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Abstract
Two separate designs of shaped charges were created through the CAE software Abaqus with the task of comparing the effect of two designs which contain different case shapes, liner angles, and different liner peak shapes. The effect on the jet of these shaped charges designs will be analysed and compared through stress/strain/velocity to reach a conclusion.
Achieving ideal penetration is crucial for the use of shaped charges, which is determined during the design process. This investigation will explore the differences between common shaped charge designs and determine whether different design changes can attribute to a more successful and high-performance shaped charge.
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Introduction
What is a shaped charge?
Shaped Charges are types of explosive devices mainly utilised for military and industrial reasons. The objective of shaped charges is to focus explosive energy into a narrow, high-speed jet instead of a blast in all directions depending on the use, to penetrate thick or high-density materials. One application in the military is to penetrate the outer layers of armoured vehicles and tanks which are usually built from thick steels, which will be the focus of the investigation in this report.
A Shaped Charge consists of 3 main components: A case, liner & high explosive. The high explosive detonates, sending energy through the charge until it hits the tip of the liner. The liner deforms as a result of a significant amount of pressure to the point where it folds inwards on itself and pushes outwards at a hyper velocity, turning the liner into an extremely fast, hot liquid which then travels almost instantly to hit and penetrate into a target directly Infront of it.
The concepts of jet formation and penetration are the main fundamentals of shaped charges that differ between an effective and ineffective design. Many design factors influence the performance of these concepts which will be explored in this investigation. The goal is to determine the differences during and after detonation of two different shaped charge designs, which will allow for analysis to establish which of the two designs are most effective when it comes to both jet formation and overall performance of the shaped charge.

Real life applications & designs between industries
Shaped charge designs vary from industry to industry, mainly because shaped charges serve many different purposes. As previously mentioned, military purposes include penetration of thick armour in modern warfare, where High-Explosive Anti-Tank (HEAT) rounds are the most effective in armour penetration.
In engineering and industrial applications, shaped charges are used for high-precision destruction. Specifically in the oil and gas industry, to extract oil from the ground, shaped charges are used to create the borehole into the ground which allows oil to flow up into the collection pipe. They are also used in demolition, when bringing down steel framing in skyscrapers or bridges shaped charges act as scissors, essentially slicing through thick steel beams instantly and cleanly while also ensuring the structure falls into a controlled direction.
The versatility of shaped charges  depends on the shape and materials used within them, which all result in different outputs for different uses. By changing the shape of the charge and its components the nature of the jet changes, allowing it to act as either a thin needle for deep penetration or a wide distribution of energy along a plane to slice through steel rather than penetrate.

Creating the Shaped Charge
When designing and modelling the shaped charge, many factors influence the outcome (excluding external factors like weather, atmosphere & material being penetrated). These include liner angle, liner thickness, materials, high explosive type and spacing from target. Small changes to either of these can dramatically affect the performance of the jet, stability and penetration depth of the shaped charge.
For this investigation, the different factors that will be focused on will be the liner angle, shape of the liner & casing shape.
Having a narrower liner angle is generally considered to be ideal for penetration, with the recommended angle of the liner to be 45 degrees. This angle tends to create a faster jet, deeper penetration & a thinner jet [1]. The ideal design describes a less rounded tip point of the liner, where it meets at a steep point rather than a rounded edge. 
The shape of the case is crucial for directing the explosive energy towards the liner rather than allowing it to dissipate outwards, which results in ideal jet formation. This paired with a thick case makes for better confinement, which keeps the detonation focused on the liner for a longer duration. Although having a thick case is optimal, making the case too thick can over-constrain the detonation, causing it to potentially fracture.
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Figure 1: Image of PE4 packed Shaped Charge [2]

This shaped charge design serves as a good representation of how a shaped charge is packed and how all the components fit together. Some characteristics of this design will be carried forward and help influence the design of the charges used within this experiment.
Sketches
Sketches of each component of the shaped charge have been created, which will be assembled together to create a full shaped charge. Each of them are assymetrical designs which will be revolved around its axis to form a 3D representation of the detonation.
The creation of the shaped charge case consists of a horizontal top section with four slanted transitions into the long vertical wall. The design utilises a consistent thickness along most of the profile to provide structural integrity under the detonation pressure. The decision to use the angled section rather than a 90 degree sharp angled case was because having it angled helps direct the explosive force and assists the transition to the liner.
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Figure 2: Sketch of Casing 1
The case was assigned the material of AISI 4000 Series Steel, which serves as a highly effective, strong, and durable container for this shaped charge. This specific steel ensures that the casing doesn’t fail prematurely under the shock waves generated by the explosion. Some similar steels are used to create fragmentation from the casing which provides a lethal aftermath post jet formation.
	AISI 4000 Series Steel [3]

	Density
	7850kgm−3

	Elastic Properties
	Young’s Modulus: 210GPa
Poisson’s Ratio: 0.3

	Johnson-Cook Plastic Properties
	A: 1.45GPa
B: 910MPa
n: 0.45
m: 0.328
Tm: 1689K
T0: 223K

	Johnson-Cook Hardening Properties
	C: 0.034 
e0 : 0.01


Table 1 – Material Properties of AISI 4000 Series Steel [3]
This conical liner design features a vertical base point which acts as the constraint between the case and the liner, which then cuts to the slanted wall up to the tip point, which is at a 45 degree angle. The thickness of the liner stays thin consistently throughout, which allows for the highest possible collapse velocity (the speed at which the liner collapses inwards after being struck by the detonation wave), which is the main factor for getting the best possible penetration. 
Keeping the liner thin also allows for a greater velocity gradient. This dictates how the metallic liner collapses to form a hypervelocity, stretching jet. It ensures the liner material travels at speeds varying continuously from the tip to the tail, causing the jet to elongate and penetrate deep into hardened targets.
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Figure 3: Sketch of Conical Liner 1
Copper is considered the ideal material for most shaped charges, as it provides high performance in ductility, density and stability under the detonation pressure [4]. The most critical property for ideal penetration is its ability to be able to stretch. Copper is able to undergo heavy plastic deformation without breaking, which allows the jet to stretch much longer compared to other materials, making it an exemplary choice for a conical liner.
	Copper [5]

	Density
	8960 kgm−3

	Shear Modulus
	39GPa

	Johnson-Cook Schear Plastic Properties
	A: 90MPa
B: 292MPa
n: 0.31
m: 1.09
Tm: 1356K

	Johnson-Cook Hardening Properties
	C: 0.034 
e0 : 0.01

	Equations of State
	C: 0.032
S: 1.49
γ0: 2.02


 Table 2 – Material Properties of Copper [5]
Finally, the high explosive of this shaped charge, which is packed under the liner and moulds around the inside of the case and eventually liner when it is placed. The HE is essentially the body of the shaped charge, providing all the explosive energy for a focused detonation to happen. 
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Figure 4: Sketch of High Explosive 1
For the final piece of the design, TNT (Trinitrotoluene) will be used as the High Explosive in this investigation. The decision to use TNT over RDX or HMX was made as although TNT doesn’t outperform these materials in raw power, it is one of the most widely used military explosives. The advantage of using TNT  is that it has been chosen not to create the most powerful charge, but about collecting the highest quality data for the physical design with a well-researched HE to determine the ideal design which can then be paired with the more powerful explosives of RDX and TNT.

	TNT [6]

	Density
	1.63kg/m3

	Equations of State
	Detonation Wave Speed: 6930ms−1
A: 3738x108
B: 3747x106
Ω: 0.35
R1: 4.15
R2: 0.90
Detonation Energy Density: 368x104Pa


Table 3 – Material Properties of TNT [6]


Assembly
The assembled 2D model of all three components (case, liner & HE) combines them into a single geometry for further development within the software. Each component fits perfectly together, creating a robust design with no gaps, which provides structural confinement. This assembly also shows the thickness of the case compared to the liner, accentuating the properties of a thick case paired with a thin liner.
This 2D design serves as a perfect base point for creating the mesh for each part, then eventually simulating the explosion with a revolved 3D representation.
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Figure 5: Assembly of Shaped Charge 1
Meshing 
Within the Abaqus software, meshing is the key process that allows for the Shaped Charge model to simulate and show how the structure would behave under real life physical loads. The main physical behaviours that meshing gives a representation of are: stress, deformation & heat transfer. 
A global seed mesh is applied to each part individually which creates geometric shapes onto the part, such as triangles, quadrilaterals, tetrahedrons or hexahedrons. For this problem, triangular elements will be used.
The size and quality of the mesh directly dictate the accuracy of the simulation. A local seed is assigned to the focal points of the objects, which creates a finer mesh with more elements to provide additional and higher quality analysis to the high stress areas, while keeping larger elements in less critical areas to save processing time. Smaller and more fine elements yield more precise results but require higher loads of processing power from the computer being used to run the simulation. 

Liner
When meshing the liner a much finer mesh was used, since the liner will be doing the most deformation and undergo the most stress in this reaction, a more accurate representation of the behaviour of the liner is neccesary. In this case it is the jet formation which is the main part to be analysed, therefore creating a much finer mesh where the jet will form will be ideal for analysis. 
The liners mesh is constructed to become finer as it reaches the tip, which will be the area  stretching the most, which is where the focal point of the analysis will be.
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Figure 6: Meshing of Liner 1
Case
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Description automatically generated]A coarse mesh is assigned to the case of the shaped charge in comparison to the liner as the case isn’t the focal point of the investigation. Although a shaped charge case is subject to extreme pressure, the case doesn’t deform as much as the liner and at the point of jet formation, the purpose of the case is to contain the explosive and direct the energy towards the liner.








Figure 7: Meshing of Case 1


HE
Meshing for the high explosive contains varying element sizes, in order to provide a smooth and matching transition between all components. The elements start coarse on the outer sides of the mesh, which fit alongside the mesh of the case, then slowly transition to a much finer mesh the closer it gets to the liner, providing more accuracy to the focal points of the explosive reaction. 
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Figure 8: Meshing of High Explosive 1
Assembly
Keeping the element sizes consistent at constraint points is best practice for improved accuracy between parts. Making sure nodes match up allows for an accurate depiction of the stress/strain between parts within the assembly. 
Overall, the mesh is finer at the focal points of the investigation and well rounded in terms of element distribution, staying under the maximum node count, but close in order to achieve the highest possible resolution of explosion.

[image: A computer screen shot of a hat

Description automatically generated]
Figure 9: Meshing of Assembled Shaped Charge 1


Alternative Shaped Charge
The second shaped charge design that will be used to compare to the first design is composed of the same fundamentals, using a case, liner & high explosive. The same materials will be used in each of these parts: steel case, copper liner & TNT HE. This ensures that all differences during and after detonation are all based on the physical design of the shaped charge. This will determine how these differences effects performance of the jet formation.
The case for this design is drastically different to the slanted design from the first charge. When revolved, this charge becomes a perfect cylinder due to the 90 degree angle of the case. This case is also noticeably thinner than the case from the first design, relying more on the volume of explosive rather than directing the energy along the sides.
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Figure 10: Sketch of Casing 2
The most defining changes to this shaped charge design come with the liner. First, the angle of the liner has been altered from an angle of 45 degrees to 50 degrees. The tip point of the liner is also significantly different, as it meets at a horizontal point rather than an angled tip point, and the change from tip to slant is a hard corner, no filleting (rounded). The final difference in liner design is the bottom point where the liner meets the case, going from a vertical wall in the first design to a completely horizontal wall with this design.
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Figure 11: Sketch of Conical Liner 2
The changes of the case and liner shape also alter the volume and shape that the high explosive is packed into. Due to the alteration of the case utilising a cornered edge compared to a curved edge, this allows for a significantly larger volume of high explosive to be packed into this shaped charge. 
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Figure 12: Sketch of High Explosive 2
Simulations
2D simulations of the explosion taking place are completed and viewed from different points in the reaction to show how each shaped charge design handles the explosive force. These screengrabs show how each design directs the energy towards the liner and how effectively the jet forms, which will allow for a determination of how effective the jet is and if the design shows an expected and successful shaped charge detonation.
These simulations will also allow for readings to be taken for the change in velocity in the jet, and to plot a graph comparing the velocity difference between the rear (slug) and the tip of the jet.
First Shaped Charge
The intial reaction takes place, showing the detonation wave beginning at the top of the high explosive and slowly travelling through the charge down to the liner. It is also shown that the case is absorbing a substantial amount of pressure while still staying in tact. The case successfully absorbing the energy is crucial for this detonation to happen successfully, as the main job of the case is to confine the detonation, allowing for that energy to be used for jet formation.
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Figure 13: Initial simulation of Shaped Charge 1
Further into the detonation, the jet begins to form. Due to the extremely high pressure the copper liner is under, it begins to compress and collapse inwards which initiates the formation of the jets tip.
In this simulation, at this point the liner has become detached from the case. This could potentially cause problems further into the detonation process, as the jet hasn’t fully formed in order to deal penetration damage yet. With the case and liner becoming detatched, this casuses the charge to lose structural integrity and is compromising the energy transfer, which will therefore not be directed towards the liner and instead will be lost resulting in an ineffective jet formation and inadequate penetration of the target.
Although the jet has already formed, it could easily become asymmetrical further into travelling due to this disconnect. An asymmetrical jet degrades penetration performance because it generates radial drift velocities. Instead of drilling a deep, narrow hole, the bent jet strikes and widens the crater wall prematurely, severely reducing the depth the jet can [7]. But at this point an effective jet has still been produced and shows no signs of asymmetry.
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Figure 14: Final Simulation of Shaped Charge 1

The 2D 180 degree revolved sectioned view of the liner shows the formation of the jet without showing the behaviours of the case or HE. It also clearly shows the deformation of how the explosive energy travels through the liner, eventually deforming it and forming a high-speed, thin jet that is capable of major penetration to its target.
The jet that has formed as a result of this design has all the characteristics of a successful and high performing shaped charge jet. It has a high velocity and thin jet that will be able to penetrate its target with no signs of asymmetry. The liner deforms inwards well and forms an ideal tip and slug of the jet.
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Figure 15: Sectioned Jet view of Shaped Charge 1 



Second Shaped Charge
At the initial blast point of the second charge, the case has already visably deformed at the very top. This shows that the case has already absorbed explosive energy and is beginning to contort earlier than the first charge. 
The same principles apply to analysing this charge. The blast wave can be seen travelling in the same direction while the case also has some pressure flowing through it, although in this charge it is flowing along a horizontal path about to meet with a vertical change, which should put even more pressure onto the vertical side of the charge as the energy is impacting it head on rather than being directed down at an angle. 
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Figure 16: Initial Simulation of Shaped Charge 2

At this point in the detonation, the steel case of the charge begins to deform much earlier than the first design from large amount of kinetic energy that it absorbed at the initial detonation point. The jet forms with no issues, but the case at this point has become very deformed 
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Figure 17: Final Simulation of Shaped Charge 2 

The liner of this design is successful in forming a high-speed jet along with a slug, although not being as thin or as long as the jet from design 1.
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Figure 18 Sectioned Liner view of Shaped Charge 2
Analysis
This analysis comparison the two shaped charge designs by examining how the liner geometry affected the collapse, jet formation, jet velocities against time & overall performance. This aim is to identify which design produced a more effective jet and to compare physical deformation between the two.
For the first part of analysis, is a detailed comparison of how the two different designs alter the jet formation dynamics. 
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Figure 15: Sectioned Jet view of Shaped Charge 1
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Figure 18: Sectioned Jet view of Shaped Charge 2
Liner Geometry & Collapse Mechanics
Design 1:
Jet Behaviour: The resulting jet is incredibly elongated, uniform, and coherent. Because the liner shape naturally creates a smooth, continuous velocity gradient from the apex to the base, it allows the jet to stretch extensively without prematurely breaking up.
The Slug: The rear portion is highly elongated and tapers smoothly into the jet, which is a trait of a well-optimised variable-angle liner.
Design 2:
Jet Behaviour: The collapse is much more abrupt. The wide outer wings are folding inward at a much shallower angle relative to the axis of symmetry.
Stagnation Point: This geometry forces a massive accumulation of material right at the central axis. Instead of a thin, smoothly stretching jet, it creates a much thicker, stubbier core with a large amount of mass at the stagnation zone.

Velocity vs. Mass Distribution
Design 1 (High Velocity Focus): The primary variable here is velocity magnitude, which tops out at a massive +1.034x105. This design prioritises tip velocity. By tailoring the liner angle, a small fraction of the liner mass at the apex is accelerated to extreme speeds, creating a high-penetration "needle" jet.
Design 2 (High Mass/Pressure Focus): The primary variable here is hydrostatic pressure, peaking at +4.753x1010 Pa (47.5 GPa). The shallower collapse angles of this liner geometry generate incredibly high impact pressures at the centreline. This design delivers a thicker, higher-mass jet/slug combo, though at the expense of a lower ultimate tip velocity compared to the trumpet design.

Mesh Performance
Design 1 (Smoothed/Eroded): The visualisation shows a perfectly continuous fluid-like material flow. This suggests the simulation is successfully managing the extreme strains of the liner.
Design 2 (Severe Distortion): The visible mesh lines show massive element elongation and crowding along the central axis. Because the flanged liner forces so much material to collide at a wide angle, the elements are experiencing extreme shear and volumetric compression. If this simulation isn't utilising element deletion, these highly distorted elements are likely driving down the stable time increment significantly.

Summary of the Two Designs
Design 1 is optimised for deep armour penetration. It leverages a progressive liner angle to maximise jet stretching and tip velocity while keeping the jet coherent over a longer standoff distance.
According to hydrodynamic penetration theory (the Birkhoff-MacDougall-Pugh-Taylor equation), penetration depth (P) is directly proportional to the length of the jet (L) and the square root of the density ratio of the jet to the target [8]:

[image: ]
Design 2 can be optimised for high-impact energy or demolition. It uses a wider profile to dump massive amounts of liner material into the axis of collapse, creating an ultra-high-pressure, high-mass projectile rather than a stretching kinetic energy needle.


Velocity against time
Here are two velocity graphs taken from the jet formation. These graphs indicate the total duration of the jet formation and the velocities of the slug and tip of the jet. 
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Figure 19: Velocity against Time graph Shaped Charge 1
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Figure 20: Velocity against Time graph Shaped Charge 2

The most critical difference between these two graphs is the scale of both axes.
X-Axis (Time):
Graph 1 : The time scale is longer, spanning from 0.00 to 0.12x10-3 seconds (or 120μs). The motion triggers around 0.035x10-3 to 0.04x10-3 seconds (35-40μs).
Graph 2 : The time scale spans from 0.0 to roughly 100.0x10-6 seconds (or 100μs). The event begins moving around 30μs.
Y-Axis (Velocity):
Graph 1: The velocity peaks much higher, reaching 10.2x103 (m/s) at the top end.
Graph 2: The velocity peaks near 5.0x103 (m/s)

Nodal Sample Size and Grouping
Graph 1: A much larger sample size (30+ nodes) is plotted. The nodes naturally divide into two very distinct, tightly bound clusters due to the velocities of the tip and slug of the liner being very distant:
Graph 2: Only 4 nodes are plotted. It shows a massive divergence in behaviour. Two nodes accelerate aggressively upwards, while the other two peak early and drop back down.
The Upper Cluster: A very dense pack of 20+ nodes that experience a delayed start (0.04 ms), a sharp initial spike, and then a uniform, slower velocity climb, capping out around 4.0x103.
The Lower Cluster: A group of about 5–6 nodes that experience extreme, continuous acceleration, peaking between 7.0x103 and 10.5x103.

Physical Behaviour 
Graph 1: The curves are much smoother, which usually indicates better mesh refinement, a cleaner material model, or more stable time-stepping. The distinct separation between the upper and lower clusters clearly captures the physical Jet vs Slug separation. The top lines are the high-velocity jet tip nodes, and the bottom cluster represents the slower-moving slug.
Graph 2: The simulation shows a highly simplified look due to the lack of nodes. The divergence shows some parts of the liner are accelerating forward (the jet), while other parts are moving slower or moving outward (the slug), which is what is to be expected.

3D Model
The 3D Model of the first design also begins to show characteristics of a successful shaped charge detonation. The formation of the jet is clearly seen, with the tip of the jet deforming at high speeds and high stress as can be seen by the red.
The same disconnect between the liner and casing can also be seen taking place that happened in the 2D simulation which shows that some alterations should be made to either the point where they connect, or one of the components needs a design change. 
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Figure 23: Shaped Charge 1 3D Simulated Jet View 2

Figure 22: Shaped Charge 1 3D Simulated Jet View



These 3D simulations were not run for the optimal amount of time in order to show the complete formed jet due to the demanding processing time paired with an exceptionally fine mesh. Although the full jet was not fully formed, these photos show the characteristics of the beginning of a successfully formed jet and shaped charge.

Conclusions
In conclusion, both shaped charge designs successfully detonated and deformed in a way that created a high-speed jet. Both of these designs provided a direct comparison between the way each liner angle, liner shape & case shape contributed to different jet formations.
Design 1 is the mechanically superior shaped charge design for achieving maximum deep penetration. It successfully prevents the severe material crowding and extreme element distortion seen in Design 2, efficiently channelling the detonation energy into a high-velocity, smoothly stretching jet optimised for high-performance penetration tasks. Because the tip moves significantly faster than the rear elements without abrupt jumps in velocity, the jet stretches smoothly into an incredibly long, coherent kinetic energy needle.
Due to the wide liner collapse angle of Design 2, the material does not stretch out into a thin needle. Instead, it forms a thick, wide-diameter projectile. Upon impact, this wide front face distributes force radially outward, displacing target material sideways and creating a crater with a significantly wider diameter than a trumpet or conical liner could achieve.
Overall, neither design is necessarily bad or underperforming. Each design simply just provides distinct characteristics that could be used for different uses. While Design 1 is the obvious choice for classic armour-piercing applications, Design 2 can be optimised for a completely different mechanical objective: heavy structural demolition, shallow breaching, and hole diameter maximisation. Instead of focusing on velocity to pierce deeply, Design 2 could be used to focus on mass mobilisation and  a high-pressure localised shock.
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