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[bookmark: _Toc155599134]Introduction

This Assignment will discuss Shaped Charges, their modelling and different material models used. It will also discuss complex mechanics, structural aspects of physics and engineering science relevant to OME. Ballistic blast and shock waves will be analysed and examples of 2D and 3D models created using different material properties will be shared. 

[bookmark: _Toc155599135]Shaped Charges

[bookmark: _Toc155599136]History-	

After World War I, the shaped charge antitank projectile was created as a means of countering tanks. It was further improved in the middle of the 20th century and became the rocket-propelled guided high explosive antitank (HEAT) missile, which is still in use today due to its portability and ability to penetrate heavy steel armour. [1]
Shaped Charges have been used in many different wars over the last 100 years or so. Some of the key milestones are listed below:
· World War II (1939-1945): [2]
· Shaped Charges were used a lot in World War II. They were used by the Germans in particular. 
· The Panzerfaust, an infantry anti-tank weapon was one of the first examples of a Shaped Charge that was used in war. It featured a simple design with a hollow-charge warhead which was capable of penetrating through tank armour.

· Post World War II Era: [2]
· After the finish of World War II the Shaped charged was refined and improved by many different nations. The Cold War period saw advancements in the offensive and defensive applications of Shaped Charge
· The introduction of Composition C-4 a more powerful explosive severely enhanced the effectiveness of Shaped Charges.

· Korean War (1950-1953) and Vietnam War (1955-1975): [2]
· Shaped Charges continued to be used in both the Korean War and the Vietnam War as anti-tank weapons. Infantry portable anti-tank rockets such as the American M72 LAW (Light Anti-Tank Weapon), employed Shaped Charge Warheads.

· Suez Crisis (1956): [2]
· During the Suez Crisis the Soviet Union developed The Sagger Missile, which featured a Shaped Charge warhead and was used by the Egyptian forces.

· Arab-Israel Wars: [2]
· In the Middle East Shaped Charges played a crucial role in lots of conflicts. Both sides of the Arab-Israel War used anti-tank guided missiles with Shaped Charge warheads in order to counter armoured threats.

· Gulf War (1990-1991) and Post-Cold War Conflicts: [2]
· During the Gulf War Shaped Charges continued to be a very significant component of anti-armour weaponry, this significance continued in many conflicts in the 1990s and 2000s.

· Modern Day: [2]
· To this day Shaped Charges are still very commonly used in lots of conflicts around the world. The performance, accuracy and versatility of Shaped Charges has come a long way since they were first designed and are still continuing to follow this pattern as of today. Ongoing research is being carried out to improve these three attributes of the Shaped Charge to ultimately make it even better than it already is.

[bookmark: _Toc155599137]Types-

There are several varieties of shaped charges within OME, each intended for a particular use. The primary differentiation between various forms of shaped charges is found in their intended target, purpose, and design. The most common types are: [3]
· Conical Shaped Charge: This style is the simplest, with a basic conical liner. It is frequently employed in industrial settings for tasks like cutting and perforating.
· Bi-Conical Shaped Charge: The liner of this kind resembles two cones linked at the bases. On occasion, it's employed to improve the jet's penetration capability.
· Linear Shaped Charge: Linear shaped charges have a linear or rectangular geometry rather than a conical shape. They are frequently used in processes like slicing through structures made of metal.
· Explosively Formed Penetrator (EFP): EFP’s are made to make a projectile from the liner. The main reason they are used is to penetrate military armoured vehicles.
· Tandem Shaped Charges: Tandem warheads fire successively different-shaped charges. Any reactive armour or other defences are removed by the first charge, making it easier for successive charges to enter the target.
· Directional Shaped Charge: The purpose of these charges is to focus the explosive force in a particular direction.
· Focused JET Shaped Charge:  These charges are made with an optimised design that creates a jet that moves quickly and with great focus. They are frequently employed when accuracy is essential.
[bookmark: _Toc155599138]Design-

Shaped charges are made to direct the explosion's energy in a particular direction. They work on the basic premise of concentrating the explosive power through the use of a properly designed geometry to produce a high-velocity jet of metal or other material. [1]
Below are some key features of Shaped Charges:
· Shaped charges tend to be made up of an explosive substance inside a conical or liner-shaped cavity.

· A metal or other liner-forming material lines the cavity. When this liner explodes, it is supposed to collapse and create a fast-moving jet.


· A shaped charge consists of an explosive charge that must make close contact with the outside surface of a hollow cone made of material, usually copper. For the explosive to produce a detonation wave, a fuzing system is needed. In the direction of the target, the explosion wave must cross the cone from peak to base. [4] As can be seen below: 

[image: ]





(Figure 1 - The Shaped Charge) [4]

As the detonation wave passes over the apex of the cone, the cone material is squeezed forward and to the centre line, causing it to flow in a jet towards the target. The material is not liquefied but remains in solid form, flowing hydro dynamically, as if it were liquid. The initial jet velocity is typically 8 to 9 metres per second but as the detonation wave progresses and the amount of explosive around the cone decreases, so the material velocity decreases to around 2 kilometres per second from the base of the cone. This results in elongation of the jet, with the tip travelling faster than the tail. Some cone material is unable to flow into the jet and collects centrally before following the jet as a much slower, 500 to 800 metres per second, slug of material. [4]


The deformation of the cone liner is shown below:
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	(Figure 2 - The Shaped Charge – Cone Deformation Stages) [4]
	
The jet's extremely high KE causes the target material to penetrated. When the jet tip first strikes, it displaces the target material and creates a hole that gets deeper as the rest of the jet flows into it. The material that the jet is made from is consumed as it penetrates, leaving a lining on the sides of the wall. Assuming the jet is not totally consumed in this way before full penetration has occurred, it passes through the target material damaging anything in its direct path. [4]
The cramped quarters of an Armoured firing vehicle (AFV) fighting compartment have a number of additional physiological impacts. These are seen as a welcome benefit but are subtracted from the standard weapon effects assessment. They are:
a. Pressure Increase, possibly damaging unprotected hearing. 
b. Temperature Rise, increasing the fire risk. 
c. Intense Luminosity, that may temporarily blind unprotected eyes. [4]
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In military applications, shaped charges have the potential to do a great deal of harm, especially when directed against armoured vehicles and defended structures. In combat situations, the main objective of shaped charges is to penetrate armour and undermine defences. The following are some key features of the harm shaped charges inflict in military settings: [3]

· Armour Penetration: Because shaped charges can concentrate a jet of molten metal on a narrow region, they are very effective against armoured vehicles. Even thick and heavily armoured surfaces can be breached by the shaped charge's extreme pressure and heat.

· Vehicle Destruction: Shaped charges have the potential to destroy or disable military vehicles when deployed effectively against them. Damage to vital parts like engines, crew quarters, and ammo storage may occur from the armour's penetration.

· Personnel Casualties: Because of the penetration and impact of the jet, shaped charges have the potential to cause fatalities among members of the vehicle crew. In addition, troops within the targeted vehicle may be exposed to extra threats due to secondary effects including spalling, which is the release of fragments from the interior of the armour.

· Reactive Armour Defeat: Reactive armour is a feature on several contemporary armoured vehicles that is intended to neutralise the effects of shaped charges. Tandem warheads or successively applied multiple-shaped charges, however, can be used to overcome reactive armour and improve penetration.

· Fortification Breaching: To penetrate bunkers, reinforced structures, and other defensive positions, Shaped Charges are used. The high-velocity jet is an effective weapon for urban warfare and other situations where it is necessary to destroy reinforced structures since it can pierce steel, concrete, and other materials.

· Strategic Targets: Strategic military targets, such as command centres and communication facilities, may be targeted with shaped charges. Disrupting enemy operations and destroying or damaging vital infrastructure are frequently the objectives.


Shaped charges operate differently depending on a number of conditions. A shaped charge's performance in terms of penetration or other applications is determined by an array of operational, environmental, and design factors. These conditions are listed below:

· Liner Material: The liner's material selection is very important. The reason for this is because the liner will distort and form into a high-velocity jet. The main material used is Copper because it has the perfect properties to do this job. Depending on the needs of the application, different materials like tantalum or other metals may also be utilised. 
Copper is the main material used as the liner in shaped charges for several reasons. Copper is very ductile and malleable, which means it can be easily deformed therefore being the perfect material for the job of the liner. It is also very good at conducting heat, this is needed in a shaped charge because when the charge detonates, the liner will heat up and the jet is formed. Copper also has consistent performance which is essential to keep the reliability of shaped charges alive. The cost and available of copper also plays a huge factor. Being cost-effective and readily available means Copper is perfect.

· Liner Shape: The geometry of the liner is very important and will affect the performance dramatically if the wrong type is chosen. The geometry may be conical, biconical, hemispherical or any other shape and each one affects the direction and focus of the jet. The shape used is chosen depending on the application and penetration requirements that are chosen. The angle at the tip of the liner can be varied to control the jet shape. For optimum penetration an angles between 40 and 60 degrees is required. 

· Standoff Distance: The distance between the shaped charge and the target, also known as the standoff distance has a major impact on the performance. In order for the jet to form and stretch out, it is necessary to initiate the explosive charge while the front face of the cone is between approximately two and five times the cone diameter from the target. The greater distance is not easily achievable with projectiles but can be achieved with static charges.

· Detonation Point: The detonation point of the explosive within the shaped charge will affect the collapse of the liner and the jet formation if the timing is off. Precise and accurate timing is essential for optimal performance.

· Rate of Spin: The jet that is that is used for optimum penetration is degraded by the centrifugal force from the spin of the projectile.

· Environmental Conditions: Temperature, humidity and atmospheric pressure may have an effect on the performance of the shaped charge. However, they may also be designed to account for these environmental conditions.

[bookmark: _Toc155599140]Modelling-

Shaped charge modelling is simulating the behaviour of shaped charges during detonation using computational and mathematical techniques. These simulations are crucial for forecasting the behaviour of shaped charges in different scenarios and comprehending the intricate processes involved in the formation of the high-velocity jet. The key aspects are listed below:
· Fluid Dynamics: For the modelling of shaped charges, CFD is widely utilised. To mimic the flow of explosive materials during detonation, it entails solving the Navier-Stokes equations and other governing equations of fluid dynamics. The liner's collapse and the jet's formation can be modelled using CFD.
· Material Properties: It is essential to properly represent the properties of the components, especially the explosive and liner materials. This covers characteristics like specific heat, density, elasticity, and thermal conductivity.

· Equation of State (EOS): Shaped charge modelling requires knowledge of the explosive material's equation of state. It analyses the material's reaction to variations in density, pressure, and temperature during detonation.

· Liner Deformation: Predicting the shape and velocity of the resulting jet requires modelling the deformation of the liner material. Selecting the right material and accurately portraying its behaviour in harsh environments are essential.

· Detonation Physics: It is essential to fully understand the physics of detonation. This includes modelling shock waves, explosive response propagation via the shaped charge, and initiation mechanisms.

· Meshing: A mesh is formed by the discretization of the shaped charge's geometry into smaller elements. Accurately capturing the subtleties of the simulation depends on adequate meshing.

· Boundary Conditions: In order to conduct a simulation, it requires accurate specs of boundary conditions, this includes the initiation point and conditions at the outer boundaries.

· Finite Element Analysis (FEA): FEA can be used to model the structural response of the liner and target material to the explosive forces. This helps understand how the shaped charge performs in different scenarios.
· 
· Validation and Verification: It is necessary to confirm and validate shaped charge models using experimental data. This is to make sure the model is accurate and reliable, this entails comparing simulation findings with measurements taken in the real world.
Shaped charge modelling is crucial in making sure designs for specific applications, reviewing the performance of new materials and understanding the physics of explosives events are optimised.
[bookmark: _Toc155599141]Material Models-

The Materials that are used in Shaped Charges are used based on their capability to resist explosive forces and to form a focused jet accurately and effectively. The two main components that make up a Shaped Charge are the explosive material and the liner. The most common materials used in Shaped Charges for each part are shown below:

1. Explosive Materials

· Composition C-4: A plastic explosive which is very common and is made up of RDX, a plasticiser and a binder and is popularly used in lots of military applications. 
· TNT (Trinitrotoluene): A very traditional and common type of explosive with great performance characteristics. Although, it is not as powerful as some of the modern explosives it is still widely used in the industry.
· HMX (Cyclotetramethylenetetranitramine): Is another high performance explosive with good characteristics. It is often used alongside another explosive to enhance their properties.
· PETN (Pentaerythritol tetranitrate): Another high energy explosive which is commonly used in shaped charges as well as other types of munitions.

2. Liner Materials

· Copper: Possibly the most common type of Liner material. The reason for this is that they deform very easily when put under explosive pressure, which allows them to form a high velocity jet. 
· Aluminium: May be used as an alternative to Copper. Aluminium will not perform as good as Copper however, it is lighter and a lot less expensive.
· Metal Composites: In the advanced Shaped Charges, composites of different metals or alloys may be used. Using these type of composites may improve performance of the jet formation as well as the penetration of the jet.

3. Casing Materials

· Steel or Aluminium: The Casing is typically made from either Steel or Aluminium. The reason for this is because the casing is designed to provide structural integrity, protect the internal components and also helps to guide the explosive forces towards the target and both Steel and Aluminium are great at this. 

4. Initiation System

· Detonators and Boosters: These are used to initiate the explosive reaction. Detonators are designed to provide the initial shock and then boosters enhance the shockwave to make sure the main explosive charge has a reliable detonation.
Material Selection depends on many different requirements of what the Shaped Charge is designed to do. The explosive and liner material choices as well as the overall design of the Shaped Charge can be influenced by the intended target, penetration requirements as well as environmental conditions.

[bookmark: _Toc155599142]Model Examples

This Section will highlight two Shaped Charge Models, the first as a 2D axisymmetric model followed by a 3D model. Both Models were created using Abaqus. The steps followed to create the two models will be shown, explaining what that step is used for and why it is important within the modelling.  The materials that have been used for each section of the Shape Charge will be discussed, delving into the material properties and why each material is good for that particular section. Finally, an overview of the results obtained from running the simulations of the two models will be shown and explained. 
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[image: cid:069075e3-394f-4a5b-874d-d239330ae2ff]For both models the following materials were used:

(Figure 3 – Materials used in Modelling)

Case – Aluminium
There are various different reasons that Aluminium was selected as the material of the Shaped Charge case. They can be seen below:
· Lightweight – Aluminium is lightweight compared to another great material for a Shaped Charge Case, Steel. In circumstances where weight is a critical factor Aluminium is a great choice. It would be great in portable or airborne systems. With Aluminium being lightweight it helps significantly when it comes to transportation, handling and also deployment.
· Ease of machining – Aluminium is great for complex shapes or intricate designs of Shaped Charge cases as it can be machined easily because of its machinability.
· Corrosion Resistance – When compared to Steel, Aluminium has very good corrosion resistance. This will help significantly in environments that have high humidity, exposure to saltwater or any other corrosive factors.
· Thermal Conductivity – Having good thermal conductivity like Aluminium has, will help in dissipating heat that has been generated during the explosive reaction. This will therefore contribute to the overall performance and reliability of the Shaped Charge.
· Cost-Efficiency -  In situations where cost is a main priority, Aluminium can be a good choice to reduce these cost compared to other alternative materials. It’s fairly low cost and availability makes it one of the most common choices for Shaped Charge Cases.
· Formability – When designing Shaped Charge cases with specific geometries it is important to choose a material that can easily be formed into different types of shapes to meet the design. The formability is important to optimize the performance of the Shaped Charge.

Liner – Steel
There are various different reasons that Steel was selected as the material of the Shaped Charge liner. They can be seen below:
· Strength and Toughness – As Steel is known for its strength and toughness it is a perfect material for the liner, enabling it to withstand the extreme pressure generated by the explosive detonation. This then enables the liner to deform and collapse in a controlled manner to form an effective penetrator.
· Ductility – As Steel is very good at deforming before rupture or failure, it allows the liner to deform plastically during the collapse phase, leading to the formation of a stable and focused jet.
· Durability – Steel liners can withstand harsh environmental conditions, which is perfect for military use where they may be exposed to high temperatures, moisture and corrosive environments. 
· Availability and Cost-effectiveness – Steel is cost-effective and can be machined in large quantities as it is also widely available. This makes it a perfect material for Shaped Charge liners as cost considerations are essential.
· Consistency in Performance – Having a steel liner in a Shaped Charge provides consistent performance with regards to the jet formation. The behaviour of a Steel liner under explosive forces allows for repeatable results every time which is perfect for when precision is essential like a military application.
· Versatility – Steel can be easily manufactured into different shapes and sizes. Having this ability makes it easier to work on different designs of Shaped Charges suited for different applications against different types of targets.

HE Filling - TNT
There are various different reasons that TNT was selected as the HE filling inside the Shaped Charge. They can be seen below:
· Stability – TNT is a very reliable explosive and is known for its stability. Being stable makes it perfect for storage and transportation, making it ideal for military use.
· Detonation Velocity – TNT is known to have a relatively high detonation velocity. Having a high detonation velocity contributes to the effectiveness of Shaped Charges. This is done by generating a very powerful shock wave that leads to the collapse of the Shaped Charge liner, which in turn creates the focused jet.
· Energy Content – TNT provides a significant amount of explosive power because of its high energy content. This energy is critical in order for the desired penetration of anti-armour applications or to create a powerful blast effect in some cases.  
· Compatibility with Shaped Charge Designs – TNT is very good at transferring energy efficiently which is perfectly suited for Shaped Charges as it transfers energy to the liner material. This high energy transferred by the TNT helps to collapse the liner and form a focused high velocity jet.
· Reliability – TNT has been used for decades and the reason for that is its reliability. As it is so reliable it is very predictable under controlled conditions. 
· Chemical Inertness – TNT’s chemical inertness contributes to its stability. It is perfect for storage, handling and transportation as the risk of spontaneous reactions or degradation over time is extremely low due to its chemical inertness.

[bookmark: _Toc155599144]2D Axisymmetric Model-

[bookmark: _Toc155599145]Sketching 
Once the materials for each part of the Shaped Charge have been selected the parts then need to be sketched. The three parts to the shape charge are shown below in Figures 4-6.
[image: cid:64a4164e-5930-401c-8e73-8bb5393bb124][image: cid:06e6c00a-b2e3-45ed-883b-ded119dd8ee9][image: cid:022dfd68-1907-4e1b-8d67-8e4b94a45d33][image: cid:f326df6e-061b-4b0c-9bf1-bace525149ac]
(Figure 6)

(Figure 4) – Shaped Charge
(Figure 5) -  HE Filling
(Figure 6) -  Liner
(Figure 7) - Case 

(Figure 7)
(Figure 5)
(Figure 4)
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Once the materials for each section of the Shaped Charge had been selected and the sketches were complete, the material properties for each material needed to be entered. It is vital that all of the relevant material properties are inputted into the simulation software in order to obtain the most accurate results possible. Below are all of the material properties used for each section of the 2D axisymmetric model starting with the Shaped Charge Case which is made of Aluminium then moving onto the Shaped Charge Liner which is made from Steel then finally moving onto the Shaped Charge HE filling which is made from TNT. Each material property will be explained in detail on what the different values represent. 
Shaped Charge Case – Aluminium: 
Johnson-Cook Damage = 

[image: cid:e7bfafdc-e86b-40a7-b217-aa9bc8b72c7d]




d1 = Initial Failure Strain	d2 = Exponential Factor
d3 = Triaxiality Factor	d4 = Strain Rate Factor
d5 = Temperature Factor [5]




(Figure 8 – Johnson-Cook Damage Data for Aluminium)
Density = 
 
[image: cid:7f1492cf-3440-493d-8bc8-27090cbe501f]	                      




	The Density of Aluminium is around  [7]



(Figure 9 – Density Data for Aluminium)


Elastic =
[image: cid:c5ee853d-7e6a-47ea-afa2-4d494f33cfc2]


Young’s Modulus of Elasticity is around 68.3GPa or 68,300,000,000Pa [6]



Poisson’s Ratio is around 0.34 [8]



(Figure 10 – Young’s Modulus and Poisson’s Ratio for Aluminium)

Plastic = 
[image: cid:85bb05bc-b8a6-498d-8508-79331b6bbc19]




A = Initial Yield Strength
B = Strain Hardening Stress Coefficient
n = Strain Hardening Power Coefficient
m = Thermal Softening Power Coefficient [9]






(Figure 11 – Johnson-Cook Data for Aluminium)
Rate Dependent =
[image: cid:4faf2b31-39d7-45da-a948-d43dfcca483d]
C = material constant related to the strain rate sensitivity
Epsilon dot zero = reference plastic strain rate and is always 1 [10]






(Figure 12 – Johnson-Cook Hardening Data for Aluminium)


Shaped Charge Liner – Steel:
Johnson-Cook Damage =
[image: cid:0f2edd98-3ad2-4bc5-8381-68e4ac1ce0b6]




d1 = Initial Failure Strain	d2 = Exponential Factor
d3 = Triaxiality Factor	d4 = Strain Rate Factor
d5 = Temperature Factor [5]




(Figure 13 – Johnson-Cook Damage Values for Steel)




Density = 
[image: cid:c3397191-271d-43a1-9799-8623bca6817b]




The Density of Steel is around  [7]




(Figure 14 – Density Data for Steel)
Elastic =
[image: cid:4ca933a8-05ea-4c15-9214-66ab4d64a9fc]


Young’s Modulus of Elasticity is around 200GPa or 200,000,000,000Pa [6]



Poisson’s Ratio is around 0.3 [8]


	
(Figure 15 - Young’s Modulus and Poisson’s Ratio for Steel)





Plastic =
[image: cid:b9250398-1dea-45cc-903e-d9bfd607d8dd]




A = Initial Yield Strength
B = Strain Hardening Stress Coefficient
n = Strain Hardening Power Coefficient
m = Thermal Softening Power Coefficient [9]






(Figure 16 – Johnson-Cook Data for Steel)
Shaped Charge HE Filling – TNT:
Density = 
[image: cid:86e08f87-8235-40a7-82b9-84a8f92dc6cb]




The Density of TNT is around  [7]




(Figure 17 – Density Data for TNT)



Eos = the mathematical representation of the thermodynamic properties of the explosive material under various conditions of pressure, temperature, and volume
[image: cid:d30e6e10-bf7d-4851-b473-025ef98f67e6]



 = material-specific constants [11]




(Figure 18 – Eos Data for TNT)
Detonation Point = 
[image: cid:d66ce36f-9097-41c0-950c-3ace47c40175]These X and Y values are set so that the projectile detonates between them. In this case they were set at 0 and 0.19 x 1.e-3 seconds as shown in (Figure 26)





(Figure 19 – Detonation Point Data for Steel)
Meshing
[bookmark: _Toc155599147]
Meshing is a critical step in finite element analysis (FEA) and is used to discretize the geometry into a finite number of elements. This is the ultimate step that makes all of the material properties that have been entered into the simulation system to work on each of the parts of the Shaped Charge. Without this step the simulation would not run and there would be no results obtained

Simulations

In this section the simulations for the 2D Axisymmetric model will be shown. The simulations of the liner will be shown first from start to finish showing the deformation as the explosive pressure from the TNT increases. The simulations for the whole Shaped Charge will then be shown after that also from start to finish displaying the same reaction.
[image: cid:a4c4de30-96fa-45d5-9589-151030979301]Liner Simulations:

(Figure 20 – Shaped Charge Liner Simulation Start Showing No Deformation)
[image: cid:55cf3fd3-0e43-4c5d-a62c-3abc3a078e48]
[image: cid:a5982fef-6006-4f50-9e9e-20c317baf0fb](Figure 21 – Shaped Charge Liner Simulation Starting to Show Deformation)

(Figure 22 – Shaped Charge Liner Simulation Fully Deformed)

From the four images above it can be seen that as the explosive pressure from the HE TNT filling inside the Shaped Charge increases, the liner starts to deform at a pretty rapid rate. The red areas shown on (Figure 23) are the areas that are under the most pressure from the TNT filling which is a very large section of the Shaped Charge.
[image: cid:0ce5798b-5251-42a5-8aaf-10b311a84dab]Whole Shaped Charge Simulations:

[image: cid:4d2b803b-ebe6-44d9-9041-44247026902c](Figure 23 – Shaped Charge Simulation Start Showing no Deformation) 

(Figure 24 – Shaped Charge Simulation Showing Lots of Deformation)



[image: cid:ccd477d9-7bd1-42ea-b2c7-c37ae9fc4b6b]
(Figure 25 – Shaped Charge Simulation Fully Deformed)
[image: cid:29e5ea4c-e556-4bce-9a68-b904382b9a26]Now that the rest of the Shaped Charge has been added to the simulation it is clear to see that the liner is the part that ultimately takes on the most explosive pressure from the TNT filling. (Figure 24) shows the point where the case takes on a lot of that explosive pressure as near enough all of the Shaped Charge is coloured red indicating the most pressure. However, at the end of the simulation all of the red pressure indicators that were on the case have disappeared and the area with the most pressure still on it is the liner. This shows that the simulation has worked correctly as the liner needs to take on the majority of the pressure in order for the penetrating jet to form and to reach very high speeds of up to several kilometres per hour.

(Figure 26 – Magnitude Graph for Shaped Charge Simulation)
The graph above (Figure 26) shows the results from the detonation of the Shaped Charge showing Peak Velocity against Time. The Detonation Point Data (Figure 19) the X and Y values were set to 0 and 0.19 x 1.e-3 seconds meaning that the detonation would occur between these two values. All of the plotted points on the graph follow the same pattern, from the 12 node points used from the Shaped Charge the average Peak velocity was around 5.6 x 1.e3 in a time of 0.05 x 1.e3 seconds.

[bookmark: _Toc155599148]3D Model-

The 3D model that will be shown was exactly the same as the 2D Axisymmetric model with regards to size and materials used however it just allows it to be viewed from a real life perspective with regards to how it actually deforms from the explosive pressure.
[bookmark: _Toc155599149]Simulations
[image: C:\Users\fmallon\AppData\Local\Microsoft\Windows\INetCache\Content.Word\3D model Visulisation Start.PNG]








(Figure 27 – Shaped Charge Simulation 3D Start Showing no Deformation)
[image: C:\Users\fmallon\AppData\Local\Microsoft\Windows\INetCache\Content.Word\3D model Visulisation Cut through Start.PNG]








(Figure 28 – Shaped Charge Simulation 3D Start Cut-through Showing no Deformation)
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(Figure 29 – Shaped Charge Simulation 3D Showing Lots of Deformation)
[image: C:\Users\fmallon\AppData\Local\Microsoft\Windows\INetCache\Content.Word\3D model Visulisation Cut through Step 10.PNG]








(Figure 30 – Shaped Charge Simulation 3D Cut-through Showing Lots of Deformation)





[image: C:\Users\fmallon\AppData\Local\Microsoft\Windows\INetCache\Content.Word\3D model Visulisation Cut through End.PNG]
[image: C:\Users\fmallon\AppData\Local\Microsoft\Windows\INetCache\Content.Word\3D model Visulisation End.PNG](Figure 31 – Shaped Charge Simulation 3D Cut-through Showing Lots of Deformation)

(Figure 32 – Shaped Charge Simulation 3D Showing Full Deformation)







[image: C:\Users\fmallon\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Visulisation Graph Liner 3500m per s Max, All Plotted points are similar results.PNG]
(Figure 33 – Magnitude Graph for Shaped Charge Simulation)
The graph above (Figure 33) shows the results from the detonation of the Shaped Charge showing Peak Velocity against Time. The Detonation Point Data (Figure 19) the X and Y values were set to 0 and 0.19 x 1.e-3 seconds meaning that the detonation would occur between these two values. All of the plotted points on the graph follow the same pattern, from the 23 node points used from the Shaped Charge the average Peak velocity was around 3.6 x 1.e3 in a time of 0.05 x 1.e3 seconds. 
[bookmark: _Toc155599150]Conclusion

From the two different modelling tests carried out it is clear to see that the materials selected for each part of the Shaped Charge were good choices. This is evident as they all worked as they should, which is mainly down to the material properties that were inputted into the simulation software (Abaqus). This just shows that every material property available for each material is necessary and will affect the result of the simulation if disregarded. Both the 2D Axisymmetric liner model and the 2D Axisymmetric Full Shaped Charge model (Figure 22 and Figure 25) show that the liner takes on the most explosive pressure from the TNT which would be accurate if the tests were undertaken in the real world. 
Although other materials would have been ideal at doing the same jobs as the ones selected it is clear to see that the mixture of the three materials chosen worked well at doing their own individual job. The material properties of each material selected made them an ideal match for the part they were assigned to. 
All in all, from the results obtained, the trends shown on the graphs (Figure 26 and Figure 33) all flow in the same direction meaning that the results obtained are accurate. Both graphs give good velocity against time results that are fairly accurate with this type of Shaped Charge modelling using the materials that were used in this model.
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