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[bookmark: _Hlk119586202]EXPLORING THE AFFCET OF DIFEREING ENERGETICS ON AN LK SHAPED CHARGE WITH COMPUTATONAL MODELING
 
References. See footnotes and references section 20. 

[bookmark: _Toc187562615]Abstract 

The intent of this report is to demonstrate that the student has fully explored the computational modelling of a shaped charge and developed and understanding of the Abaqus Toolset. This report explores how, Material models, Meshing and other modelling techniques affect the tip velocity of a shaped charge in both 2D and 3D Models. 
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[bookmark: _Toc187562617]Introduction and Background

This report will explore the impact of differing energetics on an LK Shaped Charge. It will begin by simulating the charge in 2D before progressing to 3D simulation with a selected sample. The intent of this will be to understand if it is possible to simulate the detonation and jet formation of the charge and compare the perceived difficulty in 2D vs 3D. 

The LK Shaped Charge is a simple shaped charge with a plastic or metal case that contains a copper liner and a small amount of High explosive. This type of charge is mainly used and manufactured in Poland where it is used as a destructive device in Explosive Ordnance Disposal Operations and as a cutting or breaching tool. 


[image: A diagram of a red bottle
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Figure 1 - LK Shaped Charge Parts [1] 


This type of charge has been specifically chosen due to its simplicity and available design information. 


There are two main approaches that could be used for this type of simulation, Lagrangian and Eulerian. 

“The Lagrangian approach focuses on individual particles and tracks their trajectories, velocities, and accelerations. It provides a microscopic view of fluid motion, enabling the analysis of phenomena involving particle interactions and transports. On the other hand, the Eulerian approach considers fixed points in space and tracks changes in fluid properties at those points. It provides a macroscopic view of fluid behaviour and is suitable for analysing overall flow patterns and properties.” [2]

The approach methodology that has been chosen for this evaluation is a Lagrangian approach. This was chosen because of the finer detail and particle interaction possibilities that come with this approach. Whilst a Eulerian approach would have been possible the difficulty in graphical representation and comparison of results would have presented significant issues. 

[bookmark: _Toc187562618]Assumptions and Decisions List

	Ref
	Title
	Description

	1
	Geometry Software Selection
	ABAQUS inbuilt geometry software has been chosen as the geometry creation method for this report due to the ease of use and integration into the wider abacus system. 
This was chosen over SolidWorks due to software availability on respective systems. Had Solidworks been easily available on the same system this would have been the obvious chouse for geometry creation and editing. 

	2
	Case Geometry
	No references could be found to the thickness of the case, this was assumed to be 2mm. 

	3
	Liner Geometry
	No references could be found to the thickness of the Liner, this was assumed to be 2mm.

	4
	General Geometry
	Certain points of the charge and case geometry where assumed to be vertical, horizontal and parallel to each other despite not being specifically dictated. 

	5
	Model Setup
	Air has been excluded from this model to simplify the simulation as although minimal the presence of air will have an effect on the formation of the shaped charge jet. 

	6
	FEA Software 
	Abaqus was selected as the programme for this simulation due to its availability and stability for this level of complex simulation. 
Whilst Ansys was available the Lagrangian solver used is not as advanced and therefore suitable as that available in ABAQUS. 

	7
	2D Simulation
	An assumption has been made that the charge is symmetrical and could be rotates symmetrically around the direction of detonation. 

	8
	Simulations
	Reduced simulation time was favoured above slight increases in results as the ability to work in an Agile manner allowed for a compressed simulation timeframe when access to the resources was limited. 

	9
	3D Energetic
	It was decides to use the TNT energetic to move forward to 3D as although the TNT is less than an ideal material for this shaped charge it is the most likely material to be well understood and have the correct material model.


[bookmark: _Ref186883828]Table 1 - Assumptions List



[bookmark: _Toc187562619]Model Geometry

Throughout this investigation the same geometry will be used. This will best standardise the results and enable more effective cross comparison of results. 

The 2D geometry detailed below shows the geometry used in ABAQUS, Left and the Solidworks drawing with detailed dimensions for clarity, right. 

In the right hand drawing the individual parts are, Case (Red), HE Fill (Beige) and Liner (Orange). 
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Figure 2 - Model Geometry, ABAQUS and Solidworks.

Several assumptions have been made at this stage these are detailed in Table 1 - Assumptions List.  
The geometry for 2D and 3D simulations have been kept the same with the 3D simulations simply revolving the 2D drawings by 180º. 


[bookmark: _Toc187562620]Materials

Below are the material properties that have been used in these models, the liner and case materials are standard throughout and only the fill materials have been changed to understand how different energetics impact the jet formation of the LK Shaped Charge. 

	Material
	Steel 
	Copper

	Component
	Case
	Liner

	Density ()
	7896
	8930 

	Shear Modulus
	-
	47000000000

	Johnson Cook

	A (Pa)
	350000000
	120000000

	B (Pa)
	275000000
	292000000

	N
	0.36
	0.31

	M
	1
	1.09

	Melting Temp ()
	1811
	1356

	Transition Temp ()
	293
	293

	C
	0.022
	0.025

	 ()
	1
	1

	Equation of State

	 
	4596
	3940

	S
	1.49
	1.489

	Gruneisen Coefficient
	2.17
	2.02


Table 2 - Static Materials [3]

Table 3 below shows the four energetics that will be considered. These provide a broad range of energetic performances that are readily available and could be used for these type of charges. 

	Material
	TNT
	PETN
	RDX-C4
	HMX

	Component
	HE Fill
	HE Fill
	HE Fill
	HE Fill

	Density ()
	1630
	1500
	1600
	1890

	Equation of State JWL

	Detonation Wave Speed
	6930
	7450
	8193
	9110

	A (Pa)
	374000000
	625000000
	610000000
	778000000

	B (Pa)
	3750000
	23300000
	13000000
	70700000

	R1
	4.15
	5.25
	4.50
	4.20

	R2
	0.90
	1.60
	1.40
	1.00

	
	0.35
	0.28
	0.25
	0.30

	Detonation Energy Density 
	6000000
	8560000
	9000000
	1050000

	Pre-detonation Bulk Modulus / Pressure (kPa)
	21000000
	220000000
	28000000
	42000000


[bookmark: _Ref186881075]Table 3 - Energetic Materials [4]
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First the models will be simulated using a 2D approach. This should provide a faster and more effective way to simulate the jet formation of the charge as limiting the dimensions and creating planes of symmetry allow for more detail to be gathered. 

[bookmark: _Toc187562622]2D Initial Model 

The model was created in ABACUS and initially setup with a basic 1mm even mesh, A plane of symmetry along the YZ axis and standard general interaction properties. Lastly a maximum simulation time of 0.0001s was used. 

The initial results which can be seen fully in Annex B – Initial Results are summarised below.

[image: A group of blue and orange arrows
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[bookmark: _Ref186988238]Figure 3 - Initial Results Summary[footnoteRef:2] [2:  This representation shows no deformation of the HE only. In addition it has been mirrored to provide a cross sectional view of the shaped charge as the detonation progresses for clearer representation] 


In this initial simulation the aim was to get the model to run and for the detonation to successfully propagate through the energetic material. As can be seen in Figure 3 the detonation starts and then progresses through the energetic. 

The initial jet formation can be seen below, the deformed shape is plotted on top of the undeformed shape and the HE is not shown. 

[image: A screenshot of a computer
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Figure 4 - Initial Jet

The initial performance of this model indicated a successful result but the model failed to reach further than this stage due to excessively distorted elements. 

[bookmark: _Toc187562623]2D Material Validation

This section will perform some basic material validation studies for the energetic materials. It was chosen not to perform validation studies on the Static materials due to time constraints and confidence in the source of the material data. 

Using the initial setup and even mesh size the model was run with each differing energetic material. At around 1.4e-5 a screen shot was taken on the detonation wave showing the detonation front. This image could then be used in an online tool [5] to measure the distances and then calculate the velocity of detonation. 

[bookmark: _Toc187562624]TNT
[image: A graph showing a number of numbers and a graph
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Figure 5 - TNT Detonation Velocity

[bookmark: _Toc187562625]PETN
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Figure 6 - PETN Detonation Velocity



[bookmark: _Toc187562626]RDX-C4
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Figure 7 - RDX-C4 Detonation Velocity
[bookmark: _Toc187562627]HMX
[image: A graph showing a number of numbers and a line

Description automatically generated with medium confidence]
Figure 8 - HMX Detonation Velocity

[bookmark: _Toc187562628]Detonation Velocities
From these measurements with the below table can be created of the detonation velocities. 


	Material
	Theoretical Detonation Velocity (m/s)
	Simulated Detonation Velocity (m/s)
	Percentage Deviation

	HMX
	9110
	9195.78
	0.93%

	PETN
	7450
	7553.7
	1.37%

	RDX
	8193
	8317.24
	1.49%

	TNT
	6930
	7017.65
	1.25%


Table 4 - Detonation Velocities

The results above provide strong confidence in the efficacy of the energetic material models as with only a small deviation from the theoretical and ideal velocity. 



[bookmark: _Toc187562629]2D Mesh Study

Whilst performing the initial simulations and material validation trials it was noted that there where a significant number of nodes that where being ineffectively utilised. They were consuming processing power and time but not substantively contributing to the outcome of the model. 

To best use the available computing power whilst minimising simulation time a mesh study was performed. In this mesh study a variety of options  where considered and a conclusion reached that will allowed the balance of both granularity of fine detail where necessary and less detail where possible.

To evaluate the performance of each mesh, the tip velocity of the jet will be considered in comparison to simulation time. In this model only the mesh will be changed, and the energetic material will remain the same, TNT. 

The below meshes will be compared in a final table 

[bookmark: _Toc187562630]Course Mesh
After the materials validation trials a courser mesh was explored to reduce the simulation time. The result below is a 4x greater mesh size than the original, this mesh was less ideal as a single mesh element spanned the with of both the case and the liner. Whilst this is less of an issue for the case the elements in the liner do not have sufficient detail leading to a greatly reduced tip velocity as shown in Figure 10. 
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Figure 9 - Course Mesh

[image: A graph showing different colored lines

Description automatically generated]
[bookmark: _Ref187245994]Figure 10 - Course Mesh Tip Velocity

The initial results of this mesh show that although the job completed very quickly (9s) the tip velocity achieved can be considered considerably below what would be expected. 


[bookmark: _Toc187562631]Medium Mesh
This mesh was used in the materials validation studies as it provided a good starting point for the simulations, it had sufficient detail to accurately represent the geometry and allowed for sufficient detail on the liner for a full development of the jet. 

[image: A blue fabric with yellow dots
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Figure 11 - Medium Mesh
[image: A graph of a graph showing different colored lines
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Figure 12 - Medium Mesh Tip Velocity

The results from this model provided a slight increase on tip velocity and simulation time as well as job time. 



[bookmark: _Toc187562632]Fine Mesh
To understand if smaller elements would equate to a greater tip velocity this finer mesh was created with a 0.5mm seed, half the size of the original mesh. 

[image: A blue triangle with yellow dots
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Figure 13 - Fine Mesh
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Figure 14 - Fine Mesh Tip Velocity

From the results above the tip velocity of 3400m/s can be taken. This is a slight increase on the previous highest velocity of 2500 m/s and demonstrates that the finer mesh is beneficial. Despite the increase in tip velocity the overall simulation time reduces, and the job time was significantly extended. 



[bookmark: _Toc187562633]Super Fine Mesh
As an increase in tip velocity was observed with the Fine mesh a smaller mesh was created to find the limit of this increase. 

[image: A blue triangle with yellow dots
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Figure 15 - Super Fine Mesh
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Figure 16 – S97uper Fine Met Tip Velocity

From the results above the tip velocity of 4800m/s can be taken. This is another significant increase on the previous highest velocity of 3400 m/s and demonstrates that the even finer mesh is beneficial. Despite the increase in tip velocity the overall simulation time reduces further, and the job time was significantly extended. 



[bookmark: _Toc187562634]Mixed Mesh V1
This mesh was the first trial to balance the mesh to best utilise differing mesh sizes.  
The intent was to have a fine mesh in the liner and HE fill close to the liner and then a larger mesh everywhere else.  This focusses the computing power on the liner which is the key component. 
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Figure 17 - Mixed Mesh V1
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Figure 18 - Mixed Mesh V1 Tip Velocity

The results of the initial mixed mesh where successful showing a slight decrease in tip velocity but both a significant decrease in Job time and increase in simulation time. 



[bookmark: _Toc187562635]Mixed Mesh V2
The next stage was to further reduce the mesh size in the case and outer shell of the HE whilst keeping the fine detail of the liner and close to the HE. 
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Figure 19 - Mixed Mesh V2

[image: A graph of a graph showing different colored lines
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Figure 20 - Mesh V2 Tip Velocity

The results achieved from this model increased the simulation time, reduced the Job time and maintained the tip velocity. This was the final mesh that was used for the remainder of the simulations as it was determined to balance job time, and simulation results. 
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	Mesh Name
	Mesh Size (m)
	Simulation Time (s)
	Job Time (s)
	Tip Velocity (m/s) at Time 3e-5

	Course 
	0.004 General
	1.6636E-4
	9
	Sim time not reached 
Max velocity 2000

	Medium
	0.001 General
	9.3077E-5
	61
	2500

	Fine
	0.0005 General
	5.4000E-5
	269
	3400

	Super Fine Mesh
	0.0002 General
	3.0000E-5
	1500
	4800

	Mixed Mesh V1
	0.001 Max
0.001 General 0.0002 Min
	4.4033E-5
	690
	4500

	Mixed Mesh V2
	0.004 Max 
0.001 General
0.0002 Min
	8.2000E-5
	206
	4500


Table 5 – 2D Mesh Comparison

The above table shows the numerical data obtained from the mesh study simulations. It clearly demonstrates how a balanced mesh can perform equally to a fine mesh whilst significantly reducing simulation time. 



[bookmark: _Toc187562637]2D Liner Collapse Theory

The Birkhoff  Liner collapse theory broadly states that the elements that make up the tip of the jet come from the inside surface of the liner. [6]

[image: ]
Figure 21 - Liner Collapse[footnoteRef:3] [3:  Note these inages have been mirrored along the X axis to create the illusion of a cross sectional cut along the charge. ] 


By selecting the nodes that form the tip of the jet it is possible to track them backwards to the surface of the liner. This allows for the graphical representation of the Birkhoff theory and confirms what would be expected of the charge. In addition the final step shows the rearward projection of material that is indicative of this theory. 



[bookmark: _Toc187562638]2D Results

The full 2D results for each energetic can be found in Annex D

[bookmark: _Toc187562639]TNT
The final 2D results for the TNT can be seen below, they show the final jet achieved by the shaped charge along with the jet progression in relation to tip velocity. 

Looking at the tip velocity of the formed jet it broadly follows the same graph shape as that laid out in literature [1] but considerably slower. This is likely due to the charge not being designed for TNT and thus the slower detonation speed and energy density of TNT would equate to a reduced jet velocity. 

[image: A screenshot of a computer
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Figure 22 - 2D TNT Final Jet

The shape of the achieved jet is comparable to what would be expected as the jet is clearly formed with a following slug and tail that is indicative of shaped charges. Interestingly the outer edges of the liner seem to fold inwards to join the jet, this is likely a simulation error due to the liner not being sufficiently connected to the case across multiple elements. Additionally the use of a significantly larger case mesh compared to the liner mesh could cause issues when modelling case – liner interactions as the gross disparity between the two causes the calculations to break down and become unreliable. This is the trade off that has been made to save simulation time in the compressed timeframe of the work being carried out. 
[image: A diagram of a graph
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Figure 23 - 2D TNT Tip Velocity with Progression
[bookmark: _Toc187562640]PETN
The results from the PETN trial where graphically positive as the jet formed correctly and seemed to progress well with a significant simulation time of 0.02s compared to the 0.00008s that the TNT achieved. Despite this the jet velocity was significantly lower than that would have been expected. As with TNT this could be due to numerous reasons. 
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Figure 24 - PETN Final Jet
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Figure 25 - PETN Tip Velocity



[bookmark: _Toc187562641]RDX-C4
The RDX results shown below are significantly similar to the PETN results. Despite the increased power of the RDX over TNT the final jet velocity is less. This is unexpected and indicates a faulty in the model or calculations.  
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Figure 26 - RDX-C4 Final Jet
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Figure 27 - RDX-C4 Tip Velocity




[bookmark: _Toc187562642]HMX
Lastly the results for HMX showed a more positive outcome for the jet. The final HMX jet had a similar shape to the previous energetic examples but resulted in a greatly higher tip velocity. Much closer to that found in literature. [1] 

Despite this the final jet velocity is still lower than the 7000m/s to 8000m/s that would be expected.  
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Figure 28 - HMX Final Jet
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Figure 29 - HMX Tip Velocity

The shape of the achieved jet is again comparable to what would be expected as the jet is clearly formed with a following slug and tail that is indicative of shaped charges. Like the TNT the outer edges of the liner seem to fold inwards to join the jet, this is likely a simulation error due to the liner not being sufficiently connected to the case across multiple elements. Additionally the use of a significantly larger case mesh compared to the liner mesh could cause issues when modelling case – liner interactions as the gross disparity between the two causes the calculations to break down and become unreliable. This is the trade off that has been made to save simulation time in the compressed timeframe of the work being carried out. This results is the most successful of the 2D results. 



[bookmark: _Toc187562643]2D Conclusions

From the results of the 2D simulations the below table can be created that numerically evaluates each of the simulations. 

	Model Name
	Simulation Time (s)
	Max Tip Velocity (m/s)
	Tip Velocity (m/s) at Time 6e-5s
	TNT Equivalence [7]

	2D TNT
	0.00008
	5200
	4000
	1

	2D PETN
	0.00020
	3600
	2600
	1.5

	2D RDX-C4
	0.00015
	3600
	2600
	1.52

	2D HMX
	0.00006
	7400
	6500
	1.5


Table 6 - 2D Results Summary

This table clearly shows how the performance of the PETN and RDX is significantly below that of the TNT despite this energetics having a higher TNT equivalence than TNT. As the material models were validated within a few percent of the expected result the simulation issue is likely to be else where. 

The next stage of this report will be to take the TNT model forward to 3D to understand if another dimension of simulation will better evaluate the jet. This will then be compared to the 2D simulation. 

[bookmark: _Toc187562644]3D Introduction

Following on from the 2D simulations the next stage was to take the most successful simulations into 3D, in this case the TNT simulation will be considered. Although the HMX Simulation is well understood this would have been considered if time allowed. 

[bookmark: _Toc187562645]3D Initial Model Setup

For the initial trials of the 3D model TNT was used. Much trial and error was required to get the model to run as there seemed to be numerous issues with the setup that were eventually solved. These where mostly user errors. 

The geometry used in these 3D studies is the same as that in the 2D simulations except they are revolved 180 degrees to create the 3D shape. These can be seen in Annex E 



[bookmark: _Toc187562646]3D Mesh Study
As with the 2D a mesh study was created to make best use of the simulation time available. 
The Tip velocity graphs for these meshes can be found in Annex G

[bookmark: _Toc187562647]Initial Mesh
The initial mesh used was a 0.0015m even mesh seen below. Tet mesh was used as it best mapped itself to the curvature of the design with minimal artefacts. 
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Figure 30 - 3D Initial Mesh

This mesh had a node count of 69563 which was significantly below the max number of nodes for the ABAQUS student edition of 250000.

[bookmark: _Toc187562648]Mixed Mesh
As the number of nodes from the course mesh was significantly below that of the maximum acceptable limit it was chosen to increase the resolution around the liner as this was demonstrated to be successful in the 2D simulations. 
The below mesh was created with minor artefacts and a much greater resolution in and around the liner. 
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Figure 31 - 3D Mixed Mesh



[bookmark: _Toc187562649]Shortened Case Mesh
To reduce the node count whilst maintaining sufficient resolution in the element size the case of the charge was shortened to eliminate the nodes that are beyond the end of the liner. These nodes form no part of the jet and do not contribute to the confinement so are assumed to have no effect on the result of the jet. 

[image: A blue and yellow dotted object

Description automatically generated with medium confidence]
Figure 32 - 3D Shortened Case Mixed Mesh

[bookmark: _Toc187562650]Meshes Compared
From the full results and graphs in Annex G the below table can be created

	Mesh Name
	Mesh Size (m)
	Node Count
	Simulation Time (s)
	Job Time (s)
	Max Tip Velocity

	Course 
	0.0015 General
	69563
	76257e-5
	4118
	3250

	Mixed Mesh
	0.0018 General
0.00075 Min
	169102
	5.9538E-05
	18189
	3800

	Shortened Case Mixed Mesh
	0.0018 General
0.00075 Min
	165632
	5.1766E-05
	6745
	4000


Table 7 - 3D Mesh Comparison

This data demonstrated that as with the 2D simulations the model benefits for more specific application of the nodes and elements. Allowing more computing time to be spent on the liner and HE close by rather than the case. 



[bookmark: _Toc187562651]3D Results

Using the shortened case and mixed mesh, the below jet results were achieved. The full results can be found in Annex F. the images below represent velocity of the jet. 

[image: A collage of images of different colors of arrows

Description automatically generated]
Figure 33 - 3D TNT Jet Progression

As can be seen from the progression the jet begins to form as the liner collapses per the liner collapse theory explored in 2D. Unfortunately as the jet tip emerges the elements within distort excessively and cause the simulation to crash, these are highlighted by the grey in the final image. Plotting the tip velocity of the jet it can be seen that the achieved velocity is significantly below that what would have been expected. In addition comparing the 3D TNT tip velocity to that of the 2D the 3D is slightly lower. This further indicates that the material models that have been used are either implemented incorrectly or are faulty in themselves. It is expected that the material models for the Steel and Copper used for the case and liner respectively are ;ess than ideal and consequently lead to a loss of energy and tip velocity. 
[image: ]
Figure 34 - 3D TNT Tip Velocity

The next stage of these simulations was to consider different ways that this model could be improved. 



[bookmark: _Toc187562652]3D Improvement Trials

[bookmark: _Toc187562653]3D Altered Geometry Trial: Flatten Tip
Upon conversing with colleagues, it was hypothesised that as the simulated shock wave was impacting the tip of the liner it was causing a small number of nodes to distort massively due to their acceleration. As the liner comes to a finme point a single node is placed at the tip during meshing. This is less ideal as the shockwave is an arc meaning only a few nodes of shoch wave impact the tip. This could be the reason why the model was crashing. To try and resolve this a blunt tip liner was created, this actually closely mimics the real world as an sharp point of copper sticking in to HE is less than ideal from a safety standpoint. 
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Figure 35 - Liner Tip Geometry

Despite the theory of this geometry change the results of the simulations showed that the simulation time post geometry change was slightly less than the original, again crashing at the Shockwave interface between the HE and Liner. This Change was therefore Abandoned. 

[bookmark: _Toc187562654]3D Adaptive Meshing
A method that could be used to improve the simulation is adaptive meshing. Adaptive meshing is a procedure where a model is paused after a selected time frame and re-meshed in its distorted shape. This in theory allows the reallocation of new nodes and elements whilst maintaining the deformed geometry. In this example remeshing the HE and liner around the point that the shock wave impacts the liner would be the ideal point. Remeshing at this stage could in theory lead to a smoother transition of energy from the HE to the liner and create a good jet. Unfortunately, despite much effort adaptive meshing could not be achieved with these models. The model simply crashed at the start of the adaptive meshing. The reason for this is unknown. 



[bookmark: _Toc187562655]3D Wave Smoothing
During different trials to improve the 3D model the detonation wave progression through the HE was considered to be turbulent and could therefore cause issues when the wave impacted the liner. By including a level of smoothing this shockwave can be made to be less turbulent. This would in theory support the development of a better less fragmented jet. This can be seen in the images below. 
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Figure 36 - 3D Wave Smoothing
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Figure 37 - Jet With and Without Smoothing

The theory was supported by an obvious increase in smoothness on the velocity of the jet this method but this did not seem to have a positive outcome on the jet. It reduced the velocity of the jet. This smoothing was considered positive and therefore included in the final 3D results. 



[bookmark: _Toc187562656]Unexplored Methods
Smoothed Particle Hydrodynamics (SPH) is a method of Lagrangian modelling that creates a set of discrete particles within a mass. Each particle can then interact with other particles, wall boundaries and body forces. This method of often used to model fluids such as water but can be applied to shaped charges as although the materials within are solid at the start they almost instantaneously become a fluid. 

Examples of SPH with shaped charges can be seen below in Figure 38. As it shows the SPH model creates a basic jet example that provides good indication of the jet velocities and mass but not to the overall shape. This can be seen by comparing the  The SPH shape below shows jet breakup sooner and in places where it would be unexpected at this stage. This is due to the standard size of the particles that cannot be changed and therefore will ‘clump’ together where in reality they would stretch.  
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[bookmark: _Ref186902283]Figure 38 - SPH Example [1]
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Figure 39 - Held X-Ray Jet Formation [8]

SPH was not explored for this model set due to time constraints but would have supported further evaluation of the models. 

[bookmark: _Toc187562657]Conclusion

In conclusion the models run have demonstrated how simulating small, shaped charges is extremely complex. Requiring detailed knowledge and understanding of the system being used but also the materials as these can have such a large effect on any model run. In an ideal world individual material models would be created in conjunction physical material testing to best create data sets that mimic the model being simulated. This is often referred to as a digital twin. A digital twin is an ideal scenario and is often used for larger pieces of equipment cush as aircraft that can absorb the large effort and cost associated with creating it. When it comes to smaller equipment and ‘cheap’ shaped charges it is often simpler to perform physical trials to understand the performance of the jet. In the case of the LK shaped charge its low cost and adequate performance leads it to being effective at its job but not easily simulated. It would be more cost effective to simply create a few of these charges with differing energetics to detonate and image for the jet formation. Despite this the models created have shown the importance of a good material model and how drastically this can affect the end result. 
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Figure 40 - 2D Case
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Figure 41 - 2D HE Fill
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Figure 42 - 2D Liner
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Figure 43 - Initial Results Steps 1-4
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Figure 44 - Initial Results Steps 5-8
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Figure 45 - Initial Results Steps 9-12
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[bookmark: _Toc187562661]Annex C: Material Validation Results
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Figure 46 - TNT MV Trial
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Figure 47 - TNT Det V Measurements
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Figure 48 - PETN MV Trial
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Figure 49 -  PETN Det V Measurements
[bookmark: _Toc187562664]RDX-C4
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Figure 50 - RDX-C4 MV Trial
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Figure 51 - RDX-C4  Det V Measurements
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Figure 52 - HMX MV Trial
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Figure 53 - HMX  Det V Measurements
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Figure 54 - 2D TNT Steps 1 - 8
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Figure 55 - 2D TNT Steps 9 - 15
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Figure 56 - 2D TNT Steps 16 - 17
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Figure 57 - 2D TNT Tip Velocity
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Figure 58 - 2D PETN Final Jet
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Figure 59 - 2D PETN Tip Velocity
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Figure 60 - 2D RDX-C4 Final Jet
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Figure 61 - 2D RDX-C4 Tip Velocity


[bookmark: _Toc187562670]HMX
[image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated]
Figure 62 - RDX Steps 1 – 9
[image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated][image: A screenshot of a computer

Description automatically generated]
Figure 63 - HMX Steps 10 - 14
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Figure 64 - HMX Tip Velocity
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[bookmark: _Toc187562672]Annex F - 3D Results
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Figure 66 - 3D TNT Steps 1 - 4
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Figure 67 - 3D TNT Steps 5 - 8
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Figure 68 - 3D TNT Steps 9 - 10






[bookmark: _Toc187562673]Annex G - Mesh Study Tip Velocity Graphs 
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Figure 69 - 3D Initial Mesh Tip Velocity
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Figure 70 - 3D Mixed Mesh Tip Velocity
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Figure 71 - 3D Shortened Case Tip Velocity



image82.png
s, Mises
(Avg: 75%)
+1.618e+09
+1.430e+03 .
+1,3608+00
+1/2348+09 N
+1.106e+03 L
+3.775e+08
+8.4356+08
+7.214e+08
+5.934e+08
+4.6536+08
+3.373e+08
+2.092e+08
+8.120e+07





image83.png




image84.png




image85.png




image86.png
ODB: C:/Users/ 5221

07149/OneDri

odb

Norking Folder/LK_F
Viewport: 1 Norking Folder/LK_F_2.0db. g

v, Magnitude
v, Magnitude s
Teerees +3.6676+03
i e +31333e+03 .
e v +3.000e+03
2eerees +2.6678+03
i le ] +2333e+03 J
5 3h0ar0a % +21000e+03
Treerees +116676+03
g Thet +11333e+03
oo +11000e+03
TEeererns B 45 6670+02
e thee +3.3338+02
ooaneron +0.0008+00
+0.0008+00

D king Folder/LK 149/OneDriv..Working Folder/LK |
7149/ OneDriv...Working Folder/LK |

v, Magnitude
v, Magnitude s
Teerees +4.000e+03
i e +3.6676+03 .
e v +31333e+03
2eerees +3.000e+03
i le ] +2.6672+03 J
5 3h0ar0a % +23338+03
Treerees +21000e+03
g Thet +116676+03
oo +11333e+03
TEeererns +11000e+03
i tie] 5 +6.6678+02
ooaneron % +3.3338+02
“oonert +0.0008+00





image87.png
149/OneDriv

king Folder/LK_F_2.0db 149/OneDriv...Working Folder/LK |
Norking Folder/LK_F_2.odb

v, Magnitude
v, Magnitude s
Tbterns +4.0002+03
Teerees +3.6676+03 .
et v +31333e+03
Soaerns +3.000e+03
2eerees +2.6672+03 J
et % +23338+03
Eoaerns +21000e+03
Treerees +116676+03
g et +11333e+03
Tiooerns +11000e+03
TEoererns +6.6678+02
i tie] +3.3338+02
T oaneron +0.0008+00
+0.0008+00

ODE: C:

149/OneDy king Folder/LK_F 2.0db Viewport: 5 ODB: C:/Users/52207149/OneDriv..Working Folder/LK_F_2.0db
9/OneDriv...\Working Folder/LK_F 2.0db

¥, Magnitude
¥, Magnitude T o
14 000er03 +3.667e+03
150875703 +3.333e+03 Y
S v +3.000e+03
130000103 +2.667e+03
130870103 +2.333e+03 +
B ® +2.000e+03
150050103 +1.667e+03
130870103 +1.333e+03
115575103 +1.000e+03
110050103 +6.667e+02
ey +3.333e+02
155555105 +0.000e+00
P
*513006+00





image88.png
odb ODB: C:/Users/ 5221

07149/OneDri

king Folder/LK_F. Viewport: 3 Norking Folder/LK_F_2.0db
rking Folder/

v, Magnitude
v, Magnitude +1.5058+06
+4.076e+03 +4.0002+03
+4.000e+03 +3.6676+03 v
+3.6676+03 v +31333e+03
+3.333e+03 +3.000e+03
+3.000e+03 +2.6676+03 %
+2.6676+03 H +2.333e+03
+2.333e+03 +21000e+03
+2.000e+03 +116676+03
+1.6676+03 +11333e+03
+1.333e+03 B 1o00e+03
B 1 one+o3 e +6.6676+02 ==
+6.6676+02 +3.3338+02
+3.333e+02 +0.0008+00
+0.000e+00





image89.png




image90.png




image91.png
[x 1.e3]

a0k

350

3.0k

2,50

150

1.0f

0.5k

2.0k

10

20. an. an. &0,

[x L.e-6]




image1.png
inistry
of Defence




image2.png




image3.png
LA





image4.png
7.10

1

00C





image5.png




image6.png
S, Max. Principal - =

(Avg: 75%)
13130
e
Sateeion
e
-1126e+10 \\
Bt
S
SR
S ;
R )
Sh
BRE





image7.png




image8.png




image9.png




image10.png




image11.png




image12.png
[x 1.e3]

Velocity

4
0.00 0.05 0.10 0.15 [x 1.e-3]




image13.png




image14.png




image15.png




image16.png
ViMagritude PI: LINER-1 N: 69
ViMagnitude PI: UNER-1 N: 75
ViMagnitude PI: LINER-1 N: 301
ViMagritude PI: LINER-1 N: 304

Magritude PI: LINER-1 N: 308
ViMagritude PI: LINER-1 N: 314





image17.png




image18.png




image19.png




image20.png
Velocity

2.0p





image21.png




image22.png




image23.png




image24.png




image25.png
S, Max, Principal
(Avg: 75%)

+1.693e+10
+1.452e+10
+1.211e+10
+3.635e+03
+7.283e+03
+4.870e+03
+2.458e+03
+4.5608+07
-2,3676+09
-4.779e+08
-7.191e+08
-9.6042+03
-1.202e+10





image26.png
[x 1.e3]

Velacity

0.0

0.00

0.05

0.10
Time

0.15

0.20[x 1.6-3]

cs<<ccscssccs

Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude
Magritude

3t
P
P
P
P
P
P
P
P
P
P
P
P
P

LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1
LINER-1

zzzzzzzzzzzzzz

a2
43
44
45
a6
48
131
132
133
134
135
136
139
143





image27.png
S, Max. Principal
(Avg: 75%)

+1.6068+10
+11380e+10
+111558+10
+312012+09
+7.0366+09
+4.7802+09
+25258+09
+2.6008+08
-1.9850+09
-4.241e+09
-6.4962+09
-8.751e+09
-1.101e+10





image28.png




image29.png
s, Mises

(Avg: 75%)
+1,618e+09
+1.4306+03
+1.3626+03
+1.23%+08
+1.106e+03
+3.775e+08
+8.4356+08
+7.214e+08
+5.934e+08
+4.6536+08
+3.373e+08
+2.092e+08
+8.120e+07





image30.png




image31.png
o

7 %ﬁﬁ; 7
-
.

s
-





image32.png
i
L i
o o
A
EEEVAVAEH'KKKEWEE (0! AA'VAVAVAWEVA
&N Vé WﬂﬂAﬂﬂﬂﬂ A
iy i
VY Wﬂl V)
o o i
o LTI
oo oo

o

u%ﬁ%%%i?%%%%%%

m
i mm n mwm

Mrf:mm~ -





image33.png




image34.png




image35.png
[x 1.e3]
4.5

a0k

350

3.0k

2.50

150

1.0F

0.5k

0.0

200

10

20. an. an. &0,

60. [ 1.e-6]




image36.png




image37.png




image38.png
S, Pressure
(Ava: 75%)

+3
+3
+3
+2.
+2.
+2.
+1,
41,
41
+9,
+6,
+3
+0,

9738+09
6422+00
311e+00
980e+00
6402+00
318e+00
086e+00
6552+00
3242+00
932e+08
620e+08
311e+08
000e+00

L L -7/a83e+05

7149/OneDriv...ng Folder/LK_F_AM2.

Viewport: 6

S, Press

ODB: C:

ure

(Ava: 75%)

+3
+3
+3
+3
42,
+2.
42,
41,
41,
41
+9,
+6,
+3
-

LIy

973e+09
973e+00
6422+00
310e+00
979e+00
6482+00
3172+00
086e+00
6552+00
3242+00
9242+08
612e+08
300e+08
1076+08
107e+08

7149/OneDriv.

Folder/LK_Finer M





image39.png
v, Magnitude

+8,
+4,
+3
+3
+3
42,
+2.
+2.
+1,
41,
41,
+6.
+3
+0,

4312+09
000e+03
6672+03
3330+03
000e+03
6672+03
3330+03
000e+03
6672+03
3330+03
000e+03
667e+02
3330+02
000e+00





image40.png
v, Magnitude

+3
+4,
+3
+3
+3
42,
+2.
+2.
+1,
41,
41,
+6.
+3
+0,

636e+06
000e+03
6672+03
3330+03
000e+03
6672+03
3330+03
000e+03
6672+03
3330+03
000e+03
667e+02
3330+02
000e+00





image41.png




image42.png




image43.png




image44.png




image45.png




image46.png
07149/OneDriv...older/LK_V2_MM_TNT_DV.odb.

s, Pressure s, Pressure
(Ava: 75%) (Ava: 75%)

+3.603e+09 +3.640e+09
+3.3026+03 +3.345e+09
+3.002e+03 +3.041e+09
+2.702e+03 +2.7376+08
+2.4026+03 +2.433e+08
+2.102e+03 +2.128e+03
+1.801e+03 +1.824e+08
+1.501e+03 +1.520e+03
+1.201e+03 +1.216e+03
+0.006e+08 +0.192e+08
+6.004e+08 +6.081e+08
+3.0026+08 +3.041e+08
-3.306e-12 +0.000e+00

7149/ OneDriv..older/LK V DI 149/OneDriv.

s, Pressure s, Pressure
(Ava: 75%) (Ava: 75%)

+3.764e+09 +3.723e+09
+3.4506+03 +3.413e+08
+3.1376+08 +3.102e+03
+2,823e+09 +2.7926+03
+2.500e+03 +2.482e+03
+5.196e+03 +2.175e+08
+1.8826+03 +1.861e+03
+1.568+03 +1.551e+03
+1/2556+03 +1.241e+09
+3.410e+08 +3.3076+08
+6.273e+08 +6.2056+08
+3.1376+08 +3.102e+08
-2.636e+00 +0.000e+00





image47.png
s, Pressure
(Ava: 75%)

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
+0,

S, Pressure

6922+00
385e+00
077e+00
7698+00
4622+00
1546+09
8460+00
538e+00
231e+00
231e+08
154e+08
077e+08
000e+00

(Ava: 75%)

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3

7208+09
410e+09
100e+09
790e+09
4802+00
1706+09
8602+00
550e+00
2402+00
299e+08
200e+08
100e+08

-4/8976-18

7149/ OneDriv.

older/LK

older/LK

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
-3

=] Viewport: 10 ODB: C/Users

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
-

s, Pressure
(Ava: 75%)

s, Pressure
(Ava: 75%)

7560+00
4432+00
130e+09
8172+00
5042+00
1916+09
878e+00
S65e+00
2522+00
390e+08
260e+08
1306+08
7888-17

/52207149/OneDriy

V2 MM_TNT_DV.odb

7152+09
406e+00
096e+09
7872+00
4772+00
1676+09
858e+00
548e+00
238e+00
288e+08
1626+08
096e+08
3928-21





image48.png
149/OneDriv...lder/LK

LTNT.

s, Pressure
(Ava: 75%)

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
+0,

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
-

888e+09
S64e+00
2402+00
916e+00
5322+00
2682+00
9442+00
6202+00
296e+00
720e+08
480e+08
240e+08
000e+00

s, Pressure
(Ava: 75%)

8452+00
525e+00
2042+00
8842+00
S642+00
2438+00
923e+00
6028+00
2822+00
613e+08
400e+08
2042+08
8098-01

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
+0,

+3
+3
+3
42,
+2.
+2.
+1,
41,
+1
+9,
+6,
+3
+1,

s, Pressure
(Ava: 75%)

s, Pressure
(Ava: 75%)

861e+09
540e+00
218e+00
836e+00
5742+00
2538+00
931e+00
600e+00
2872+00
6542+08
436e+08
218e+08
000e+00

=] Viewport: 10 ODB:C:

7272+09
4172+00
106e+09
7952+00
4852+00
174e+09
8642+00
5538+00
2422+00
318e+08
215e+08
108e+08
578e+02

v..older/LK

/Users/52207149/OneDriy

older/LK_V2_MM_TNT_DV.odb.





image49.png
S, Pressure
(Ava: 75%)

+3.715e+09
+3.4062+08
+3.096e+09
+2.787+08

+2.4772+08
+2.167e+08
+1.3582+09

+1.5482+08
+12380+08
+0.2882+08
+6.1026+08
+3.006e+08
+0.0002+00
-1.3926-21





image50.png
+3.901e+09
+3.576e+08
+3.2516+08
+2.026e+08
+2.6016+08
+2.276e+08
+1.9516+08
+1.626e+08
+1.3002+09
+0.7542+08
+6.5026+08
432516408
+0.000e+00
-1,9296-03

S, Pressure
(Avg: 75%)

L
S S
-





image51.png
S, Pressure
(Avg: 75%)

+3.875+09
+3.5526+08
+3.2208+08
+2.506e+08
+2.583+09

+2.2602+08
+1.5382+09
+1,615+08
+1.2026+08
+0.688e+08
+6.4580+08
+3.2202+08
+0.000e+00
-2,8466-03





image52.png
S, Pressure
(Avg: 75%)

+6.4372+09
+5.801e+08
+5.3642+408
+4.8282+09

+4.2016+08
+3.755+08

+3.2102+08
+2.682+09
+2.146e+08
+1.6092+08
+1.073+08
+5.364e+08
+0.0002+00
-1,3486-02





image53.png




image54.png




image55.png




image56.png




image57.png




image58.png
S, Max. Principal

(Avg: 75%)
+1.7608+10
+111498+10
+5.3828+09
~7.096e+08
-6.811e+09
-1.291e+10
-1.601e+10
-2.5120+10
-3.1220+10
-3.7320+10
-4.3420+10
-4.8520+10
-5.5620+10





image59.png




image60.png
S, Max. Principal
(Avg: 75%)
+1.7108+10
+11070e+10
+413002+09
-2.100e+09
-8.5002+09
-1.4908+10
-2.130e+10
-2.7708+10
-3.4108+10
-4.050e+10
-4.6008+10
-5.3300+10
-5.5708+10





image61.png
S, Max. Principal
(Avg: 75%)
+1.8098+10
+11135e+10
+415128+09
-2.1240+09
-8.861e+09
-1.560e+10
-2.2330+10
-2.607e+10
-3.581e+10
-4.2540+10
-4.6280+10
-5.6020+10





image62.png
S, Max, Principal
(Avg: 75%)

+1.636e+10
+3.021e+03
+3.481e+03
-2,960e+09
-3.400e+08
-1.584e+10
-2.298e+10
-2.872e+10
-3.516e+10
-3160e+10

4.804e+10
S.4dgetil L —"
L 10





image63.png
S, Max, Principal
(Avg: 75%)
+1.595e+10
+1.003e+10
+4.1176+03
-1.801e+09
-7.718e+08
-1.3842+10
-1.955e+10
-2.5476+10
-3.139e+10
731e+10
32,
e+10
-5.5066+10





image64.png
S, Max, Principal
(Avg: 75%)

+1.562e+10
+3.911e+03
+4.2026+03
-1.506e+09
-7.2145+08
-1:282e+10
-1:863e+10

-2.43%+10 |

-3.005;
B +10

-4146e+10
-4.717e+10
-5.288e+10





image65.png
S, Max, Principal

(Avg: 75%)
+1.653e+10
+1.086e+10
+4.7996+03
-1.065e+09
-6.920e+03

-1.279e+10 =

Tgseerio A"

B -2l4s2ev10
-3.035e+10

-3.625e+10

-4211e+10

-4.798e+10
-5.384e+10 |





image66.png
S, Max, Principal
(Avg: 75%)
+1.597e+10
+1.035e+10
+4.73%6+03
6.8765+08
6.5076+0;
1.2
Se+10
-2.337e+10
-2/399e+10
-3.460e+10
-4.022e+10
-4.584+10
-5.1468+10





image67.png
S, Max, Principal
(Avg: 75%)
+1.478e+10
+3.457+03
+4.1266+03
1.50;

400
-1187e+10
-1.720e+10
-2.253e+10
-2.786e+10
-3318e+10
-3.852e+10
-43856+10
-4.918e+10





image68.png
S, Max, Principal
(Avg: 75%)
+1.462e+10
+3.343
4,p75e+09
199e+09
6.4736+03
-1.175e+10
-1.702e+10
-2.230e+10
-2.757e+10
-3.2842+10
-3812e+10 \
-4335e+10
-4.8676+10





image69.png
s, Mises
(Avg: 75%)

+1.340e+09
+1.236e+03
+1.124e+08
+1.0126+03
+8.9326+08
+7.868+08
+6.7442+08
+5.620e+08
+4.4366+08
+3.372+08
+2.248e+08
+1.124e+08
+3.415e-01





image70.png
s, Mises
(Avg: 75%)

+1.413e+09
+1.285e+03
+1.178e+03
+1.060e+03
+3.421e+08
+8.2442+08
+7.0666+08
+5.8886+08
+4.711e+08
+3.533e+08
+2,3556+08
+1.178e+08
+8.568e+03





image71.png
s, Mises
(Avg: 75%)

+1.448+09
+1.328e+03
+1.2076+03
+1.086e+03
+3.6556+08
+8.440e+08
+7.242+08
+6.035+08
+4.828e+08
+3.621e+08
+2.414e+08
+1.2076+08
+4.020e+04





image72.png
s, Mises
(Avg: 75%)
+1.4802+09
+113578+09
+112348+09
+11111e+09
+3.3838+08
+816538+08
+7.4230+08
+611932+08
+4.0638+08
+3.7338+08
+2.5042+08
+112748+08
+4.3682+06





image73.png
s, Mises

(Avg: 75%)
+1.505+09
+1.395+03
+1.285e+03
+1.176e+08
+1.0666+03
+3.5686+08
+8.472e+08
+7.376e+08
+6.281e+08
+5.1856+08
+4.085e+08
+2.993e+08
+1.898e+08





image74.png
S, Mises
(Bvg: 75%)

+1.530+09
+1.4082+08
+1.2860+08
+11642+08
+1.041e+08
+3.1002+08
+7.3682+08
+6.745e+08
+5.5236+408
+4.3002+08
+3.078+08
+1855e+08
+6.328e+407





image75.png
s, Mises

(Avg: 75%)
+1.5408+09
+114198+09
+112876+09
+111768+09
+110558+09
+3.3382+08
+81268+08
+619152+08
+5.7038+08
+4.491e+08
+3.2802+08
+210682+08
+8.5608+07

—





image76.png
s, Mises

(Avg: 75%)
+1.540e+09
+1.423e+08
+1.298e+03
+1.172e+08
+1.0476+03
+3.2126+08
+7.957e+08
+6.7026+08
+5.4476+08
+4.191e+08
+2.936e+08
+1.681e+08

442626407 | \





image77.png
S, Mises

(Bvg: 75%)
+1.5542+09
+1.4342+08
+1:314e+08
+111842+08
+1.074e+08
+0.5450+08
+8.3462+08
+7.1476+408
+5.3480+08
+4.7492+08
+3.5500+08 |

+2,351e408 |
+1.1526+08





image78.png
s, Mises
(Avg: 75%)

+1.565e+09
+1.441e+03
+1.318e+03
+1.135e+08
+1.072e+03
+8.483e+08
+8.250e+08
+7.017e+08
+5.7842+08

13
Ssiteits

+2.086e+08
+8.5332+07





image79.png
s, Mises
(Avg: 75%)

+1.578e+09
+1.451e+03
+1.323e+08
+1.195e+03
+1.0666+03
+3.3806+08
+8.098e+08

188
e

e
e
e
e





image80.png
s, Mises

(Avg: 75%)
+1.585+09
+1.458e+03
+1.332+08
+1.205e+03
+1.078e+03
+8.524e+08 |
+8/350e+08
+6.9956+08
+5.731e+08
+4.4666+08
+3.2026+08
+1.938e+08
+6.7356+07





image81.png
S, Mises

(Bvg: 75%)
+1.578+09
+1454e+08
+1.3302+09
+1.206e+09
+1/082+09
+0.577e+08
+8.3376+08
+7.007e+08
+5.8576+08
+4.6176+08
+3.3776+408
+2.1376+08
+8.0862+07





