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This report investigates the concept of shaped charges.  This includes the discovery, early history and development of this concept.  Following this, a simulation using Finite Element Analysis (FEA) software in the effects design, specifically the geometry of the liner, has on the performance of shaped charges supported by a literature review.  The results of the simulation were then compared to similar studies for validation.  The overall accuracy of the results is low due to several shortcomings of the software and setup of the simulation.  The advantages and limitations of the software were investigated and recommendations given to better the software use and shaped charge design.  A
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[bookmark: _Toc51833421][bookmark: _Toc229990586]Introduction to Shaped Charges
[bookmark: _Toc229990587]Overview
A shaped charge is a device that is typically made up of a case, a form of liner and an explosive fill with an appropriate detonation train [1].  In most cases the liner is shaped as a cone or for explosively formed projectiles the liner is a concaved disk which will be situated as shown in figure 1.
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[bookmark: _Toc229990615]Figure 1 Shaped Charge Configuration [2]
Figure 1 shows how the shaped charge is initiated from the rear side.  When detonated, the wave propagates through the explosive material until it reaches the liner where due to the hollow cavity the detonation wave is focused and amplified.  This effect is called the Munroe Effect [3]   This effect has a variety of uses in both the commercial and military industry.  Line charges are an example of shaped charges in the commercial world as a method of cutting metal [4].  In military applications it is often used as a method of defeating armoured targets such at tanks.  Rocket Propelled Grenades (RPG) are a common weapon that utilises this concept [5].
The liner undergoes and extreme amount of plastic deformation in this process.  Durning the deformation of the liner material two sections can be observed being the high velocity jet and the following slug.  These sections are made up of solid material but due to the extreme conditions applied to the material the sections can be modelled as a liquid [6].
[bookmark: _Toc229990588]Origin of Shaped Charges
The first concept of the focusing the energy of an explosive blast was cited by Franz von Baader in 1792.  This utilised gunpowder as an energetic.  After the invention of the detonator by Alfred Nobel, the first high explosive shaped charge was credited to von Foerster in 1883.  Charles Munroe investigated the concept in 1888 and wrote many papers describing experiments one being explosive engraving [7].  Following Munroe’s experiments, the concept of shaped charges has seen developments over the years particularly during the era around the second world war due to the military applications of the effect. [7]
[bookmark: _Toc229990589]Civil Applications
Civilian industry has found many uses for shaped charges.  These can be within several areas of the industry such as demolition, oil and gas and drilling [8].  In the demolition industry a linear shaped charge may be used for the fast demolition of obstacles in rescues or building destruction [8]  The oil industry is known to use shaped charges to perforate wells and also drilling. [8]
[bookmark: _Toc229990590]Military Application
Shaped charges have been used in military applications for over 80 years [7]  Over this time the concept has developed and innovated in new warheads and weaponry.  Shaped charges are commonly found in several types of weapons such as tank rounds [7], Anti-Tank Guided Missiles (ATGMs) [5], mine and several others.  
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[bookmark: _Toc229990616]Figure 2 Shaped Charge Warhead [9]
In many military applications the shaped charge is used to defeat armoured targets such as tanks or structures like bunkers.  There are several other applications within the military.  One of these applications is the disposal of ordinance.  For Unexploded ordinance (UXO) shaped charges can be a powerful to assist in the disposal of ordinance.  In this method a shaped charge is used to initiate the deflagration of the energetic fill.  The shaped charge in this case will not have sufficient power to cause a detonation [10]  This method is often preferred over the detonation of the articles especially in underwater climates due to the effects it can have on the local environment.

The effect of changing liner geometry on the velocity and performance of Shaped Charges


[bookmark: _Toc229990591]Scope
[bookmark: _Toc229990592]Brief
This study investigates the effect the design and geometry of the shaped charge liner has on the overall performance.  To evaluate this two different geometries were compared with along with research into a validation case to compare overall results.  This simulation was modelled using the ABAQUS software package, a form of Computer Aided Engineering and Finite Element Analysis tool.
The overall design of the shaped charges is identical except for the annulations in the liner design.  The material properties used were collected by the student and input into the software.  Due to issues with material behaviour a pure RDX/WAX 95/5 charge was used.  RDX/WAX 95/5 is a high energy military explosive [11].  The model focus is to analyse the difference in performance between the two designs.  For this purpose, several techniques were used in order to model the shaped charge through the process.  Nodal regions were created in order to analyse the velocity along with the stresses involved in the deformation of the liner.  In order to have accurate results from the nodal measurements a fine mesh is required.  The finer mesh gives better energy transfer and improves the value calculated whilst preventing stress singularities [12] [13].  This fine mesh is not required throughout the whole assembly as this would slow the simulation down further.  A graduated mesh was used where the mesh became finer towards the contact points of the liner material and the energetic material fill.   During the later parts of the simulation advanced techniques are required for the simulation to calculate the model without aborting due to the excessive distortion.  This excessive distortion is where an element is stretched far beyond what ABAQUS will allow causing the model to abort and fail at that point.  These advanced simulation techniques include the graduated meshing mention before along with Smooth Particle Hydrodynamics (SPH).  This allows the software to treat the elements as non-deformable allowing for the simulation to continue past the previous point of failure.
[bookmark: _Toc229990593]2D Design 1 -Annulated Liner
The first shaped charge design consists of a aluminium case, copper liner and RDX/WAX 95/5 charge.  This design utilised a 60O cone angle as shown in figure 3.[image: A computer screen shot of a blue object
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[bookmark: _Toc229990617]Figure 3 Annulated Shaped Charge Design ABAQUS
Figure 3 also shows the annulations in the cone.  According to the results found in a similar simulation these annulations increase the velocity of the shaped charge [14].  The shaped charge design is based off this literature sources with minor alterations to increase the velocity further.







[bookmark: _Toc229990594]2D Design 2 – Standard Liner
Design 2 uses a common shaped charge design shown in figure 4.
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[bookmark: _Toc229990618]Figure 4 Design 2 - no annulations
All other parameters were lest the same to allow for a comprehensive comparison.
[bookmark: _Toc229990595]Johnson-Cook
The Johnson-Cook model is a commonly used model so simulate different kinds of failure modes with unique equations for ceramic, plastic and damage equations.  The most common used in ballistic simulations is the Johnson-Cook damage and plastic.  These allow the material to deform and stretch to the point of breaking where the damage parameters remove the excessively damaged nodes allowing for simulations to test penetration and perforation [4].  

Evaluation of Computer Aided Engineering Processes


[bookmark: _Toc229990596]Literature Review
[bookmark: _Toc229990597]Overview
To gain an understanding of shaped charge modelling using computational methods a literature review was conducted on several examples of shaped charge modelling.  These sources used a variety of methods and materials allowing for the development of this reports shaped charge design.  This review also gave an insight to the results and what to expect.  This allowed for the validation of the results gained later in this report.
[bookmark: _Toc229990598]Initial Design
The design of the warhead was the first part investigated.  This investigation reviewed the design of several shaped charge warheads and the reasons for the design choices.  Several sources inspired design 2 as this is a common shaped charge design allowing for the results to be compared to these sources.  These sources introduced the idea of using a cone shaped liner with a rounded face in contact with the explosive fill
[image: ].
[bookmark: _Toc229990619]Figure 5 Design 2 validation case [5]

Design 1 was based on literature investigateing the effect of the annulations in shaped charge performance.
[image: ]
[bookmark: _Toc229990620]Figure 6 Design 1 Validation Case [14]
These designs influence the performance of the warhead.  Cone angle, liner thickness, cone design and size all have an effect on the performance of the shaped charge [14].  An equal mix of these parameters will yield peak performance of the warhead.

[bookmark: _Toc229990599]Material Properties
Literature sources show a similar selection of materials used in the warhead design.  The liner and case were found to have a similar selection in materials with the main variation in literature design being the explosive used.  In several sources the liner material chosen was a form of copper.  The reason for this is due to the extreme plastic deformation that occurs after the detonation.  The use of copper which is a ductile metal allows for little resistance to the deformation reducing the energy lose [6].  The case material choice has a similar effect where the case will absorb some of energy reducing the overall performance of the munition.  The explosive fill is important as the amount of energy contained within the material will determine the maximum velocity of the jet.  RDX, TNT and RDX/WAX 95/5 based compositions are the most common found in this literature review. [11] [16]
ABAQUS treats all materials as perfect homogenous material.  In real world testing small cavities and voids along with impurities may be present within any of the materials.  While the simulations results may not be perfect they are a good estimate,  It is important that these simulations are understood to be an estimate at best.
[bookmark: _Toc229990600]Validation of Results
In order to validate the results given by the simulation literature sources were gathered allowing for the comparison of the results [17].  These papers either used computational methods similar to the ones detailed in this report to identify the velocities of the shaped charges or used theoretical equations such as the Gurney Equations to predict the velocity of the shaped charge. [17]  The results given by equations such as the Gurney equations are low in accuracy as these are only an estimate to give an approximate value.

Evaluation of Computer Aided Engineering Processes


[bookmark: _Toc229990601]ABAQUS Simulation
[bookmark: _Toc229990602]Model Preparation
Prior to running the simulation the model had to be set up in ABAQUS.  This began with the drawing and creation of the parts in the part module.  Once the parts had been created the material properties could be assigned.
The material properties for copper were taken from literature sources.  One of these values is the shock equation of state as this allows ABAQUS to treat the material as a fluid when it is not.  
[image: ]
[bookmark: _Toc229990621]Figure 7 Copper Parameters [18]
Figure 8 shows the additional parameters such as the density of the liner material and other factors.
[image: ]
[bookmark: _Toc229990622]Figure 8 Copper Parameters Continued [19]
These parameters were put into the ABAQUS model along with the alteration of one of the parameters to be rate dependant.  As mentioned previously, the materials are treated as perfectly homogeneous meaning there is an error in the results.  
The explosive material required similar parameters along with the detonation point of the explosive.  These were collected using the software and literature sources.
[image: ]
[bookmark: _Toc229990623]Figure 9 Explosive parameters [20]
These parameters specifically the JWL parameters allow the software to treat the explosive material as an explosive and gives the option for a detonation point to be assigned.
[bookmark: _Toc229990603]
After the application of the material properties the boundary conditions can be applied to the simulation along with the type of contact to be tested.  After this the meshing of the parts could begin.  The meshing of the parts was split into two parts, the global mesh and the mesh section.  The global mesh was set up to where each of the nodes between the parts lined up preventing errors being created due to improper energy transfer.  
Once each part had a global mesh both the liner and the energetic fill had mesh sections applied giving them a mesh in a gradient becoming finer towards the area with the most information being calculated.  This allows for the detail required in the simulation without losing hours on a fine global mesh size.
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[bookmark: _Toc229990624]Figure 10 Meshing of design 1
Adaptive meshing is a technique that is used in increase the density of the mesh at the centre of the activity of the simulation.  This can be applied at any point of the simulation using the step function meaning that the analysis can be focused to a specific point.  This allows the program to increase the calculations at a specific point/set of points to give a better understanding of the events of the simulation.  This would typically be around the liner to HE connection withing the assembly.   
Smooth particle hydrodynamics is another advanced technique used to further the simulation time.  This technique is used for 3D simulations where the nodes can be converted to particles that cannot be deformed.  
[image: ]
[bookmark: _Toc229990625]Figure 11 SPH Application
As this can be done within any point of the simulation it can be set to the final stages prior to failure forcing the simulation to transform the nodes into the non-deformable particles keeping the simulation going further. [21]



[bookmark: _Toc229990604]Limitations
There are several limitations with ABAQUS and the software’s ability to simulate shaped charge formation.  Due to the extreme nature of the simulation the programme struggles due to the type of nodes used.  Switching to the linear node setting help reduce the complexity of the programme but in doing so may increate the inaccuracy of the results.  The material proprietary of the explosive are inconsistent with the performances between compositions.  Many formulations fail to run without the fill being a pure explosive.  Compositions containing wax in high percentages were found to struggle and cause issues 
2D axisymmetric modelling is often used for shaped charge simulations because it is much faster and requires less computational power than a full 3D model.  To do this there are several assumptions that are made with one being the shaped charge geometry is symmetrical around a central axis. The 2D reduces the number of elements and run times, 2D models are ideal for quick design and evaluation during the development phase of the warhead design. However, the main limitation is that the model cannot accurately represent all of the effects such as jet instability, uneven liner collapse, or irregular geometries.
3D models allows the full geometry of the shaped charge to be simulated without assuming symmetry. This makes it more suitable for analysing more complex cases simulations.  Although 3D simulations can provide more realistic results, they also require a much finer mesh and significantly more computational time, especially when using explicit dynamic analysis. For this reason, many studies begin with a 2D axisymmetric model for validation before moving to a more detailed 3D simulation.



[bookmark: _Toc229990605]Final Assembly 
[bookmark: _Toc229990606]Design 1 2D
Several additional parameters were added to the design in order to remove errors encountered.  An example of this was a weld between the case and the fill.  The issue that has occurred during the first simulations where the fill material would superimpose with the liner before passing through at extreme velocities skewing results.  Once the weld was in place the issue subsides with results being normal.
[bookmark: _Toc229990607]Design 2 2D
A similar issue had occurred with design 2 but once again putting the weld in place fixed the problem.  However, another issue occurred where the case material saw excessive distortion prior to the jet formation taking place.  After trial and error, the removal of Johnson-Cook damage, the parameters that remove nodes on excessive damage, and replacing it with the plastic model This allows the simulation to progress past the early phase and into the jet formation.
[bookmark: _Toc229990608]Design 1 3D
The 3D setup was similar to the 2D with the removal of the condition binding the assembly to the axis and the introduction of viscosity into the simulation.  This helped to slow the simulation to allow for the energy transfer at a slower rate reducing the demand on the hardware allowing the 3d simulation for progress into the jet formation.  From there SPH was added within the last 5 frames of the previous run.  This would activate late during the simulation allowing it to progress and the jet to be observed.





[bookmark: _Toc229990609]Results
[bookmark: _Toc229990610] Design 1 2D Shaped Charge
After the main issues were identified and remedied the results for the simulation could now be collected.  The primary focus of this evaluation was the effect of the annulations in the performance of shaped charges particularly in the velocity of the jet.  For this reason, the peak values of the liner velocity were collected and then compared to the validation case to evaluate the potential differences and issues.
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[bookmark: _Toc229990626]Figure 12 Design 1 Maximum Velocity

Figure 12 shows a maximum velocity of 7.236e3 ms-1 however this value is likely an anomaly.  There is likely one or more nodes with a higher velocity than what it should be due to variations in the calculations.  The more likely velocity would be the 6e3 ms-1 as there is a visible yellow and orange area visible in the jet formation.  Around the outer area of the warhead and the area against the axis there are visible high explosive material spilling from the boundary conditions.  This occurs when the simulation reaches a stage that the programme struggles to compute along with an issue with the material properties.  The area around the jet has a high mesh quality meaning that its able to handle that larger data at the cost of run time.
[bookmark: _Toc229990611]Design 2 2D results
The 3D version of the annulated liner showed similar results to the 2d version with the velocity being approximately 11e3 ms-1.  This was higher than expected as during the literature review and the test case the velocity of the annulated liner was higher.  This is likely due to the frictionless interaction that is taking place.  To reduce the load on the hardware the simulation uses a frictionless interaction which is likely causing the annulated liner to slow down as the energy is not being transferred correctly.
[bookmark: _Toc229990612]Design 1 3D results
The annulated liner in design 1 had a velocity of 9.8e3 ms-1.  When this result is compared with the validation case, while withing a reasonable range of the articles value, it was expected that this liner would have a higher velocity than the non-annulated liner.
[image: ]
[bookmark: _Toc229990627]Figure 13 Validation Case results [14]
The test case’s values are not as high as the simulated results gained in this evaluation due to the size and composition differences between the two tests.  However the test case shows in figure 13 how the increase of annular groove depth and spacing increases the velocity.  The annulations in design 1 were 0.5mm apart and 2mm depth.  This would be on the higher end of this scale meaning the expect result would be a higher velocity than the un-annulated liner. This may be due to the results being a bell curve and figure 12 does not contain enough information to show the other side meaning the result gain could be an anomaly.  It is also likely that due to all the assumptions made for the simplification of the simulation, the results have been altered causing the discrepancy.
The results can be seen in figure 13
[image: ]
[bookmark: _Toc229990628]Figure 14 Peak velocity of Annulated 3D liner
This maximum value shown on the colour gradient is again likely an error.  In similar to the 2D variant the simulation could potentially overload a node causing the increase in velocity.  An example of where this overload reaches a maximum is the end of this simulation where the velocity peaks to 4.8e12 ms-1.  This is an obvious error, but it shows how the mesh can create a stress singularity [12] Figure 15 shows the velocity of the nodes in the jet created.  
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[bookmark: _Toc229990629]Figure 15 Velocity Time Graph of Jet Nodes
This clearly shows the lower value than the maximum which proves the peak velocity is an error.

[image: ]
[bookmark: _Toc229990630]Figure 16 Results of a Stress Singularity
Figure 15 is the example of when the simulation fails due to this.  This is the maximum timestep the simulation could reach without applying SPH.
Once SPH had been applied to the simulation it would follow the normal test until it reached this point where it was set to activate.  From here the simulations followed through showing the jet formation of the 3D simulation. 
[image: ]
[bookmark: _Toc229990631]Figure 17 Transition to SPH

Figure 17 shows the final stage of the simulation where the nodal structure and mesh have been converted into particles instead to represent sets of nodes.  As these can no longer deform, this allows the simulation to carry through creating the jet seeing in figure 17.  The velocity shown in figure 17 display similar values to the test case which again is a concern.  Due to the larger charge size it was expected that the simulated results would have a much higher velocity to the validation case. 
 
[bookmark: _Toc229990613]Conclusion
The results show the opposite to the validation case.  This unexpected result maybe the results of several compounding errors due to assumptions made during the setup of the simulation such as the frictionless interactions or the addition of viscosity to the simulation.  While these were necessary additions, they have potential to alter the results away from the true value.  Given that the test case showed how the addition of annulations to the liner causes a steady increase in the velocity the results gathered being an error is the most likely result.
There are several improvements that can be made to the simulation from the original design and material property improvements to the interactions between the parts.  The addition of more material properties to increase the similarity to the true material.  Changes to the simulations to remove the need for the viscosity.  These could be altering the explosive charge to reduce the detonation wave velocity.  
Overall the annulated liner may cause increased velocity to a point, but a further investigation is required testing a variety of annulation spacing and depths.  In this study an effort should be made to remove several of the assumptions and use real world parameters where possible.
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*p— s the density of material, £ — is Young's modulus, v — is Poisson’s ratio, 4 — is yield strength, B — is strengthening
constant, C — is strain rate constant, 1 — is strengthening exponent, 7 — is thermal softening factor.
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