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1. [bookmark: _Toc186455274][bookmark: _Toc186977426]Abstract

The problem given was to understand, design and simulate various 2D shape charged design with different dimensions and angles to then select the most suitable and transformed into a 3D design which can then simulated to understand the forces experienced by the shaped charge jet when detonated. Results found that pure metals are best and that 46-degree apex angle was more suitable than 38 degrees. However, unexpectedly the 3D simulation yielded poorer results than the same 2D simulation of equivalent design. 
[bookmark: _Toc186455125][bookmark: _Toc186455257]

2. [bookmark: _Toc186977427]Introduction

2.1. The aims of this report will be outlining how to model a shape charge simulation in Abaqus, simulate diverse designs and then critically analyse the results understanding how changing the angle of the liner will affect the velocity of the forming jet. To do this, an understanding of the principles of shaped charge design is required, as well as the functionality of the Abaqus software package and how to analyse the result to determine what stress, strain and shear forces that are generated when the design is simulated. 

2.2. There are many different areas that can be looked at for this study, liner thickness,
liner material, liner shape and angle. This study will focus on determining 3 suitable 2D designs of various shapes, materials and then down selecting to create one 3D simulation. Once determined, the 3D design will be simulated and results analysed. These will be compared to similar simulations conducted by other papers and to understand the effects of mesh and material properties has on the simulation, the parameters will then be changed.

3. [bookmark: _Toc186455126][bookmark: _Toc186455258][bookmark: _Toc186977428]History 

3.1. “A shaped charge is an explosive charge shaped to focus the effect of the explosive's energy.” [1] This is not to be confused with hollow charge as that does not contain a liner. [2] 

3.2. First recognised by Franz Von Baader in 1792, the German mining engineer found that one can focus the energy of an explosive blast on a small area by forming a hollow in the charge. This would be the first instance of shaped charges. 

3.3. Following that there were various other individuals who would evaluate and prove this statement, but it wasn’t until the establishment of the Monroe effect that shaped charges were popularised. This was named after Charles E. Monroe who in 1888 observed that stamped lettering and guncotton can be detonated, and the lettering will be cut into the plate.

3.4. In more recent history, during World War II, shaped charges were widely used as they proved extremely effective against armoured vehicles such as tanks and half- tracks. This was embodied by the Panzerfaust, which is a man-portable one-use weapon that could be disposed of the same configuration used today. These were feared by allied tank commanders as ambush tactics employed by the Germans were highly effective against unsuspecting convoys. See figure 1.



[image: undefined]
[bookmark: _Toc186974451]Figure 1 - Panzerfaust Early Shaped Charge Example [3]

3.5. Over the decades’ shaped charges have evolved to be used various forms to defeat armour such as high explosive anti-tank (HEAT) shells (Figure 2) that can be used in tanks. Another example are complex weapon systems like the Stingray lightweight torpedo (Figure 3) that provides anti-submarine capability and is currently in service with the UK and Norway. 

[image: undefined]
[bookmark: _Toc186974452]Figure 2 - HEAT Example [4]

[image: RAF chooses UK manufactured Sting Ray Torpedo for Poseidon fleet ...]
[bookmark: _Toc186974453]Figure 3 - Stingray Torpedo [5]



4. [bookmark: _Toc186455127][bookmark: _Toc186455259][bookmark: _Toc186977429]Modelling Approach
4.1. For this study, the chosen software is Abaqus. This is a finite element analysis package that will employ an explicit solver to compute complex interactions that occurs when a shaped charge is initiated. Explicit solver solves problems and calculates values at each increment and so allows the simulation to show the gradual distortion and elongation of the liner as it will create the jet. No damage parameters will be used with the liner otherwise there will be no jet formation. 

4.2. There are two meshing methods to model the problem, Langragian or Eulerian. Eulerian modelling is a fixed mesh that allows for deformed parts to be simulated without damage or ruining the simulation as it focuses on location rather than a point on the object. This is suitable for fluid dynamic problems like this. However, this method has its challenges as it can have mesh convergence issues method and can be computationally intensive where it can fail if element distortions become too great.

4.3. Langragian is where the mesh moves with the object being simulated making it ideal for problems where deformation is of interest.  Doing this provides a clearer picture of the forces exhibited throughout the process of forming the jet. However, this simulation can suffer from numerical diffusion, especially when dealing with considerable time steps. This will be the chosen method. 

5. [bookmark: _Toc186455128][bookmark: _Toc186455260][bookmark: _Toc186977430]Materials Research

5.1. To be able to simulate the shaped charge designs, it is important to specify the correct material properties of each component that make up the assemblies. In addition, capturing the correct equation of state (EOS) for the explosive fill is critical as if these values are incorrect, simulation errors or performance issues can occur.[footnoteRef:2] [2:  This occurred in a design where the energy density specified was incorrect and causes issues. See design 1 BRL 82. ] 


5.2. The materials captured in this study are meant to be an approximate representation of that used in traditional weapons being employed today. The reason for this is that the exact material composition is a closely guarded secret, and past literature is not readily available. 

5.3. However, Chemistry of High Energy Materials by Thomas M Klapotke states “To achieve maximum penetration, pure metals yield the best results because they show greatest ductility, which delays breakup of the jet into particles as it stretches.” [6] As a result, pure copper will be used many times throughout the study. 


5.4. For the metal materials that will be used, Johnson Cook is the damage model of choice to predict material behaviour where strain, strain rate and temperature have an effect. Alternatively, if ceramics were incorporated into the designs, Johnson-Holmquist would be used.[footnoteRef:3] [3:  This model focuses on brittle materials like ceramics, rocks, and concrete under dynamic loading conditions. ] 


[image: A close up of a number

Description automatically generated]
[bookmark: _Toc186974454]Figure 4 - Johnson Cook Formula [7]

5.5. As these simulations have a thermodynamic component, the Grüneisen function is helpful when dealing with high pressures. The Mie–Grüneisen EOS can be considered one of the many derivations of JWL equation of state as there is not one defined standard. [8]

[image: A mathematical equation with black text
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[bookmark: _Toc186974455]Figure 5 - Mie–Grüneisen EOS Formula [8]

[bookmark: _Toc186974500]Table 1 - Material Properties
	Material
	Density (Kg/m3)
	A (GPa)
	B (GPa)
	n
	C0
	M
	Tmelt (K)
	Ttransition (K)
	C (m/s)
	S
	r

	Aluminium 6061 T6 [9]
	2810
	0.052
	0.477
	0.31
	0.0025
	1.09
	893
	293
	4596
	1.49
	2.17

	Cu OFHC [10]
	8960
	0.092
	0.292
	0.31
	0.025
	1.09
	1356
	293
	3940
	1.489
	2.02

	Steel 4340 [11] [12]
	7890
	0.792
	0.540
	0.26
	0.014
	1.03
	1793
	293
	3574
	1.92
	1.69

	Brass [13] [14]
	8800
	0.3858
	0.0393
	0.059
	0.019
	1.081
	1308
	293
	3940
	1.49
	1.99



5.6. Copper is the chosen material of choice as it has a proven track record through history. It is suitable for the liner as it has high density, higher than steel which is crucial for penetrating armour. It also has good ductility meaning it can significantly deform before breaking so that it can create this penetrating jet. Also, as part of the machining process, it has good malleability meaning it can be easily shaped into the desired geometries.    

[bookmark: _Toc186974501]Table 2 - Energetic Material Properties
	Explosive[footnoteRef:4] [4:  There are studies being conducted in using strong electromagnetic energy to create the jet formation of a shaped charge. If these are successful then it could eliminate the need for chemical explosives as we know it and radically change the way shaped charges are used and designed as it could allow for new shapes to be used. [18]] 

	P (kg/m3)
	Velocity of detonation (ms-1)
	A (Gpa)
	B (Gpa)
	R1
	R2
	w
	Pre-detonation bulk modulus (Gpa)
	Detonation Energy Density (Jkg-1)

	Octol [10]

	1821
	8480
	748.6
	13.38
	4.5
	1
	0.38
	-
	5.27e+06[footnoteRef:5] [5:  Looking at the value given for energy density in the reference, I believe there is a typo as it looks to be an order of magnitude larger than it should be. As such this change has been made and captured in the table making it e+06 instead of e+09. ] 


	Composition B [12]
	1600
	
	524.23
	7.678
	4.20
	1.10
	0.34
	-
	8.50e+06


6. [bookmark: _Toc186455129][bookmark: _Toc186455261][bookmark: _Toc186977431]2D Simulation – Design 1

6.1. The first design undertaken is from a thesis [9] of a US Ballistic Research Laboratory BRL-82. [16]

6.2. The materials used are 6061 T6 aluminium for the casing, Octol for the HE filling and pure copper for the liner[footnoteRef:6].  [6:  It is important to use the best manufacturing method possible to create the liners as the industry has been using the same method since shape charge inception. This new novel way uses selective laser melting which creates smaller grain sizes than compared to traditional machining. This has been found to prevent necking and lead to an increase in jet performance with greater penetration. [19]] 


[image: ]
[bookmark: _Toc186974456]Figure 6 – Design 1 BRL 82 Assembly

[image: ]
[bookmark: _Toc186974457]Figure 7 – Design 1 BRL 82 Design Error and Energy Density
6.3. When simulating the first iteration of the design, the HE fill caused the simulation to crash prematurely before any useful results could be generated. It is suspected that the energy density was set too high and that the reference paper error used was out by a factor of 1000. 

6.4. In addition, in an attempt to obtain the best results, the liner had an incredibly fine mesh, the HE fill was larger but interacted well and the casing was much larger as that was not the focus. 

6.5. Deviating from the existing design to better confine the explosive as it initiates, a bottom plate was integrated into the casing and is still made from aluminium. 

[image: ]
[bookmark: _Toc186974458]Figure 8 – Design 1 BRL 82 Design Change


Results & Analysis

[image: ]
[bookmark: _Toc186974459]Figure 9 – Design 1 Detonation wave and Pressure
6.6. Once initiated, the detonation wave can be seen in figure 9 as a red wave that travels through the remaining unreacted explosive. In addition, the pressure is building and so the shaped charge begins to deform. Throughout this process, the highest pressure created is 2.452e10 Pa. 

[image: ]
[bookmark: _Toc186974460]Figure 10 – Design 1 Max In-Plane Principle
6.7. The max in-plane principle shows the shear stress along one axis. Figure 10 shows massive amounts of stress being generated around the centre as the liner deforms. The reason for this is the apex of the liner is the part that undergoes the greatest amount of elongation creating the jet and thus shows the greatest amount of shear stress. 
6.8. Figure 11 shows the revolved 180 sweep of the jet at the final step of the simulation, with this the final value being 6.435 at the final step of the jet formation.

[image: ]
[bookmark: _Toc186974461]Figure 11 – Design 1 180 Sweep

[image: ]
[bookmark: _Toc186974462]Figure 12 – Design 1 Jet Formation Initial Velocity
6.9. Figure 12 and 13 shows the initial velocity as the jet begins to form at step 70. It would appear that at 5e-6 seconds the velocity of the liner nodes would increase massively from rest reaching over 8500m/s. At 15e-6 seconds, the majority of the nodes peak at 8000m/s and the slowest at 4000m/s. The reason for this speed difference may be due to the concentration of pressure at the apex of the liner creating the jet with highest velocities and as pressure travels further from the apex creates the jet with lower velocities. 

[image: ]
[bookmark: _Toc186974463]Figure 13 – Design 1 Initial Velocity Graph


[image: ]
[bookmark: _Toc186974464]Figure 14 – Design 1 Jet Formation End Run Velocity

6.10. Figure 14 and 15 shows the velocity at the very tip of the jet as it reaches the end of the run at step 174. It can be seen in the graph at 22.5e-6 seconds that the velocity of the jet has increased as the jet has been able to take shape.  

[image: ]
[bookmark: _Toc186974465]Figure 15 – Design 1 Jet Formation End Run Velocity Graph
6.11. The results from this simulation reflect closely to the reference paper used. With the velocity being over 8000m/s this jet formation should have sufficient energy to penetrate armour. 






[bookmark: _Toc186455130][bookmark: _Toc186455262]

7. [bookmark: _Toc186977432]2D Simulation – Design 2

7.1. The second design undertaken is from a study on jet formation of hypervelocity shaped charges. [12]

7.2. The materials used are steel 4340 for the casing and the disk, Composition B for the HE filling and pure copper for the liner. 

[image: ]
[bookmark: _Toc186974466]Figure 16 - Design 2 Assembly
Results & Analysis

[image: ]
[bookmark: _Toc186974467]Figure 17 - Design 2 Detonation Wave and Pressure

7.3. Once initiated, the detonation wave can be seen in figure 17 as a red wave that travels through the remaining unreacted explosive. In addition, the pressure is building and so the shaped charge begins to deform. Throughout this process, the highest pressure created is 1.457e11 Pa. 

[image: ]
[bookmark: _Toc186974468]Figure 18 - Design 2 Max In-Plane Principle
7.4. Figure 18 shows massive amounts of stress being generated around the centre as the liner deforms. The reason for this is the apex of the liner is the part that undergoes the greatest amount of elongation creating the jet and thus shows the greatest amount of shear stress. This can be seen further as the remainder of the liner remains in shades of blue and green. 

[image: ]
[bookmark: _Toc186974469]Figure 19 - Design 2 Jet Formation Initial Velocity

7.5. Figure 19 and 20 shows the velocity as the jet is beginning to form.  At step 50, by 20e-6 seconds, the velocity has reached upwards of 7440m/s and then begin to plateau. However, in figure 19, it appears that there are some errors with the simulation as it appears that the liner violates the axis of symmetry.  

[image: ]
[bookmark: _Toc186974470]Figure 20 - Design 2 Initial Velocity Graph
[image: ]
[bookmark: _Toc186974471]Figure 21 - Design 2 Jet Formation End Run Velocity
7.6. Figure 21 and 22 shows the velocity as the jet has formed and reaches the end of the run. These are taken from nodes at the tip of the jet. By step 203, it appears that the velocity of the jet has not increased by any significant degree peaking at 7400m/s. 

[image: ]
[bookmark: _Toc186974472]Figure 22 - Design 2 Jet Formation End Run Velocity Graph

[bookmark: _Toc186455131][bookmark: _Toc186455263]

8. [bookmark: _Toc186977433]2D Simulation – Design 3 38 degrees

8.1. Similar to design 1, a study was conducted for a similar design BRL-81. [17] The aim of this design is to understand the effect of changing the apex angle. Following this will be another design with a different angle. 

8.2. The materials used are 6061 T6 Aluminium for the casing, Composition B for the HE filling and pure copper for the liner. 

[image: ]
[bookmark: _Toc186974473]Figure 23 - Design 3 38 Degree Assembly
8.3. Figure 23 is the design drawing for the liner having an angle of 19 degrees making it 38 degrees as these are 2D simulations that have not been revolved 360 degrees. 

[image: ]
[bookmark: _Toc186974474]Figure 24 - Design 3 Liner 38 Degree Angle
Results & Analysis
[image: ]
[bookmark: _Toc186974475]Figure 25 - Design 3 (38) Detonation Wave and Pressure
8.4. To allow for the pressure to be more easily observed and focused on the HE fulling, the liner was obscured. Figure 25 shows the highest recorded pressure to be 3.092e10 Pa. 
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc186974476]Figure 26 - Design 3 (38) Max In-Plane Principle
8.5. Figure 26 represents the max in-plane principle. By 1.0337e-5 seconds, the liner is only beginning to undergo stress from the pressure wave. The shear stress concentrated around the core of the liner with nothing but stress at the tip and very little at the back end as it did not undergo as much stress as most of the pressure was focused on that direction. This is shown by the lack of deformation. By 7.2822e-5 seconds the jet is perfectly formed.   

[image: ]
[bookmark: _Toc186974477]Figure 27 - Design 3 (38) Jet Formation Initial Velocity

8.6. Figure 27 and 28 shows the velocity as the jet begins its run. These are taken from nodes at the tip of the jet. By step 44, it appears that the velocity for one of the nodes oscillates peaking at 15,000m/s and lowest at 7040m/s, this may be a simulation error where the software cannot effectively model the acceleration properly. The cause of this is unknown. 

[image: ]
[bookmark: _Toc186974478]Figure 28 - Design 3 (38) Initial Velocity Graph
[image: ]
[bookmark: _Toc186974479]Figure 29 - Design 3 (38) Jet Formation End Run Velocity

8.7. Figure 29 and 30 shows the velocity as the jet has formed and reaches the end of the run. These are taken from nodes at the tip of the jet. By step 219, it appears that the velocity of the jet reaches over 10,000m/s. This is a far more reasonable value compared to initial velocity with a 5000m/s increase in velocity.

[image: ]
[bookmark: _Toc186974480]Figure 30 - Design 3 (38) Jet Formation End Run Velocity Graph





[bookmark: _Toc186455132][bookmark: _Toc186455264]

9. [bookmark: _Toc186977434]2D Simulation – Design 3 46 degrees

9.1. Building upon the previous design 3, a study conducted on BRL-81. [17] The aim of this design is to understand the effect of changing the apex angle from 38 to 46 degrees. 

9.2. The materials used are 6061 T6 Aluminium for the casing, Composition B for the HE filling and pure copper for the liner. 

[image: A close-up of a green and white object

Description automatically generated]
[bookmark: _Toc186974481]Figure 31 - Design 3 46 Degree Assembly

9.3. Figure 32 is the design drawing for the liner having an angle of 23 degrees making it 46 degrees as these are 2D simulations.

[image: ]
[bookmark: _Toc186974482]Figure 32 - Design 3 Liner 46 Degree Angle
[image: ]
[bookmark: _Toc186974483]Figure 33 -Design 3 (46) Mesh Density

Results & Analysis

[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc186974484]Figure 34 - Design 3 (46) Detonation Wave and Pressure
9.4. Figure 34 shows the pressure wave propagating and initiating the unreactive explosive. The highest recorded pressure was 3.265e10 Pa. 

[image: A computer screen shot of a plane

Description automatically generated]
[bookmark: _Toc186974485]Figure 35 – Design 3 (46) Max In-Plane Principle
9.5. Figure 35 represents the max in-plane principle. The shear stress concentrated around the core of the liner with nothing but stress at the tip and very little at the back end.

[image: ]
[bookmark: _Toc186974486]Figure 36 - Design 3 (46) Jet Formation Initial Velocity
9.6. Figure 36 and 37 shows the velocity as the jet begins its run. These are taken from nodes at the tip of the jet. By step 5, it appears that the velocity nearly all the nodes exceed 10,000m/s, these velocities are far larger than the 36-degree version.  


[image: ]
[bookmark: _Toc186974487]Figure 37 - Design 3 (46) Initial Velocity Graph

[image: ]
[bookmark: _Toc186974488]Figure 38 - Design 3 (46) Jet Formation End Run Velocity

9.7. Figure 38 and 39 shows the velocity as the jet has formed and reaches the end of the run. These are taken from nodes at the tip of the jet. By step 14, it appears that the velocity of the jet maintains over 10,000m/s with the peak being 13,000m/s. This is by far the fastest result recorded out of all simulations where there does not appear to be an unknown error. This then shows that by increasing the apex angle, will increase the velocity of the formed jet. However, the angle can only be increased so much before it fails to create a jet all together and so this must be taken into consideration when designing shaped charges. 

[image: ]
[bookmark: _Toc186974489]Figure 39 - Design 3 (46) Jet Formation End Run Velocity Graph

Change in material
9.8. Before conducting 3D simulations, to understand the difference in performance between a pure metal and an alloy. The simulation was re-run substituting pure copper for brass, which is an alloy of copper and zinc. 

[image: ]
[bookmark: _Toc186974490]Figure 40 - Design 3 (46) Brass Change Jet Formation End Run Velocity

9.9. Figures 40 and 41 show that the velocities only just exceed 12,000m/s, which is 1000m/s slower than that of pure copper. As a result, it appears to concur with the aforementioned statement by Klopte in 5.3 above around pure metals. However, to provide more reliable results, further tests must be conducted.  


[image: ]
[bookmark: _Toc186974491]Figure 41 - Design 3 (46) Brass Change Jet Formation End Run Velocity Graph


 

[bookmark: _Toc186455134][bookmark: _Toc186455266]

10. [bookmark: _Toc186977435]3D Simulation

10.1. Based on the 3 2D designs looked at, down selection has taken place determining that design 3 46 degree is the most suitable design to be turned into a 3D simulation.  

10.2. The materials used are 6061 T6 Aluminium for the casing, Composition B for the HE filling and pure copper for the liner. 

[image: ]
[bookmark: _Toc186974492]Figure 42 - 3D Design Assembly
10.3. As with all the other simulations, it is important to use the property module in Abaqus so that the correct materials can be created and assigned to the correct part that will assemble into the complete shaped charge design. 

[image: ]
[bookmark: _Toc186974493]Figure 43 - 3D Design Meshing
10.4. Creating the appropriate mesh is crucial for simulation success. However, it is a balancing act to create a fine enough mesh that produces more accurate results as to be able to model physical interactions whilst considering the computational costs involved. It is important that where the different meshes converge that the sizes work together otherwise it can cause instability in the simulation and cause it to crash prematurely. 

10.5. As such figure 43 shows a rough mesh for the casing as this is not as important, the HE filling starts rough and becomes more finer as it reaches the liner. The liner is biased to be larger and become incredibly fine as it reaches the apex as this is where the majority of interactions should occur and the focus of results. 

[image: ]
[bookmark: _Toc186974494]Figure 44 - 3D Design Detonation Wave and Pressure

10.6. Once initiated, the detonation wave can be seen in figure 44 as a red wave that travels through the remaining unreacted explosive. In addition, the pressure is building and so the shaped charge begins to deform. Throughout this process, the highest pressure created is 2.792e10 Pa. 

[image: A screenshot of a computer screen

Description automatically generated]
[bookmark: _Toc186974495]Figure 45 - 3D Design Max In-Plance Principle
10.7. Figure 45 represents the max in-plane principle. The shear stress concentrated around the core of the liner with nothing but stress at the tip and very little at the back end.


[image: ]
[bookmark: _Toc186974496]Figure 46 – 3D Design Jet Formation Initial Velocity
10.8. Figure 46 and 47 shows the velocity as the jet begins its run. These are taken from nodes at the tip of the jet. The minimum and maximum velocities are at 2e-5 seconds 5965m/s and at 2.2e-5 seconds the velocity is 7819m/s. That is 5000m/s slower as the same 2D simulation. 

[image: ]
[bookmark: _Toc186974497]Figure 47 - 3D Design Initial Velocity Graph

[image: ]
[bookmark: _Toc186974498]Figure 48 - 3D Design Jet Formation End Run Velocity
10.9. Figure 48 and 49 shows the velocity as the jet has formed and reaches the end of the run. These are taken from nodes at the tip of the jet. By 2.5e-5 seconds the speed has decreased. 

[image: ]
[bookmark: _Toc186974499]Figure 49 - 3D Design Jet Formation End Run Velocity Graph

11. [bookmark: _Toc186455137][bookmark: _Toc186455269][bookmark: _Toc186977436]Conclusion


11.1. Throughout this study, the application of using Abaqus to simulate shaped charges allowed for the creation interesting results that would allow for further investigation. However, there were challenges faced and concessions that would have to be made. 

11.2. One such challenge was using the Abaqus software package as it had its own intricacies and nuances that would lead to unexpected errors and would requires workarounds that only those with exhaustive experience would know of. To compensate for this, certain design simplification like the interfaces between the case and the liner as well as case and HE fill. This is because certain geometries do not mesh well and when simulated can cause the software to crash. 

11.3. Out of the four 2D simulations conducted, Design 2 has the slowest jet velocity of 7400m/s. Design 3 at 46 degrees yielded the highest jet velocity of over 13,000m/s which is a 6400m/s difference. However, throughout this some issues occurred where the simulation would violate the boundary condition and cross the axis of symmetry, this can be addressed next time. It is important balancing mesh density and design complexity against computational costs as the finer the mesh the more resource intensive the simulation will be taking more time and will most likely fail before any meaningful results can be collected. As such, a decision was made that the mesh would incrementally refine making it finer just before the time taken is not manageable. 

11.4. If this study were to be done again, to be able to collect more results from each simulation, adaptive meshing would be used. This would allow the mesh to change at each step of the simulation so that will continue to model interactions without crashing. In addition, to verify results, velocity calculations using gurney equations can be used as it can determine the speed to which the liner collapses and accelerates. 

11.5. Also, use smoothed-particle hydrodynamics (SPH), enable element deletion and add in liner material properties to include damage models so that the simulation may be able to show particles instead of a continuous jet formation as the liner could behave as a liquid. This occurs when velocities are too great, when standoff distances are too far/short. 
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