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Abstract
This report analyses the modelling of a shaped charge penetration simulation using 2-D and 3-D computer modelling. An aluminium liner was used in combination with a steel case and TNT explosive filling. The report provides an introduction to shaped charge theory and design before presenting the results of the simulations and analysing them. The velocity of the shaped charge jets was plotted against time for each simulation. The simulation provided limited results for the shaped charge jet formation due to a variety of factors such as a narrow cone angle and thick case and lining.
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1 Introduction
A shaped charge is a cased and lined explosive that undergoes an explosive-induced high-pressure, high-velocity collapse to form a highly penetrative jet. [1] Shaped charges are used in military and non-military roles, such as penetrating targets in land, air and naval warfare, as well as civilian applications such as building demolitions and steelmaking. [2] [3]
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Figure 1 – A military, conical shaped charge. [5]
The properties of shaped charges vary considerably dependent upon the target and desired outcome. As will be discussed in this report, properties such as the shaped charge material, thickness, cone angle and standoff distance can affect the blast area and penetration. Significant advancements in shaped charge theory were achieved during the Second World War and the penetrative properties of shaped charges mean that they are still in use today across a variety of disciplines. [4]






2 Shaped Charges
2.1 Introduction to Shaped Charges
A shaped charge is a concave liner of variable material backed by a high explosive within a case. [1] The effects of the charge rely upon the shape and material of the assembly. [1] A shaped charge uses a hollow charge, a cylinder of explosive with a hollow cavity in one end and a detonator in the other, to produce a detonation. The hollow cavity can assume almost any geometric shape, such as a cone, with the effect of focusing the energy of the detonation from the gases produced upon explosive initiation. [2] The intense localised force is capable of higher penetration than a charge with no hollow cavity due to a principle known as the Munroe, von Foerster or Neumann effect (referred to hereafter as the Munroe effect). [2] This is despite less explosive material being available in a hollow charge.
When the hollow charge is combined with a thin layer of material such as glass or metal, known as the liner, a jet may form upon detonation. A spherical wave propagates outwards upon initiation at the detonation velocity of the explosive material used, moving at speeds of up to 10km/s, and accelerates the material of the lined cavity to collapse the hollow cavity, or cone. [2] The cone, under significant deformation and strain rates of approximately 104-107 /s, collapses due to large hydrodynamic pressures of up to 200 GPa. [2] This collapse causes part of the liner to flow at various speeds as a jet, with the tip capable of travelling at over 10km/s. [2] The formed jet fractures into particles due to the varying and overlapping speeds, or velocity gradient, as shown in Figure 2.
[image: ]
Figure 2 – Collapse of a shaped charge conical liner with resultant jet formation. [5]
The explosively formed jet is able to significantly penetrate a metal target with peak pressures of 100-200 GPa being produced. [1] The penetration is the result of lateral displacement of the target material by the pressure produced and is therefore kinetic in nature, but also produces significant heat. [5] No mass is lost from the target as the jet does not produce spall from the rear of the target. [2] When the shaped charge is detonated in contact with the target a crater depth of roughly one half the diameter of the liner cavity is produced. This penetration can be further improved by an optimum distance between the base of the charge and the target, known as the stand-off distance. [1]
2.2 History of Shaped Charges
The history of the shaped charge is controversial, with some claiming it was discovered as early as 1792 by Franz von Baader, while others claim such a discovery would have been impossible as von Baader was experimenting with black powder and was therefore unable to form shock waves. [1] [5] Zukas and Walters suggest that the first documented evidence of a hollow cavity effect, or unlined shaped charge, was achieved by von Forster in 1883, made possible by Alfred Nobel’s discovery of blasting caps in 1867. [1]
In 1888 Munroe detonated blocks of explosives initialled with U.S.N. in contact with steel plates. After detonation the initials had been imprinted onto the steel targets. Munroe observed that when a cavity was formed in a block of explosives opposite the point of initiation, the penetration of the detonation was increased. Munroe wrote of this phenomenon below: 
We have offered as an hypothesis to explain this phenomenon that, where spaces exist between the guncotton and the iron, portions of the undetonated guncotton, or of the products of the explosion, the indentations are produced by the impact of these moving particles. We have devised many experiments to test this theory, and all have tended to confirm it. Among others we have bored deeper and deeper holes in the guncotton, until we have completely perforated it, and the indentations made in the iron plates have increased with the depth of the hole in the guncotton disk until, when the hole was bored completely through the guncotton, we succeeded in completely perforating the iron plate.
Munroe, 1888 [1]
Munroe went on to produce one of the earliest examples of shaped charge design in 1894; a tin can, open end pointing down, with sticks of dynamite around and on top. This was able to penetrate the top of a steel safe. [1]
Germany further advanced shaped charge development in the 1910s with hollow cavity and lined shaped charge patents demonstrating the effect. M. Neumann showed a greater penetration into a steel target from a conical hollow charge than a solid cylinder with a greater mass of explosive. [1] In 1941 a hollow cavity charge, lined cavity charge and lined cavity charge with an increased standoff distance were detonated onto a steel armour plate. [1] This showed the improved penetrative properties of the third charge and demonstrated the Munroe effect.
The Second World War significantly advanced the research of shaped charge effects, although it is difficult to attribute specific advances due to the secretive nature of war research. [6] Mohaupt initially designed weapons incorporating the principles of shaped charge design for the Western forces during the war but was eventually excluded by the US government in order to develop their own research in the field. [1] Germany also conducted significant research into shaped charges, experimenting with cone angles, wall thickness and standoff distances. Copper was found to be the most penetrative liner material as a result of these tests. [1] Schumann and Wagner contributed significantly to this research. A notable shaped charge was the Beethoven SHL. It had a diameter of 180cm and contained 5000kg of high explosives and was capable of destroying battleships and large transport ships during the invasion of Normandy. [1] Germany also provided Japan with shaped charge research, resulting in their own experiments. [1]
After the Second World War, Mohaupt’s research was continued by the US and, during the Korean War in the 1950s, further advancements were made to shaped charge design. [4] Emerging technology such as high-speed photography and flash radiography allowed for a greater understanding of shaped charge jet formation. [4] New computer coding also allowed for the simulation of the collapse, formation and growth of the jet. [4]
In modern times, technology allows for more accurate simulations and mathematical solutions to be devised. Shaped charge research still continues to this day and is a developing field in constant competition with modern armour capabilities. [4]
[image: ]
Figure 3 – An example of a modern HEAT round, the M830 HEAT-MP-T. [7]
2.3 Applications of Shaped Charges
Shaped charge applications can be broadly split into two separate fields: military and non-military applications. The penetrative properties of shaped charges have been well documented in military situations since the Second World War, being used in land, air and naval weapons such as torpedoes, missiles, High Explosive Anti-Tank (HEAT) rounds, gun-launched rounds, cannon-launched rounds as well as various bombs. [1] Special designs have been formulated to provide an aerodynamic or hydrodynamic shield to prevent damage to the liner during flight in a variety of environments, and also provide a housing for impact fuzes, guidance, stability, control electronics, as well as providing an internal standoff to increase penetrative capabilities. [1]
Demolition is also a common usage for shaped charges in both military and civilian fields. Military uses include the targeting of high value infrastructure such as bridges or critical buildings, while civilian use often employs shaped charges to break or shape rocks. [1] They can also be used to tunnel or assist in the drilling of wells. [1] Civilian use of shaped charges will involve varying aspects of the shaped charge to mirror the necessary effects of the blast. For example, short shaped charges with a large diameter are used in the oil industry to shallowly penetrate geological structures over a wider area and increase the flow of oil. [1] Military applications typically require a smaller diameter to increase target penetration cavity. [6] 
The jet formation of a shaped charge can also be used to explosively weld metals together, including materials that would normally be metallurgically incompatible. [9] Significant cost benefits can be gained from this process by reducing the usage of materials by applying a thin and expensive layer of material to a large and cheap material. [9]
2.4 Shaped Charge Jet Formation
It has been found that, for a shaped charge jet to form reliably, the detonation must be subsonic, whereby the collision velocity is lower than the material bulk speed of sound. [10] Supersonic collisions, where collision velocity is higher than the material bulk speed of sound, will form an incoherent, radially spreading jet with an appropriate shock wave angle, or fail to form a jet without. [10] Therefore, an appropriate detonation point for the liner shape is also important to a jet successfully forming, as a critical turning angle of the shock wave must be lower than the collision angle to form a jet. [10]






3 Methodology
In order to simulate the formation of a shaped charge jet, the computer software package ABAQUS was used to enable the Finite Element Analysis of a 2-D axisymmetric shaped charge model, and then as a 3-D model. [10] As the simulation was to be run in 2-D and 3-D, the 2-D simulation was chosen to begin. Three separate sketches were created to simulate a military shaped charge; a metal case, metal liner and high explosive filling. Based on a literature search of material properties, a steel case was used in conjunction with an aluminium liner and TNT filling.
[image: ]
Figure 4 – A 2-D sketch of the steel 4340 case.
[image: ]
Figure 5 – A 2-D sketch of the aluminium 6061-T651 liner.
[image: ]
Figure 6 – A 2-D sketch of the TNT filling. The detonation point is circled in red.
After the sketches were completed, the following material properties were then applied to each part:

	Material
	A (MPa)
	B (MPa)
	n
	Ɵmelt (K)
	Ɵtransition (K)
	m
	C
	έ0

	Aluminium 6061
	324.1
	113.8
	0.42
	925
	293.2
	1.34
	0.002
	1.0

	Steel 4340
	792
	510
	0.26
	1793
	293.2
	1.03
	0.014
	1.0



Table 1 - Input parameters for the Johnson-Cook plasticity model for the steel case and aluminium liner. [12]
	Material
	d1
	d2
	d3
	d4
	d5
	Ρ
(Kg3)
	E
(GPa)
	v

	Aluminium 6061
	-0.77
	1.45
	0.47
	0.0
	1.6
	2710
	69
	0.35

	Steel 4340
	0.05
	3.44
	2.12
	0.002
	0.61
	7850
	202
	0.28



Table 2 - Input parameters for the Johnson-Cook dynamic failure model for the steel case and aluminium liner. [12]
	Material
	A
(GPa)
	B
(GPa)
	R1
	R2
	ω
	E0
(GPa)
	Detonation Wave Speed
(m/s)
	Pre-Detonation Bulk Modulus

	TNT
	373.75
	3.747
	4.15
	0.90
	0.35
	6.0
	6950
	0



Table 3 - Input parameters for JWL EOS and density of TNT. [13]
A point was then selected on the line of symmetry along the TNT to act as a detonation point with a delay time of 0 seconds, shown by the red circle in Figure 6. Its cartesian coordinates were added to the Detonation Point material behaviours. The sketches shown in Figures 4-6 were then combined to form a completed shaped charge assembly.
[image: ]
Figure 7 – 2-D assembly of the sketches forming a completed shaped charge.
After this, an explicit dynamic solve step was created with a time period of 50e-06. Using the load module, a plane of symmetry was created along the middle of the assembly, as shown in Figure 7. A tie constraint was initially added as an interaction but produced less reliable jet and so was removed.
Two meshes were used for the 2-D simulation due to difficulty obtaining a completed jet formation. The first, shown in Figure 8, was a coarse mesh, while Figure 9 shows the finer mesh used in an attempt to gain an improved jet velocity plot.
[image: ]
Figure 8 – 2-D coarse mesh.
[image: ]
Figure 9 – 2-D finer mesh
Upon completion of the meshing, the 2-D simulation was run and results gathered.
The 3-D simulation followed a similar methodology to the 2-D simulation. 3 separate sketches were drawn in Abaqus, as shown below.
[image: ]
Figure 10 – A 3-D sketch of the steel 4340 case.
[image: ]
Figure 11 – A 3-D sketch of the aluminium 6061-T651 liner.

[image: ]
Figure 12 – A 3-D sketch of the TNT filling. The detonation point is circled in red.
These were then combined into the assembly below.
[image: ]
Figure 13 – A 3-D assembly of the sketches forming a completed shaped charge.
Material properties remained the same with the exception of the detonation point, which now required different cartesian coordinates.

4 Results
Beginning with the simple 2-D mesh the shock wave propagated from the detonation point as shown below.
[image: ]
Figure 14 – 2-D simple mesh, TNT initiation.
[image: ]
Figure 15 – 2-D simple mesh, shock wave propagates with case and TNT being pushed outwards as gas is produced.

[image: ]
Figure 16 – 2-D simple mesh with casing and TNT visually removed, a jet begins to form.
[image: ]
Figure 17 – 2-D simple mesh with casing and TNT visually removed, jet begins to form but simulation crashed with no further progress.
[image: ]
Figure 18 – 2-D simple mesh, graph of the jet velocity plotted against time.
As can be seen from Figure 18, the simple mesh produced poor results with a jet velocity of peaking at approximately 3.5 – 4.0km/s. Expected values would be closer to 10km/s. [1]
The finer 2-D mesh results are shown below.
[image: ]
Figure 19 – 2-D finer mesh, TNT initiation.


[image: ]
Figure 20 – 2-D finer mesh, shock wave propagates with case and TNT being pushed outwards as gas is produced.

[image: ]
Figure 21 – 2-D finer mesh, jet begins formation but simulation crashed with no further progress.
[image: ]
Figure 22 - 2-D finer mesh, TNT initiation, shown with a 180° angle sweep.
[image: ]
Figure 23 – 2-D finer mesh, shock wave propagates with case and TNT being pushed outwards as gas is produced, shown with a 180° angle sweep.


[image: ]
Figure 24 – 2-D finer mesh, jet begins formation but simulation crashed with no further progress, shown with a 180° angle sweep.
[image: ]
Figure 25 – 2-D finer mesh, final step with case and TNT removed to display jet formation, shown with a 180° angle sweep.
[image: ]
Figure 26 – 2-D finer mesh, graph of the jet velocity plotted against time.
Figure 26 shows an improved jet velocity against time graph with velocities reliably reaching 8 km/s.
Unfortunately, many of the screenshots taken of the 3-D simulation have become inaccessible. Only two remain as shown below.
[image: ]
Figure 27 – 3-D simulation, TNT has detonated and liner collapse has begun to form a jet, case and TNT visually removed.
[image: ]
Figure 28 – 3-D simulation, graph of the jet velocity plotted against time.
Figure 28 shows an abnormal jet velocity, peaking a 7km/s but with a significant number of elements below 2km/s.













5 Discussion
Figure 18 shows the results of the initial, simplified 2-D mesh. Due to its low jet velocity an improved mesh was created to achieve better results. While no simulation finished its run, all provided some detail of the initial jet formation and peak speeds. Figure 26 shows the jet velocity of the finer mesh simulation, with improved jet formation results. The jet reliably reached speeds of 8km/s which was a significant improvement compared to the coarser mesh’s peaks of 3km/s. The velocity shown in Figure 26 peaked at approximately 8km/s and appears to plateau, although the simulation ended before further values could be plotted. If the simulation had continued, one would expect the velocity to reduce slightly and continue at a steady speed as the jet continues to form.  The 3-D simulation results in Figure 28 seem anomalous. If one ignores the values over 2km/s it demonstrates the standard performance of a shaped charge jet, but at a much lower speed than expected. [1] Only 0.25 seconds pass before the simulation results in an error, therefore the jet would not have had time to form and perhaps the higher values are more accurate. An explanation could be that some of the elements used to plot this graph were taken incorrectly, and did not form part of the jet.
After the initial simulation failures, a variety of attempts were made to improve the runs. Firstly, a tie constraint was added but resulted in worsened jet performance and a faster resultant error in Abaqus. The detonation point was then moved lower down than a typical detonator placement to troubleshoot the simulation failures, but also resulted in a shorter error time. The mesh was simplified and made finer but had little effect on the simulation’s errors.
Significant improvements could have been made to the design of the shaped charge. It seems likely that the simulation failures were the result of inappropriate geometry. Both the case and liner were too thick compared to optimum shaped charge designs, and the conical liner angle was more narrow than standard designs. [1] The ratio of the shaped charge length to diameter was also less than optimal for maximum penetration, although this may not have had an effect on simulation run errors. [14]


6 Conclusion
In conclusion, multiple simulations were run to gain reasonable results for an explosively formed shaped charge jet. Using a finer mesh, some results were achieved to show an accurate jet velocity plotted against time but, due to simulation errors, a fully formed jet could not be plotted. A number of reasons have been suggested for this in Section 5.
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