	The Impact of Wave Shapers on the Performance of Shaped Charges

	Cameron Lane- OME Apprentice











Abstract
Shaped charges see use in numerous professions across the world, with the most widespread use in munitions for defeating armour. In this role, there is a drive to push the performance of shaped charges as much as possible. One such way this is done is through the use of wave shapers to direct the detonation waves. This paper will see to examine the history of shaped charges, how a wave shaper works within the shaped charge to direct the detonation waves, and how this can be used to increase the performance of a shaped charge. This is done through 2D and 3D Finite Element Analysis using the ABAQUS Explicit solver, comparing a simple shaped charge design to one featuring a wave shaper. The issues faced in the modelling of this are examined in detail both in the use of ABAQUS software as well as the designing of wave shapers in shaped charges. Finally, conclusions are drawn as to the both the benefits and drawbacks of using a wave shaper within a shaped charge, as well as future areas of investigation into their usage.


Table of Contents
Abstract	0
Table of Figures	2
List of Tables	2
1.	Introduction	3
2.	The History of Shaped Charges	3
3.	The Role of Wave Shapers in Shaped Charges	6
4.	CFD Modelling of Wave Shapers	9
4.1.	Material Properties	11
4.2.	Comparison of Two Dimension Modelling	12
4.3.	Three Dimension Modelling	17
4.4.	Issues with Modelling	19
5.	Conclusions	25
6.	References	26
Annex A- A large scale view of the detonation wave impacting the liner	27
Annex B- Velocity graph of the simple shaped charge	28
Annex C- Velocity graph of the wave shaper shaped charge.	28
Annex D- The Distortion of the 3D model from the gap within the liner	29



[bookmark: _Toc230007562]Table of Figures
Figure 1- Von Foerester's hollow charge experiment [2]	4
Figure 2- Munroe's 1984 experiment [2]	4
Figure 3 - Fluted liners for spin stabilised projectiles [1]	5
Figure 4- A German shaped charge design using a concrete wave shaper [2]	6
Figure 5- M830 HEAT-MP-T 120mm round [5]	7
Figure 6- Cross-section of an RPG-7VM rocket [6]	7
Figure 7- Examples of wave shaper effects [7]	8
Figure 8 - Cutaway of a Javelin ATGM [9]	9
Figure 9- A design of a wave shaper in a shaped charge [10]	9
Figure 10- The 3D model created for the study	10
Figure 11- Two Dimension shaped charge designs	13
Figure 12- The progression of the detonation wave using the wave shaper	14
Figure 13- The progression of the detonation wave in the simple shaped charge	14
Figure 14- Comparison of the immediate impact on the liner	15
Figure 15- Velocity of the Wave shaper jet	16
Figure 16- Velocity of the simple shaped charge jet	17
Figure 17- Three-Dimensional Shaped Charge Design	17
Figure 18- The progression of the SPH based 3D model	18
Figure 19- Issues using the JWL to model a wave shaper	19
Figure 20- Simultaneous detonation of the explosives	21
Figure 21- Earliest example of a working detonation model	22
Figure 22- Incorrectly formed liner mesh	23
Figure 23- Fixed meshing of the liner	23
Figure 24- Extreme distortion of elements as a result of gaps in the model	24
Figure 25- A closeup of the gap in the liner model	24

[bookmark: _Toc230007563]List of Tables
Table 1- Properties of Copper [9]	11
Table 2- Properties of Steel [9]	11
Table 3- JWL properties of explosives [9]	11
Table 4- Properties of the epoxy resin wave shaper [11]	11
Table 5- JWL equations of the explosives and detonation products [9]	12
Table 6- Reaction rate properties of the explosive [9]	12


1. [bookmark: _Toc230007564]Introduction
The Second World War saw the widespread introduction of shaped charges across the world, varying from the man-portable bazookas and RPGs(rocket propelled grenades), all the way up to the German experimental MISTEL warheads, using 1720kg of explosives [1]. Since then, shaped charges have seen use in numerous ways. The most well-known use is probably for HEAT (High Explosive Anti Tank) warheads, which make use of the excellent armour penetrating capabilities to increase blast effect whilst minimising the size of the warhead. They also see use in ordnance disposal, to pierce munitions and defeat them through deflagration rather than detonation. Not all use is military applications, however. Linear shaped charges are used in the demolition industry, where the ability to surgically cut through steel allows for the controlled demolition of buildings, or cutting pipelines underwater. Optimising the performance of a shaped charge is a difficult process, however the basic design of them is similar. A cylinder of high explosives has a detonator at one end, and a cavity at the other. While a variety of shapes work, the cavity is most commonly conical. The cavity is lined with a solid, most commonly copper or steel, however a range of materials will work. Upon detonation, the spherical detonation wave propagates out from the point of detonation. This wave impacts the liner, collapsing the cone and accelerating the material forward, at velocities exceeding 10km/s in some cases, forming the ‘jet’ of the shaped charge [1]. It is important to note that the jet that is formed is the solid liner undergoing extreme deformation, at pressures up to 200 GPa, causing it to behave like a fluid [1]. When this jet impacts the target, it penetrates the armour kinetically, with the extreme pressures of the impact causing the material of the target to be displaced, essentially pushed aside by the jet. It is a common misconception that the jet formed is plasma, and that the mechanism of armour defeat is down to thermal effects or heating. 

2. [bookmark: _Toc230007565]The History of Shaped Charges
The origins of the shaped charge date back to the turn of the 19th century, with the work of Von Baader, who advocated for the use of a conical or mushroom shaped cavity at the front of explosive charges used in [2]. It is important to note these did not have a liner of any sort in the cavity, and are therefore known as hollow charges or cavity charges. Hollow charges were said to increase explosive effect, whilst reducing the amount of powder used in the charge. Some use of this was seen in both German and Norway, however, was not widespread and was soon abandoned [2]. This is largely down to the explosives available being low explosives that deflagrate rather than detonate, which results in performance worse than standard charges. It was not until the work of Max Von Foerester in 1883 that the first effective hollow charges are seen. Using compressed nitrocellulose as a high explosive, allowing for the detonation needed for shaped and hollow charges to work, Von Foerester showed that a cylindrical charge with a hole through the middle resulted in a greater impression on the lead block it was against, as seen in Figure 1 [3] [2]. It was further found that any indentation in the explosive is accurately impressed on the target, in a form of explosive engraving [1]. 
[image: ][bookmark: _Ref227851206][bookmark: _Ref227851199][bookmark: _Toc230007578]Figure 1- Von Foerester's hollow charge experiment [2]

[image: ]Despite this, it is not Von Foerester’s name that is attached to the theory of shaped charges, but instead an American, Charles E. Munroe, as a result of his experiments in 1888. Munroe detonated blocks of explosives inscribed with USN, against steel plates, which was then reproduced on the plate after detonation, in same manner as Von Foerester 5 years earlier [2]. This indentation effect, and the partial focussing of blast effects from having a cavity or hollow in the charge, is now commonly referred to as the Munroe effect as a result of this work [4]. Munroe is also responsible for what is probably the first proper shaped charge using a liner in an experiment in 1894. Sticks of dynamite, totalling 9.5 lbs, were placed around the sides and the closed end of a tin can, with the open end against a 4.75-inch steel safe wall, as shown in Figure 2. When detonated, “a hole three inches in diameter was blown clear through the wall, though a solid charge of the same weight and of the same material produced no material effect” [2]. 
[bookmark: _Ref227851276][bookmark: _Toc230007579]Figure 2- Munroe's 1984 experiment [2]

It wasn’t for another 40 years that the importance of the tin can was realised, as well as the importance of a standoff distance. The late 1930’s saw simultaneous work from the UK, US and Germany on the role of the liner in a shaped charge. Dr. Mohaupt, presenting to the British and Americans, erroneously believed “the liner served to form a secondary projectile, which was credited for the penetrating effect of cavity charges”, rather than forming a penetrating jet [2]. By the time of the first US service shaped charge, the bazooka, this understanding had evolved to the liner creating a jet.
[image: ]Since this point, development in shaped charges has grown significantly, looking at all aspects of the design of the warhead.  Countries have tried adjusting the explosives used in the warhead, investigating the properties that produce the most effective jet. Examples include differing types of explosives, such as aluminized or liquid explosives, using multiple different explosives, the use of different initiation sources, or using multiple detonators. The design of the liner is also of great impact to the performance. Experiments have seen numerous different materials used. Steel and copper are common choices, however more exotic metals such as molybdenum, tantalum and uranium have all been tested or put into service [1].  Non-metallic materials have also been tested or seen service, with tests including paper and balsa wood, and the M2A3 demolition charge using a glass liner, as it produced a wider but shallower jet [1]. There are also numerous ways that the geometry of the liner can be adjusted. The angle of the liner can be altered, though is normally between 40o and 60o, or the thickness of the liner can be changed, either uniformly or tapered. The liner can be dual angle, with a sharper angle in the middle, the liner can be hemispherical rather than conical, creating an explosively formed penetrator (EFP) rather than a jet, or tulip and trumpet designs can be used, depending on the performance desired. At the extreme end, fluted liner can be used, designed in such a way as to spin the jet when it forms, to counter the rotation of a spin stabilised projectile, as seen in Figure 3 [1]. All of these factors influence if the shaped charge will form a jet, what the formed jet will look like, and how it will perform.[bookmark: _Ref228532516][bookmark: _Toc230007580]Figure 3 - Fluted liners for spin stabilised projectiles [1]


3. [bookmark: _Toc230007566]The Role of Wave Shapers in Shaped Charges
[image: ]A further area of study has been the development of shaped charges with wave shapers. As the name suggests, a wave shaper is inserted into the explosives of the warhead, to shape and direct the detonation wave and how it impacts upon the liner. Experiments by Thomanek in 1939 are the earliest examples of wave shapers being testing in shaped charges [2]. Figure 4 shows an example of Thomanek’s work from 1943, a hemispherical liner with a wave shaper made of concrete [2]. [bookmark: _Ref229915536][bookmark: _Toc230007581]Figure 4- A German shaped charge design using a concrete wave shaper [2]

Since, then wave shapers have been successfully used constructed from air, explosives, plastics, ceramics, metals, woods, and foams. Numerous weapon systems have seen service using shaped charges including a wave shaper, including the Milan anti-tank missile, the M830 HEAT-MP-T round [5], shown in Figure 5, and the RPG-7V/VM, which features a wave shaper made of plexiglass, labelled as S in Figure 6 [6]. Wave shapers are however a highly complex inclusion into the already complex designs of shaped charges. In addition to the material being used, consideration also needs to be taken to the shape of the wave shaper being included, 
[image: M830A1 HEAT (High Explosive Anti-Tank)][bookmark: _Ref229916842][bookmark: _Toc230007582]Figure 5- M830 HEAT-MP-T 120mm round [5]

[image: ]
[bookmark: _Ref229916683][bookmark: _Toc230007583]Figure 6- Cross-section of an RPG-7VM rocket [6]
Figure 7, below, shows the simulations of Zu et al [7]. in their study of wave shapers in EFP warheads. This highlights three of the potential uses of wave shapers. In simulation (a), two distinct waves can be seen flowing around the wave shaper, before colliding to form one wave again that impacts the liner. This is typical of a design seeking to improve the penetrative performance. Interference occurs when the two waves combine, which results in a ‘mach stem’, an area of overpressure two to three times higher than that of the Chapman-Jouguet pressure, the point where the detonation wave is stable [8]. This will greatly increase the velocity of the jet, and its penetrative power. Simulation (b) shows a wave shaper being used to flatten out the detonation wave. This is typical of a design seeking to minimise the length of the shaped charge, as without the wave shaper the detonation wave would not have the distance to flatten out, which upon impacting the liner can result in the jet not forming properly or lacking performance. Finally, simulation (c) shows the use of a wave shaper designed for an EFP warhead. In this case, the detonation wave passes around the shaper as well as through it, resulting in a gentle curve that matches the shape of the liner. This will greatly increase the length-diameter ratio of the EFP, as well [image: ]as keeping the from breaking apart due to a velocity gradient, as occurs in shaped charges [7]. [bookmark: _Ref229870922][bookmark: _Toc230007584]Figure 7- Examples of wave shaper effects [7]

Liu et al. offer an additional benefit of the use of a wave shaper, beyond those highlighted above [9]. Modern projectiles often contain electronics for guidance and target acquisition, that is often positioned in front of the shaped charge, as shown in the cutaway of the Javelin missile in Figure 8 [10].  This can impact the performance of the shaped charge, either through the interruption of the formation of the jet or providing more material for the jet to pass through before reaching the target. Through including some of the electronics in the wave shaper, the benefits of the wave shaper can be gained, whilst also reducing the impact on the formation of the jet by removing electronics from being in the jets path. 
[image: javelin missiles][bookmark: _Ref229914789][bookmark: _Toc230007585]Figure 8 - Cutaway of a Javelin ATGM [9]


4. [bookmark: _Toc230007567]CFD Modelling of Wave Shapers
[image: ]A comparison of the effectiveness of a wave shaper in a shaped charge was chosen for this study. Due to the complexities of designing this from scratch, as mentioned in the introduction to wave shapers above, and in more detail below, a decision was made to base the design off an existing model. Figure 9, below, shows the design of Guo et al. that was chosen, due to having measurements to be able to scale from, as well as examples of materials used [11]. Their experiment differed from that conducted in this study however, as their focus was on how reactive materials would function in a shaped charge and how a wave shaper would impact these materials, rather than a general study on the effectiveness of a shaper. [bookmark: _Ref229924232][bookmark: _Toc230007586]Figure 9- A design of a wave shaper in a shaped charge [10]

This modelling was conducted using the ABAQUS software, developed by Dassault Systems. ABAQUS is a Finite Element Analysis programme, designed to break a model down into smaller sections to compute separately, in order to simulate the larger model [12]. Additionally, as an explicit solver, ABAQUS is designed specifically to simulate “brief transient and dynamic events”, which certainly covers the detonation of a shaped charge [12]. Through using this software, it was possible to model the separate sections of the shaped charge, the individual material properties of each section, as well as the equations of state that should be used to calculate how they behave. 
[image: ]Shown below, Figure 10, is the design that was settled on for the study. This is the 3D model which has some minor differences compared to the two 2D models, which will be explained in greater detail further down. There are two important variations from the design of Guo et al [11]. that should be noted, however. Firstly, is in dimensions of the liner. Most liners used in shaped charges are ~2mm thick. The RPG-7VM for example is a 1.8mm copper liner [6]. In the design by Guo et al., the liner used was 6.6mm, far thicker than used in a normal shaped charge, due to their experiment looking at reactive materials [11]. For this study, the liner thickness was reduced to 2mm based on literature around similar designs. Additionally, the positioning of the wave shaper was adjusted compared to that of the original design. Initial simulations using positioning from the original design resulted in a detonation wave similar to that seen in simulation (c) of Figure 7, better suited for an EFP than for a shaped charge jet [7]. As such, testing was conducted on the positioning that was better suited for this design. Two different positions were tested at this stage, with the wave shaper in the final position chosen, and positioned close to the liner than it currently is. The latter resulted in two separate waves striking the liner, significantly impacting the formation of the jet and the performance of the shaped charge. The position that was chosen however showed two distinct waves around the shaper, but resulted in the interference of the waves to form the ‘mach stem’ as is desired to create the overpressure that results in increased performance of the shaped charge, which will be highlighted in further detail below. 


[bookmark: _Ref229930974][bookmark: _Toc230007587]Figure 10- The 3D model created for the study

4.1. [bookmark: _Toc230007568]Material Properties
The material properties used during this study are presented below. Several different equations are used depending on the material. For the copper, that makes up the liner of the shaped charge, and the steel, which forms the casing, the Johnson-Cook plastic model was used. This model was used in order to accurately model the distortion of both the liner and the casing during the detonation. As the distortion of the liner is the main focus of the shaped charge, it was important that these properties were correct. For copper and steel, the properties used were those used by Liu et al., in their work on wave shapers [9]. Incorporating the Johnson-Cook damage model into the properties of the steel would likely have resulted in a more accurate breaking up of the case upon detonation, however this was not the focus of the study and did not impact the results, whilst creating further problems, therefore was not included.
[bookmark: _Toc230007603]Table 1- Properties of Copper [9]
	A
	B
	n
	m
	Tmelt
	Ttransition

	90e6
	290e6
	0.31
	1.09
	1360
	293.3

	

	C
	Epsilon dot
	Youngs Modulus
	Poisson’s Ratio
	Density

	0.02
	1
	125e9
	0.364
	8960



[bookmark: _Toc230007604]Table 2- Properties of Steel [9]
	A
	B
	n
	m
	Tmelt
	Ttransition

	792e6
	510e6
	0.26
	1.03
	1793
	293.3

	

	C
	Epsilon dot
	Youngs Modulus
	Poisson’s Ratio
	Density

	0.014
	0.1
	205e9
	0.29
	7830



For the basic 2D modelling, the Jones-Wilkins-Lee (JWL) equation of state was chosen to model the explosive fill. This equation of state is ideal for the 2D modelling, able to accurately show the propagation of the detonation wave using limited parameters. The explosive chosen for this was Composition B, a 60/40 mix of RDX and TNT explosives, with the figures used obtained from the work of Liu et al., which are shown in Table 3- JWL properties of explosives [9]Table 3, below [9]. This explosive was chosen as it has a high velocity of detonation and is commonly used in military applications. 
[bookmark: _Ref230003596][bookmark: _Ref230003599][bookmark: _Toc230007605]Table 3- JWL properties of explosives [9]
	Wave Speed
	A
	B
	Omega
	R1

	8315
	524.2e9
	776.8e7
	0.34
	4.2

	

	R2
	Energy Density
	Bulk Modulus
	Density

	1.1
	5459770
	849.9e7
	1710



[bookmark: _Toc230007606]Table 4- Properties of the epoxy resin wave shaper [11]
	Density
	C0
	S
	Gamma0

	1186
	2730
	1.493
	1.13



For the wave shaper, epoxy resin was chosen as the material. This is building off the work of Guo et al., whose work the design of the shape charge was also based off [11]. The properties for this are listed in Table 5, above. This material was chosen as their work showed success using it, which should eliminate the potential sources of error in results from using an unproven material.
Finally, for the 3D modelling, the equation of state had to be changed slightly, which is explained in more detail in the issues faced. The explosive remains the same for this, Composition B, however to properly model the detonation front, the Lee-Tarver equation is used. This model used the JWL equations for both the explosive as well as the detonation products produced, which are presented in Table 5, below. Additionally, parameters for the rate of reaction are also required for this equation, presented in Table 6. This is down to how the equation models the detonation. Rather than radiating out in a spherical manner as the basic JWL equation does, the Lee-Tarver equation models the shock wave of the explosive radiating out. The pressure of this shockwave compresses the explosive, forming hot-spots within the explosive that then detonate, forming the detonation wave. This results in a more accurate model for the detonation of the explosive fill. The parameters used for the JWL equations, and the rate of reaction are from the same work by Liu et al., as those used in the 2D model, ensuring accuracy across the simulations [9].
[bookmark: _Ref230003904][bookmark: _Toc230007607]Table 5- JWL equations of the explosives and detonation products [9]
	
	A
	B
	Omega
	R1
	R2

	Solid Phase
	524.2e9
	776.8e7
	0.34
	4.2
	1.1

	Gas Phase
	1030258e6
	9057017e4
	0.57
	6
	2.6



[bookmark: _Ref230004100][bookmark: _Toc230007608]Table 6- Reaction rate properties of the explosive [9]
	Density
	Detonation Energy
	Solid Specific Heat
	Gas Specific Heat
	I
	A
	B

	1710
	5459770
	0.00271751
	0.001
	4e8
	0.01
	0.667

	

	X
	G1
	c
	d
	y
	G2
	E

	9
	1e5
	0.667
	0.01
	1
	1.5e9
	0.667

	

	g
	z
	Fig(max)
	FG1(max)
	FG2(min)

	0.667
	2
	0.01
	0.01
	0.01



4.2. [bookmark: _Toc230007569]Comparison of Two Dimension Modelling
Simulations were run on two different models to provide comparison between a shaped charge featuring a wave shaper and one without. Figure 11 shows both of the models that were used. On the left is the basic shaped charge, using a single piece of high explosives for the fill, with the 2mm copper liner as discussed above. On the right is the shaped charge with the wave shaper. The explosive fill is split into two sections for this design, for reasons that are explained further down when looking into the issues faced during the study. This however should have no effect on the [image: ][image: ]accuracy of the model or of conclusions drawn. [bookmark: _Ref229949886][bookmark: _Toc230007588]Figure 11- Two Dimension shaped charge designs

Figure 12 and Figure 13, below, show some of the results from the simulations. In Figure 12 Image [A], it can be seen how the detonation wave has progressed around the wave shaper, in a continuous detonation propagating out in a spherical pattern as expected from the corner of the shaper. Images [B] and [C] show the continued detonation, with the high-pressure detonation front in red and the detonation products in the greens and blue behind. Image [D] is however the important one to look at in regard to the performance of the wave shaper[footnoteRef:1]. It can be seen that there has been interference between the two detonation fronts, forming an area of high pressure, the ‘mach stem’ that was desired. These results can be compared to those of Zu et al., in Figure 7 model (a), with two distinct waves combining to form one detonation front, however maintaining two distinct curves in the front rather than flattening out. From the data gathered across these images, it is also possible to see the early benefits that the wave shaper has had on the performance of the shaped charge. In the frame prior to the detonation waves colliding, Image [C], the peak pressure areas in red have a peak of 3.187*1010 Pa. However, in Image [D], the peak pressure within the ‘mach stem’ is 1.298*1011 Pa, with the area surrounding the peak all above 1*1011 Pa. This is the area of overpressure described in the introduction to wave shapers, four times higher than the Chapman-Jouguet pressure of the detonation wave. As it is the extreme pressure that is responsible for the deformation of the liner into the jet, if designed correctly this overpressure will directly increase the performance of the shaped charge.  [1:  Image [D] is shown in Annex A in higher detail to better see the effects of the wave interference] 
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Description automatically generated]By comparison, Figure 13 show the simple shaped charge without the wave shaper. Image [A] shows the initial propagation of the detonation wave out from the point of initiation. It can be seen in both Images [A] and [B] that this detonation wave remains spherical early on, as expected from a point detonation. Images [C] and [D] however show how this changes once the detonation wave starts interacting with the casing of the charge. The confinement of the casing on the explosive causes the detonation wave to begin to flatten out. It maintains an overall curved shape, as in Image [D], however, is a shallower curve than the initial spherical detonation of Image [A] and [B]. Compared to the shaped charge using the wave shaper, the peak pressures remain consistent throughout the entire detonation of the simple shaped charge in the region of 2.5-3*1010 Pa at the wavefront. This is similar to that of the detonation wave using the shaped charge prior to the interference of the [image: A blue and white drawing of a blue object
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Description automatically generated]waves, showing the impact that the shaper has on increasing the peak pressure during detonation. [bookmark: _Ref229953924][bookmark: _Toc230007589]Figure 12- The progression of the detonation wave using the wave shaper
[bookmark: _Ref229953925][bookmark: _Toc230007590]Figure 13- The progression of the detonation wave in the simple shaped charge
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[bookmark: _Ref229987894][bookmark: _Ref229987898][bookmark: _Toc230007591]Figure 14- Comparison of the immediate impact on the liner

Figure 14, above, shows how the detonation wave impact on the liner in the two shaped charges. It can be seen on the left in the simple shaped charge, that the areas of peak pressure are in the detonation wave that continues through the explosives, with the highest-pressure areas in the liner at 1.5*1010 Pa. The detonation wave is also distinctively curved still, moving down the explosives, almost perpendicular to the direction of the liner and the jet. It is clear that the detonation wave impacts the central point of the liner with full force, however once the initial impact has occurred the forces acting on the remainder of the cone is energy lost at the side of detonation rather than the detonation wave directly impacting the liner. By comparison, the shape charge with the liner on the right shows a completely different image. The area of peak pressure remains where the ‘mach stem’ impacts the central point of the liner, in the region of 1.1*1011 Pa, almost a magnitude higher than the peak pressure of the simple shaped charge. The angle and direction of the detonation wave is also important to note here. Unlike the simple design, the detonation wave is in the direction of the formation of the jet, directly impacting upon the liner, almost collapsing in on it, rather than flowing past and impacting at the side. It is clear from this that the ‘mach stem’ caused by the wave shaper is a continuous area of overpressure that directly impacts upon the liner, rather than just a temporary increase when the detonation waves collide.
[image: A green and blue line

Description automatically generated]Finally, it is important to look at the jets that are formed by the two designs. Figure 16 and Figure 15 show the jet of the shaped charges for both designs and the velocity gradient across them. It can be seen in both tht there is a strong gradient across the length of the jet, as is expected for a shaped charge. There is no sign in either jet of the breakup that results in poor penetrative performance, indicating that both jets have formed well. As explained in more detail below, there are a small number of elements that ignored due to extreme distortion, which is covered further below. In the accurate elements however, there is a significant difference in the velocities of the two jets. The tip of the jet from the simple shaped charge reaches velocities of ~8000 m/s. The tip of the design with the wave shaper however sees peak velocities of up to ~9500 m/s. Annexs B and C showcase the velocity graphs of the tip elements of the simulation that highlights that it is not just stray elements of the second jet distorting excessively to give such an increased velocity. Even on the limited number of elements selected, it is clear to see that there is a velocity gradient across them, all of which are at increased velocities compared to the simple shaped charge. As mentioned in the introduction, the penetration mechanism of a shaped charge is still kinetic in nature. The equation for kinetic energy is , where m is mass and v is velocity. For comparison, a velocity of 8000m/s and 9000m/s will be used, due to how the elements are grouped in the velocity graphs. Through squaring the velocity of both, 80002=64*106 and 90002=81*106, with the mass remaining the same, the increased velocity due to the wave shaper results in a 26% increase in the kinetic energy of the tip of the jet impacting the target. This is a significant increase in performance despite reducing the quantity of explosives present as a result of the wave shaper.[bookmark: _Ref229990385][bookmark: _Toc230007592]Figure 15- Velocity of the Wave shaper jet


4.3. [bookmark: _Toc230007570][image: A blue and green line

Description automatically generated]Three Dimension Modelling[bookmark: _Ref229990384][bookmark: _Toc230007593]Figure 16- Velocity of the simple shaped charge jet

[image: ]The design of the shaped charge with a wave shaper was then used to generate a three-dimensional model for simulations. As discussed in greater detail in the next section, this led to several challenges in the modelling, requiring some adjustment to how the design was implemented. However, it is believed through these changes that the simulations run will likely be more accurate due to accurately modelling the independent initiation of the explosives. Liner
Explosive Fill
Wave Shaper
Casing
Detonator
[bookmark: _Toc230007594]Figure 17- Three-Dimensional Shaped Charge Design

The two-part explosive fill that was used for the 2D wave shaper design has remained, rather than creating a new part to combine the two. Despite this, both parts use the same material properties, and with the ignition and growth model that was used for the explosives in 3D, splitting it into parts will have no effect. The cone, casing and wave shaper design remain the same as in the 2D design. What looks like a partition in the cone is where the straight walls start to curve in, rather than any partitioning of the liner, so will have no impact. In all three cases, the original sketch has just been revolved to form the piece. Finally, there is the inclusion of the detonator. The reasoning for this is covered in more detail in the next section. This piece however used the same material properties of the explosives as the main explosive fill, however, uses a slightly different equation to allow for the initiation of the explosives. Due to this being a solid contiguous piece, using the simpler equation will have no effect on the results. 
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Description automatically generated with medium confidence]Additionally, for modelling in 3D, rather than using a mesh grid with elements that distorted as in the 2D modelling, Smooth Particle Hydrodynamics (SPH) was chosen to model the liner. This methodology is ideal for a fluid simulation such as this. Rather than breaking the liner down into a mesh, it is instead broken down into independent particles, each with their own mass, momentum and energy. This better allows for the conservation of energy and momentum to be modelled, as the individual particles move in the simulation. As the mass is tied to the particle, this allows for collisions and the conservation of momentum better than in a mesh-based simulation.[bookmark: _Ref229997823][bookmark: _Toc230007595]Figure 18- The progression of the SPH based 3D model
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Figure 18 shows the progression of the SPH-based results from the 3D model. This reveals important information about how the jet itself forms. Despite the initial impact in Image [A] being at the central point of the liner, Image [B] shows how it is in fact the ‘neck’ of the liner that is collapsing in to form the jet. Looking at the base design of a shaped charge, it could be easily misunderstood that the jet is formed from the cone essentially being inverted by the explosive charge, that the tip of the jet is from the tip of the cone being propelled forward by the initial impact of the detonation wave. However, it is clear that the tip of the cone forms the bulb-like ‘slug’ as it is commonly known, while the penetrative tip of the jet is formed from the ‘neck’ and walls of the cone [13]. Image [D] showcases the exact role that the various sections of the cone play in the jet. As discussed, there is the slug formed from the centre of the liner in green at the top. In the middle in orange and red there is the jet starting to form, the hypervelocity particles that will form the penetrating tip, already being accelerated by the detonation. Finally, there is the blue outer ring, formed by the edges of the liner where it meets the case. This material forms the ‘arms’ that can be seen in a similar colour in Figure 15 and Figure 16. This material is present in many shaped charge designs, however, does not form part of the penetrative tip of the jet. These results highlight how beneficial having a wave shaper is in the performance of the shaped charge. As it is the ‘neck’ of the liner that forms the jet, the increased pressure acting on this area, highlighted in Figure 14, as a result of the detonation wave ‘collapsing’ in on the liner rather than flowing past it, resulting in the increased performance. This increased pressure results in greater distortion of the liner, propelling the tip forward with the greater kinetic energy that was observed in the 2D modelling.
4.4. [bookmark: _Toc230007571]Issues with Modelling
There were several issues that were encountered during the modelling of the shaped charges in Abaqus. These issues can be grouped into three main categories, which will be looked at separately. Firstly, issue surrounding the modelling of a wave shaper in a shaped charge. Secondly issues encountered with the design of the model in Abaqus. And finally, the complexities of designing a shaped charge and a wave shaper.
4.4.1. Issues modelling a Wave Shaper
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Description automatically generated]Abaqus is relatively straightforward when modelling a shaped charge, once you have your material properties and a design. An issue was soon discovered however in how Abaqus models the progression of a detonation wave. When using the JWL equation, the detonation wave progresses through the explosive as it should, radiating out from the detonation point. However, when there is another material or part in the way, the detonation continues radiating out as if the material wasn’t there. This results in situations as seen below in Figure 19, where the detonation wave has progressed as it should, with the detonation continuing around the wave shaper, while the pressure wave continues through the less dense material of the shaper, slowing it as it should. Visible in the bottom left corner however is the detonation wave, where it has radiated through the material of the shaper. The dark blue material is all at 0 Pa, showing that the explosive is not detonating as a result of being compressed from the wave passing through, as no force has reached it yet. [bookmark: _Ref230006643][bookmark: _Toc230007596]Figure 19- Issues using the JWL to model a wave shaper

Several solutions were trialled to try and fix this issue. This was firstly though trying to get the materials to work properly with the wave not radiating through the material. Other equations for the material were tried to try and model the ignition of the explosive properly, rather than just a wave radiating out, however none of these worked in 2D. Splitting the explosive into two parts in-line with the bottom edge of the shaper succeeded in the stopping the wave radiating through the material, with a second detonation point set on the bottom corner of the shaper to detonate at the time the wave reaches that point. This caused further issues however, with the two waves meeting in the shaper resulting in severe distortion of elements, and the simulation crashing.
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Description automatically generated]The solution that was found was to keep the lower section of high explosives and the detonation points at the corners, with the top section of explosives replaced with steel as a filler. This stopped the issue of the two waves interacting, whilst also keeping the shaped charge functioning as it should. There was some concern that this would result in a less accurate model, as the initial detonation wave is not being modelled passing through the shaper, the effects of which are highlighted in the work by Zu et al [7]. However, looking at the results from the tests with two parts showed that the wave produced was conical from passing around the shaper, and not flattened by the wave passing through the shaper, proving these concerns unnecessary. What this looked like in the models can be seen below.

With the issue of the detonation wave being fixed in 2D, the next issue was in solving this for 3D modelling. Unlike with the 2D modelling, it was not possible to set a ring of detonation points to mimic the effect of the shaper in 3D. As a result, a different equation had to be used for the material properties of the high explosive. While it wasn’t usable for 2D modelling, the Lee-Tarver Ignition and Growth model is well suited for modelling the detonation of explosives. This was however not simple to get working, with several issues along the way. Shown below in Figure 20 is one of the tests of material parameters to get the equation working properly. In this example, the entire body mass of explosives detonated simultaneously, highlighted by the lack of detonation wave moving through any of the materials, and the wave shaper in the middle being compressed by the explosives on all [image: A drawing of a green and blue object

Description automatically generated]sides, rather than from the top as it should be. [bookmark: _Ref229919565][bookmark: _Toc230007597]Figure 20- Simultaneous detonation of the explosives


Shown below in Figure 21 is the earliest example of the ignition and growth model working. The design differs slightly from the final model; however this clearly shows the wave progressing around the explosives rather than through the empty space, the exact behaviour that is needed. The paper that these parameters came from however raised an additional problem with the use of this equation, the initiation of the explosives. The paper was looking at extremely high velocity impacts of flyer plates on explosives for ignition, and it was the impact of a metal slug that initiated the explosives on the example below. This was however both inaccurate from a modelling point of view to be modelling a shaped charge initiated through impact, as well as a source of crashes from the high-speed impact of the slug with the explosives. The 3D model used involved three sections of explosives to solve this problem. The upper and lower HE sections both used the Lee-Tarver model with the same parameters, split into two sections as a result of reusing the design of the 2D model and the fixes implemented earlier. The third section is at the top of the model, a small cylinder around the detonation point. This section of explosives kept using the JWL equation, rather than the Lee-Tarver equation like the remainder of the explosives, as it allowed for detonation point to be set. Since the Lee-Tarver equation is built on the JWL equation, the properties of the explosives could be kept the same. This solution worked well, with no visible change in the detonation wave seen in the transition between the two explosive models. 
4.4.2. [image: A screenshot of a computer generated object

Description automatically generated]Issues with Modelling and Abaqus[bookmark: _Ref229919512][bookmark: _Toc230007598]Figure 21- Earliest example of a working detonation model

An issue was encountered with the modelling of the 3D shaped charge, specifically with the copper cone. Following the meshing of the parts, upon attempting to run the simulation an error would be presented:
“The analysis may need a large number of increments (more than 20,000,000), and it may be affected by round-off errors. for accuracy, running double precision executable is required.”
Increasing the number of increments and running double precision as suggested and required by the error message did work, which resulted in the simulation running. However, as a result of implementing these settings, after an hour of running the job, Abaqus had gone through 69,000 increments, producing three frames, far slower than the modelling should be for such a limited number of elements, when commercial programs can go into the millions of elements. This error comes down to the Courant–Friedrichs–Lewy condition, the equation of which is below, where C is the Courant number, u is the velocity,  is the timestep, and  the length between mesh elements.
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Description automatically generated]For explicit solvers, such as Abaqus, C is less than or equal to 1, otherwise errors will develop. For this model, u is the speed of the detonation wave, 8315 m/s, with  while using double precision 5e-12. Inputting this into the equation gives a value of x of 4.1575e-8m for the size of the smallest elements, 42 nanometres, far too small, as shown in Figure 22.[bookmark: _Ref230006840][bookmark: _Toc230007599]Figure 22- Incorrectly formed liner mesh


[image: ]To fix this, the mesh size of the cone was altered, to attempt to form a mesh that didn’t include such small elements. Attempts were first made to make the overall mesh smaller, in the hope that smaller elements that could form a more accurate cone would result in less elements being generated that deviated to such small sizes. This however still resulted in the error being generated. As a result, a larger mesh was used, 1.5e-3m. By going to a larger global seed, the cone was meshed without generating such small, distorted elements. When input into the CFL condition, this gives a timestep of 1.8e-7s, far faster than with the smaller mesh, which also didn’t require millions of increments and double precision to run. The results of this are shown in Figure 23[bookmark: _Ref230006864][bookmark: _Toc230007600]Figure 23- Fixed meshing of the liner
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Description automatically generated][image: ]This was not the only issue that arose during modelling as a result of small elements. Shown below is an extreme closeup of the sketch used to create the cone for both 2D and 3D models, showing the dotted construction line marking the x-axis, and the bottom curve of the cone. This sketch was then mirrored or revolved for the models to create the overall shape. [bookmark: _Ref230006966][bookmark: _Toc230007601]Figure 24- Extreme distortion of elements as a result of gaps in the model
[bookmark: _Ref230006907][bookmark: _Toc230007602]Figure 25- A closeup of the gap in the liner model


The closeup in Figure 25 shows the cause of one of the main errors present in most of the modelling conducted. While the top curve of the cone is touching the construction line, the bottom curve and the face connecting these two points is not. At the bottom, there is an 8-micrometre gap between the construction line and the cone. This resulted in numerous errors throughout the modelling process, as a result of contact being incorrectly modelled due to the cone not forming a solid piece. 

An example of the errors cause by this gap in the model is shown above in Figure 24. Due to the gap, distorted elements of the explosive have been forced through the single point of contact. This it not the shaped charge forming a jet properly, as these are not copper elements from the liner. Similarly, the 3D model had severe distortion of elements upon the detonation wave impacting the cone, perpendicular to the detonation wave, as seen in Annex D.
4.4.3. The complexities of wave shapers and shaped charges
As mentioned in the introduction to wave shapers, there are numerous different factors that need to be considered when including a wave shaper in a shaped charge. The design chosen to be modelled was heavily based on the design used by Guo et al. as shown in Figure 9, with the positioning of the shaper moved close to the liner through some limited testing [11]. This design showed improvements over the shaped charge without a shaper, proving the effectiveness of including one, however it is highly likely that this is not the most optimised design. Further study would be needed on the shaping, material and positioning of the shaper, which would likely result in even greater performance from the same sized design, however the opportunities for this were limited within the limits of the current study. 
5. [bookmark: _Toc230007572]Conclusions
It is clear from the modelling conducted in both 2D and 3D that there is a significant benefit to the performance of shaped charged through the inclusion of a correctly positioned wave shaper in the design. The 2D modelling revealed how it is the wave shaper causing the detonation wave to collapse in on the liner rather flowing perpendicular to it that results in the increased pressure impacting the liner. The impact of this was then shown in the 3D modelling, which showed how it is the ‘neck’ of the liner that is responsible for forming the jet, therefore this collapsing motion of the wave directly impacts the most crucial part of the cone. Through the increased pressures impacting upon the liner as a result of the mach stem being formed, there is a direct increase in the velocity of the jet formed by the shaped charge, and therefore the kinetic energy impacting the target. The results from this study found a 19% increase in the peak velocity of the jet formed, and a 26% increase in the resultant kinetic energy of the jet impacting a target. 
This study also revealed the potential issues that could be faced from including a wave shaper in a shaped charge design. Even with an existing successful design to base it off, there were still issues in getting the detonation waves to interact properly with the wave shaper, and form the needed mach stem for the increase in pressure. It was only through limited trial and error that a position was found that resulted in the increased performance, and this is the area that could most be improved upon in further studies. The testing of positioning showed that wrongly positioning this resulted in the waves impacting too far down the cone without forming the mach stem, reducing performance, or resulted in interference of the waves to early, with the detonation wave then flattening out too much. It is highly likely that further experimentation would produce a different position that could further increase the performance of the shaped charge. Additionally, while the RPG-7VM showed a wave shaper similar to that tested here, the M830 round used a more curved wave shaper, and the work of Zu et al., showed both rectangular and pentagonal wave shapers in their studies. Further research could investigate how changing the shape results in different shaping of the waves, as well as the positioning, opening many avenues of research. Additionally, while a lightweight epoxy resin was used for the shaper in this design, other successful designs have seen materials such as wood, work successfully, or denser materials such as concrete. This is also a further area for research, seeing how the generation of detonation waves are altered by the material properties of the shaper.
Ultimately conducting this study has shown how complex the physics behind a shaped charge are, particularly when using a wave shaper. While it is possible that the simple 2D shaped charge design that was used would function if any of the materials present were changed, it is highly unlikely that such changes would be successful in the wave shaper design. It was interesting to discover just how far a modern shaped charge is from the early experiments of Von Foerester and Munroe, requiring the careful balancing of the material properties of the explosives, the casing, the liner and the wave shaper, and the positioning of these elements within the design, in order to generate the correct detonation waves. It is only with all these elements correctly combined that a shaped charge will function correctly, forming the ideal jet with sufficient kinetic energy to penetrate a target.
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[bookmark: _Toc230007574]Annex A- A large scale view of the detonation wave impacting the liner
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Description automatically generated]Annex B- Velocity graph of the simple shaped charge
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Description automatically generated]Annex C- Velocity graph of the wave shaper shaped charge.


[bookmark: _Toc230007577]Annex D- The Distortion of the 3D model from the gap within the liner
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