been captured, any number of modelling methods may be compared and their accuracy assessed. 
Finally, using an alternative software may have been useful. It is clear from the failure of PBXN-110 and the failure of ALE that the ABAQUS software, although versatile, has some limitations. As a result, using multiple software systems, although time consuming and expensive, would have allowed for more extensive research. 
Ultimately these three suggestions all require more resources and would not be feasible in the time allotted for research. As a result, it is fair to say that given the resources available the results demonstrate the difficulty in modelling shaped charges and given more time could be used to construct relatively accurate simulations. 
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Where:
P = Pressure
= Initial high-pressure term
= longer term expansion behaviour of gasses
W = Griineisen coefficient
R1 = High pressure decay rate
R2 = Low pressure decay rate
V = Relative volume

= Internal energy
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Where:

A = Initial yield stress

B = Hardening modulus

N = Strain hardening exponent
M = Thermal softening

Ep = Equivalent plastic strain

T = Homologous temperature

C = Strain rate sensitivity
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