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[bookmark: _Toc219200769]Introduction 
This report details the simulation of shaped charge hydrodynamic jet formation across two separate tasks using Abaqus Finite Element Analysis (FEA) software. The Report focuses on the specific computational remediations required to stabilize the simulation, while applying fundamental shaped charge principles to diagnostically analyse the simulations.

[bookmark: _Toc219200770]Shaped charges 
A shaped charge is an explosive device designed to concentrate the energy of a detonation into a high velocity kinetic energy jet. While explosives release energy as heat, light, and sound, a shaped charge redirects the resulting pressure to perform precise work, such as penetrating dense materials.
These devices are used in both civilian and military sectors. Civilians use cases for shaped charges can be found in mining and demolition to cut through reinforced structures. In military applications, they are essential for defeating heavy armor by focusing energy onto a small surface area.
The effectiveness of a shaped charge is derived from its geometry. A typical design consists of a cylindrical explosive with a hollow conical cavity lined with a dense, ductile material, such as copper as upon detonation, the explosive pressure collapses the liner toward the center. Because the liner material possesses high density and ductility, it does not shatter. Instead, it undergoes hydrodynamic flow forming a high-velocity jet. This jet can penetrate deep into targets that would otherwise resist conventional blast forces. [1] [2]
1. [bookmark: _Toc219200771]Theory of Shaped charges

[bookmark: _Toc219200772]Factors effecting shaped charges
Deep penetration is the core function of shaped charges. to achieve this the shaped charge cannot be placed directly on the target this will limit the effective penetration distance substantially. Furthermore, penetration depth depends on other factors such as:
· Liner thickness 
· Cone diameter 
· Material used
With a retrospective perspective on how a shaped charge creates a jet it is reasonable to assume that for optimum penetrative performance, the jet needs to have formed to be able to achieve deep penetration, if the jet is premature, it creates an inverse cavity to the liner, shallow and wide, if it is too late the jet breaks apart before penetration limiting performance. [3] [image: ]
[bookmark: _Ref219122757][bookmark: _Toc219199609]Figure 1 Phases of a shaped charge [3]
Standoff distance is needed for effective jet formation to get optimum penetration. In the paper, “Shaped Charged Scaling” it was found that scaling laws can be established to determine the depth of penetration (see Figure 3) based on factors such as:
Liner:
· Thickness 
· Diameter
· Material 
Charge:
· HE used
· Diameter
Standoff distance used.

[image: ]
[bookmark: _Toc219199610]Figure 2 Stand-off distance [4]
[image: ]
[bookmark: _Ref219122765][bookmark: _Toc219199611]Figure 3 Design Graph for Scaling of 40° Conical Shaped [5]




[bookmark: _Toc219200773]Hydrodynamic flow and jet formation 

Hydrodynamic flow is the key phenomenon that takes place resulting in jet formation. This is because Hydrodynamic flow explains the behaviour of metals behaving like a near friction less fluid when under extreme pressure and high strain rates. 
There are two main mathematical explanations: 
Birkhoff’s Steady-State Theory was first mathematical theory to attempt to explain the collapsing process that results in the jet being formed.  He proposed that the collapsing process is steady assuming that the entire liner collapses at the exact same speed when viewed from a reference frame moving with the stagnation point. 
PER Theory (Non-Steady State) corrected Birkhoff’s theory by acknowledging the liner doesn't collapse all at once at a single constant speed. Instead, the detonation wave travels down the charge causing different parts of the liner to accelerate at different times. [image: ]
[bookmark: _Toc219199612]Figure 4 PER Model [3]

[bookmark: _heading=h.9jxrkimjlaip]
[bookmark: _heading=h.6dsnmy1d4q2u][bookmark: _Toc219200774]Rankine-Hugoniot equations
Rankine-Hugoniot equations enforce conservation of mass, momentum, and energy across the detonation shock front. In shaped charges, the RH equations describe the pressure and density jump produced by the explosive detonation, determining the initial conditions driving liner collapse.
Conservation of Mass:

Conservation of Momentum:


Conservation of energy: 

Where:
ρ = mass density of the material
 = The velocity of the fluid relative to the shock front
 =The static pressure
 =The specific enthalpy, energy per unit mass.
[6] 
By combining all 3 Rankine-Hugoniot equation for detonation/deflagration wave
( ) – ()(-  ) 
Where:
 : The ratio of specific heats () for the explosive products

By combining the first two Hugoniot equations a linear relationship between pressure and volume called the Rayleigh line 

[bookmark: _Hlk219157703]The Rayleigh line provides a way for identifying physically admissible detonation and deflagration rules through its intersections with the Hugoniot curve.[image: ]
[bookmark: _Toc219199613]Figure 5 Rayleigh line – Hugoniot Curve [7]

[bookmark: _Toc219200775]Jones-Wilkins-Lee equation


To get these parameters (A, B, R1, R2, ω) is highly complex, a simplified explanation of this is a cylinder expansion test takes place this is used to determine material specific constants that can be determined via curve fits of a data from the detonation experiments. It is important to note that testing a material once using this method would likely be insufficient to acquire the exact material parameters due to uncertainties from measuring to potential defects in the material being tested, which if used can cause inaccurate simulations.[8] [9] [10 ][11] 
[bookmark: _Toc219200776]Johnson-cook (J-C) Plasticity model  
 
[image: ]

J-C is used to provide understanding of the plastic behaviour of materials and will provide information on how materials will deform under a combination of high strain rates and varying temperatures. 


[bookmark: _Toc219200777]Shaped charge design research 
To create the simulated shaped charge the possible properties and designs were researched, the design used within this document is based on the paper “Theoretical calculation and analysis of the velocity of shaped charge jet with modified collapse velocity model” [3]
[image: ]
[bookmark: _Toc219199614]Figure 6 Selected design [3]
[bookmark: _Hlk218964418]This design was selected for its simple and easily reproducible construction. As the task required the design to be recreated considering limitations like the designer's experience with computer aided design (CAD) and the limited time allocated to the project. Acknowledging these constraints, complex shapes were considered out of scope for this project.
Additional materials research was conducted considering different HEs, Liners and Cases to distinguish the shaped charges from the referenced design to achieve unique results. 


[bookmark: _Toc219200778]Table of properties used 
[bookmark: _Ref218966889]Table 1 JWL HE fills selected [3]
	Parameter for explosive materials
	OCTOL
	B explosive

	Density ρₑ (g/cm³)
	1.82
	1.60

	Detonation velocity Vd (m/s)
	8480
	7980

	Parameter A (GPa)
	748.6
	524.23

	Parameter B (GPa)
	13.38
	7.678

	Parameter R₁
	4.50
	4.20

	Parameter R₂
	1.2
	1.1

	Parameter ω
	0.38
	0.34

	Internal energy E₀ (GJ/m³)
	10.5
	8.5



[bookmark: _Ref218966897]Table 2 JC Material properties selected [3]
	Parameter
	Copper Liner
	Steel Case

	Density ρₘ (g/cm³)
	8.96
	7.83

	Shear modulus G (GPa)
	46
	81.8

	Elastic modulus E (GPa)
	115
	210

	Johnson–Cook parameter A₁ (GPa)
	0.09
	0.792

	Johnson–Cook parameter B₁ (GPa)
	0.292
	0.510

	Johnson–Cook parameter C
	0.025
	0.014

	Hardening Exponent n 
	0.31
	0.26

	Thermal Softening m
	1.09
	1.03

	Melting Temp Tₘ (K)
	1356
	1793

	Sound velocity c (m/s)
	3940
	4569

	Hugoniot Slope S₁
	1.49
	1.49

	Grüneisen coeff. γ₀
	1.99
	2.17



[bookmark: _Toc219200779]Computer modelling of shaped charge
To be able to simulate the selected design, sketches were created within the modelling software. Each component was sketched individually, according to the referenced design, allowing for the creation of distinct parts. These parts would then be assembled and later interact within the software.
 
[bookmark: _Toc219200780]Process 
The first sketch created was the liner. This was done as the sketch could be later used as a reference point for the sketches of both the case and high explosive (HE) fill.
[image: ]
[bookmark: _Toc219199615]Figure 7 Liner Sketch

The case sketch was created by first importing the liner sketch into the sketch tool. This created a red outline of the liner and was used as a reference when sketching the case, focusing on part compatibility by ensuring accuracy. Accuracy was also achieved by manually adjusting the values of the sketched lines by typing in the measurements from the referenced shaped charge. Figure 8.

[image: ]
[bookmark: _Hlk218964701][bookmark: _Toc219199616]Figure 8 Case Sketch

The HE sketch was created by importing both the previous sketches, removing the outside lines of the sketches, then stitching them together by adding additional lines to create a closed circuit, perfectly filling the area between the liner and the case.
[image: ]
[bookmark: _Toc219199617]Figure 9 HE sketch




[bookmark: _Toc219200781]Task 1 Two-dimensional shaped charge simulations 
Task 1 of this project consisted of creating, two two-dimensional shaped charges that would be designed and simulated within the Abaqus software. 
The shaped charges would both use the same design and material properties/behaviours for both the case (steel) and the liner (copper) only substituting the HE fills, B-Explosive and OCTOL. Post analyse of the simulations will then be conducted to compare the different HE fills.





[bookmark: _Toc219200782]Equations of state
Equations of state values (EOS) need to be added to each part, these values effect the material behaviour of the simulated parts. There are different types of EOS values that are used to simulate different material effects for example the HE uses Jones-Wilkins-Lee (JWL) values from Table 1, while the case and the liner use Johnson-Cook (JC) material values from Table 2.
These values are then assigned to their respected part. 

[image: ]
[bookmark: _Ref218967952][bookmark: _Toc219199618]Figure 10 Material manager
Note: “TNT” was the variable name given to the HE values, values inputted to material parameters would be to its respective HE fill Figure 10 Material manager and Figure 11 are using B explosive 

[image: ]
[bookmark: _Ref218968010][bookmark: _Toc219199619]Figure 11 EOS values B explosive
Note: Units must be converted into international standard units (SI) as seen in Figure 11



An additional material behaviour is added to the HE, that being the location of where the detonation will first occur by the simulated explosive, creating the location from which the shock wave propagates from. This is done by first selecting the location, the region you want the detonation to start, then copy and pasting the coordinates into the detonation point behaviour.
[image: ]
[bookmark: _Toc219199620]Figure 12 Detonation point



[bookmark: _Toc219200783]Meshing 
A key component of simulating the shaped charge is a process known as meshing.
Meshing takes the object/part and divides it into a finite number of zones referred to as elements, these elements consist of interconnected nodes that define the shape of the element, The collection of these elements consists of the Mesh this process is known as discretization.
[bookmark: _Hlk218972753]The discretization of the Overall object/part allows complex physical equations, which cannot be solved analytically for most real-world geometries, to be approximated and solved numerically by a computer.
These physical equations create the behavioural rules that the parts will adhere to for example the equations of state, Johnson-cook values for the case and liner i.e the computer computes how the copper liner stretches and flows like a liquid (plasticity) under extreme pressure. 
Applying this understanding back to the elements means that each element represents a small portion of the overall geometry, with the behavioural rules being calculated for the element either within or at specific points of the element.
The solving of these behavioural rules across all the elements within the mesh creates the approximation of how the overall part would behave seen within the simulation.

For the two-dimensional shaped charges, it was decided that both meshes for the parts would be the same to keep a control with the only variable being the HE, however the meshes were not compatible due to the different material behaviours I.E different shock velocities of the high explosives.
[2] [12] 





[bookmark: _Toc219200784]Technical challenges
A technical challenge was encountered regarding mesh uniformity. Initially, a global seed mesh was applied to the shaped charge components to establish a consistent element size across the entire geometry.
However, this approach was found to be computationally inefficient due to the lack of Optimization. 
Lack of Optimization: A high density of elements was used in areas that had minimal impact on the final shaped charge performance, leading to a waste of available computational resources. The Excessive Computation requires every element to be individually calculated, resulting in the simulation duration being unnecessarily extended.

The adoption of local seeds resolved this, as this type of meshing allows for a more strategic distribution of elements across the parts resulting in, lower computational times as well as increased fidelity within critical regions.
[image: ]
[bookmark: _Ref219041912][bookmark: _Toc219199621]Figure 13 Local seed OCTOL


The local seed used a single bias going from a coarse mesh to a finer mesh as it gets to the more critical areas taking the form of:
· Coarser elements (greater space between frequency on elements) in regions that would have minimal impact on the final shaped charge performance such as the HE near the outmost side of the case.
· Finer Elements (meaning higher concentration of elements in a region) within critical regions such as where the liner and HE interact.
Ideally the meshing between parts should neatly connect their part’s elements, this allows for the simulated transfer of energy between these parts so where the part’s meshes interact the density of their elements should be similar.
 
Simplified explanation 
This concept of mesh transition can be understood by relating it to a Newton’s Cradle. For efficient energy transfer, the distinct elements must align effectively. If a finer set of elements (high concentration of small in size masses) interacts with a coarse mesh (larger in size masses with fewer contact points) without correct alignment, the energy transfer becomes disrupted. In the analogy, some small masses would fail to contact the larger masses, preventing energy transfer. 
In a computational context, this mismatch results in spurious reflections, causing shockwaves to bounce back artificially instead of propagating through the material [13]. Furthermore, it forces the software to interpolate the force transfer across the gap, introducing artificial noise into the simulation rather than calculating accurate physical contact (in terms of the analogy the observer might poke the larger mass to estimate the force that might have been transferred if contact were to be made).
[image: ]
[bookmark: _Toc219199622]Figure 14 Local Seed Single bias
A coarse global seed was applied to the case, as the part interfaces were sufficiently similar and were identified as having a minimal impact on the results.[image: ]
[bookmark: _Toc219199623]Figure 15 Case global seed




[bookmark: _Toc219200785]Two dimensional simulations 
A symmetry boundary condition was applied to the planar face where the shaped charge is in half. This effectively created an impenetrable wall, allowing for a half model simulation. This approach was implemented to remain within the node limitations of the software license while reducing total computation time. Given the symmetrical nature of the geometry, these constraints are expected to have a negligible effect on the results. Figure 16 

[image: ]
[bookmark: _Ref219046466][bookmark: _Toc219199624]Figure 16 OCTOL Shaped charge Meshed


[image: ]
[bookmark: _Toc219199625]Figure 17 Extruded charge through 180 degrees
[bookmark: _Toc219200786]Hypothesis for pressure 2D
The hypothesis before running the simulation was that OCTOL would have a higher peak pressure due to the inputs of Table 1.
As parameter A and B represent the amplitudes for high and medium pressure and in table 1 OCTOL has a higher A and B parameters meaning that as long as the simulation does not have a fault it should be impossible for B explosive, within the simulation, to have a higher peak pressure. As the values inputted are the rules to how the material should behave.
[bookmark: _Toc219200787]Simulation Analysis of 2D pressure simulations


It was originally decided to visualize the propagation of pressure waves through the explosive to achieve this, recordings were created to capture the "S pressure average (75%)," a metric selected to provide a clear visual representation of the pressure waves. At this time the idea of creating a dedicated pressure time graph was not considered, instead, a focus on visual behaviour of the pressure waves took priority.
Because of this a significant challenge arose when trying to do post analysis. Due to the loss of access to the simulation software the raw numerical data required to generate quantitative pressure time graphs was unavailable. To overcome this limitation and to attempt to gather the necessary data, a custom program was created. This Python based program was designed to parse the video recordings of the simulation, utilizing optical character recognition (OCR) to extract the peak pressure () and the corresponding simulation timestamp for each frame. This approach attempted to achieve a reverse engineering of the pressure time history directly from the visual output captured from the videos recorded[15].
[image: ]
[bookmark: _Toc219199626]Figure 18 Pressure Time Graph
[16]
[bookmark: _Toc219200788]Octol Data Analysis and Anomalies
The initial data collected for the Octol based explosive presented unexpected results that caused concern. A standard high explosive detonation is characterized by a sharp rise to peak pressure (the shock front), followed by a decay phase and eventual equilibrium. In contrast, the extracted graph displayed a peak pressure of 762GPa.Figure 19

[image: ]
[bookmark: _Ref219048988][bookmark: _Toc219199627]Figure 19 Pressure crash 762GPa
This value was deemed highly unrealistic. For context, the theoretical Chapman-Jouguet () pressure, the maximum steady-state detonation pressure, for Octol is approximately 31.4GPa. A reading of 762GPa would suggest an energy density exceeding that of the chemical potential of standard high explosives. A second review of the simulation revealed that the error was from the program created not being fit for purpose, as it was capturing the global maximum pressure across the entire simulation meaning, it was capturing pressure in both the liner and case rather than just isolating the behaviour of the HE.
To attempt to mitigate this issue, the simulation recording was reviewed again, this time manually stopping before that last frame before the wave reaches the liner. By doing this a local peak pressure of 33.8GPa was captured, this value aligns with the  of 31.4GPa recorded in the paper Detonation Pressure Measurements in TNT and OCTOL [17] 
[image: ]
[bookmark: _Toc219199628]Figure 20 Octol Frame pressure 33.8 GPa
Note It was found that two videos had been recorded the one used to find the value of 33.8 was using the lower frame rate version this did not affect the simulation data just manual inspection of the frames.


[bookmark: _Toc219200789]Program limitations
To make sure there would be no further misinterpretation it was necessary to look at the raw data captured (see Annex E) revealing a second mistake. While the graph appeared consistent, the raw values indicated a pressure spike of 39.48GPa +3.948e+10Pa at 3μs. To investigate this, the graph was replotted with a focus on the 0–5μs window.


[image: A graph showing a line graph

AI-generated content may be incorrect.]
[bookmark: _Ref219049537][bookmark: _Toc219199629]Figure 21 Focused view 0–5 μs
This focused view exposed the real critical flaw in the program. The code was designed to capture the time and the pressure but only when the numerical pressure value changed. However, because the peak pressures in the early phase did not exceed the standard colour spectrum seen in the simulation’s legend, the output was blank in the grey box value. Meaning, for the period pre 2μs, the pressure reading remained unchanged. This prevented the code from capturing the initial ramping phase of the shock front, negating the reason for the creation of the code in the first place.

[image: ]
[bookmark: _Toc219200790]Two Competing Theories
Despite these issues the idea of approximating this unknown by drawing a linear line between the start time t=0 and the first valid data point would show a linear progression of the shock front, peaking at 26.55GPa but a larger spike at 3μs of exactly +3.948e+10Pa (39.48GPa) captured within frame31 is also seen. The initial thought was that it might be the shock wave. This created two competing theories to explain what might be happening:

[image: ]
[bookmark: _Toc219199630]Figure 22 Frame 31 OCTOL
· Theory 1 (Non HE behaviour) This theory assumes that the true detonation peak is approximately 26.55GPa and the subsequent spike of 39.48GPa is not due to the explosive itself. Alternatively, it’s caused by the pressure wave reaching the liner creating some of the waves to be reflected into the detonation products this increases the local pressure. However, this could also represent the hydrodynamic peeling of the liner.
· Theory 2 (HE Peak pressure): This theory assumes that the detonation wave had not yet reached the liner at frame 31 (3μs). Therefore, the value of 39.48GPa represents the true peak pressure of the Octol’s detonation. By further extending the linear progression of the detonation wave to the region of peak pressure it can then be interpreted to begin to collapse and reach a Max pressure equilibrium see Figure 23. 

[image: ]
[bookmark: _Ref219050771][bookmark: _Toc219199631]Figure 23 Linear progression Continuation
[bookmark: _heading=h.sa8asq657lru]

[bookmark: _Toc219200791]B explosive Comparison
To discern which theory seemed more likely the same methodology was applied to the video of the simulation of B explosive. This video recording provided better insight due to it capturing data earlier than OCTOL gathering data during the detonation.
The extraction process for B explosive was more successful, capturing the initial pressure jump from 0 Pa to 10GPa, removing the need for linear approximation used before. The resulting pressure time graph when zoomed in showed a resemblance to the Octol data.
That being a clear increase in pressure before a sudden spike to approximately 31GPa.

[image: ]
[bookmark: _Ref219051025][bookmark: _Toc219199632]Figure 24B explosive contrast 1
Initially, this data appeared to validate Theory II. The logic was based on detonation velocity. Octol has a higher detonation velocity of roughly 8,480 m/s (per data inputted), while B explosive is slower, at 7,980 m/s. The initial thought was that the delay in the pressure spike observed in Figure 24 was simply due to the slower detonation velocity of the explosive subsequently taking longer to reach its natural simulated peak pressure.
[image: ]
[bookmark: _Toc219199633]Figure 25 Theory two Reasoning


[bookmark: _Toc219200792]Conclusion and Acoustic Impedance Mismatching
To confirm, the frame in question was reviewed. This provided the evidence required to completely undermine that theory. The still frame clearly showed that at the exact moment the pressure spike occurred, the detonation wave had physically reached the liner for the B explosive. 
[image: ]
[bookmark: _Toc219199634]Figure 26 B explosive Frame reviewed
This observation disproved Theory 2 and confirms Theory 1, on the balance of probabilities. It was also noticed that the delay was caused by the slower detonation velocity of B explosive, but not because it took longer to reach peak pressure, rather, it physically took longer for the wave to propagate to the liner.
After some further research it was discovered that the physical mechanism driving this pressure spike is known as Acoustic Impedance Mismatch. In wave mechanics, acoustic impedance is defined as the product of density () and the speed of sound (in a material ( .)
The copper liner possesses a significantly higher acoustic impedance than the gaseous products of the explosive so when the detonation wave, propagating through the lower impedance gas, impacts the higher impedance of the liner, the energy cannot be fully transferred. This then results in a significant portion of the shock wave being reflected into the explosive’s detonation wave.
This reflected wave is a compression shock. As it propagates backward into the already highly pressurized detonation products, it superimposes onto the existing pressure field. This superposition creates a localized region of hyper pressure that significantly exceeds the standard Chapman-Jouguet pressure. Therefore, the "spike" observed in the data is a correct physical representation of the shock liner interaction, denoting the exact moment the liner experiences rapid plastic deformation and becomes hydrodynamic [1].
This conclusion manages to validate the simulation's accuracy to the point before excessive node deformation causes Pressure limit to be exceeded crashing the simulation while highlighting the steps taken to distinguish between the free field detonation pressure and the localized pressure amplifications caused by material interfaces while also discovering when plastic flow occurs.
[image: ]








[bookmark: _Toc219200793]Task 2 Three-dimensional shaped charge simulation

Within this task the Octol two-dimensional shaped charge has been converted into a three-dimensional model all drawing and material properties have received no updates and changes.

The overall task was to attempt to create a functioning 3-Dimensional shaped charge using different methods such changing meshing, adaptive meshing, Smoothed particle hydrodynamics (SPH) it will focus on the challenges that each method created as well as the steps taken to attempt remediation.
[bookmark: _Toc219200794]Standard mesh of 3D shaped charge
Converting the 2D model into a 3D model is out of the scope of this project, as the process is similar to the creation of the 2D model. The main challenge faced with the 3D shaped charge simulation was balancing the need for a well meshed part, fine enough to provide accurate simulation results, against the time constraints imposed by the durations required for the simulation to run.
[bookmark: _Toc219200795]License and computational restrictions
As seen in Figure 27, an error was encountered because the software license restricted the total number of nodes permitted for the simulation. Retrospectively, it was determined that this node restriction was not the primary constraint, rather, the total computation time required for completion served as the more significant limitation.
Because of this, a question was posed to the Professor regarding the specific limitations of the current software license. During this discussion, a further key insight was provided.
The license also restricted the simulation's access to the hardware being used. Specifically, the number of Central processing unit (CPU) cores and threads available for the computational model was capped based on the specific addons or "tokens" purchased[18]. While these restrictions also extend to the number of Graphics Processing Units (GPUs) that could be utilized, this was not found to be a factor due to having access to only one GPU.
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Ref219052460][bookmark: _Toc219199635]Figure 27 Job monitor: license limitation


[image: Understanding What Is A GPU Bottleneck]
[19]
The CPU is responsible for requesting and preparing the data used in the simulation. It applies the behaviour rules and logic before passing the processed data to the GPU, which then performs the required mathematical calculations. When the CPU is constrained by a limited number of cores or threads relative to the GPU’s capacity, it becomes a bottleneck, leading to an inefficient and reduced performance. In organizations that run large scale simulations, a key best practice is to minimize these bottlenecks to ensure the most efficient use of computational resources. However, in this case, the simulation software imposed an artificial limitation as although the CPU had more than 16 processing cores available, the software license restricted usage to only four. This severe underutilization significantly degraded performance, resulting in longer processing times and increased wait periods for simulation results.
[bookmark: _Toc219200796]Distortion of elements
Throughout 3D meshing excessive element distortion would be the key factor that would cause the simulation to abort.
[image: A computer screen shot of a blue object

AI-generated content may be incorrect.]
Initially, excessive element distortion was observed at the moment the liner began to peel away from the HE. To identify the precise location of this distortion, the Create Display Group tool was utilized Figure 28. Through this tool, the specific elements responsible for the simulation’s abortion were highlighted. Simultaneously, the warning and error logs within the simulation monitor were used Figure 29, gaining further insight into the errors occurring. 
[image: A computer screen shot of a green hat
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[bookmark: _Ref219053774][bookmark: _Toc219199636]Figure 28 Create Display Group

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Ref219053848][bookmark: _Toc219199637]Figure 29 Simulation Monitor






It was hypothesized that the liner mesh was too coarse, resulting in elements excessively stretching. However, it was also recognized that the balance had to be maintained between mesh density and the total computational time required for the simulation. Consequently, the density of the liner’s mesh was increased incrementally. Despite these changes, the implementation of this hypothesis yielded no resolution, instead, it resulted in an increase in errors, specifically creating new severely distorted elements within the case.

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc219199638]Figure 30 liner mesh incremental increases

[bookmark: _Toc219200797]Discovery of alternative meshing types 
Despite refining the mesh density, element distortion persisted. From collaborative input from peers, it was suggested that the element order be switched from quadratic to linear. This specific parameter had not been considered in the initial design, as the sensitivity of quadratic elements to large deformations was not apparent during the 2D equivalent setup. However, upon implementing this change, the Liner Element distortion issues seemed immediately resolved.
This improvement is a result of the differences between quadratic vs linear meshing
[bookmark: _Hlk218442441]Quadratic tetrahedron meshing 
· Four corners and six middle edge nodes
· Practical as edges can curve around shapes
Linear tetrahedron meshing 
· Nodes only on the corners
· The edges are straight lines and do not curve (Stiff) 
[image: 1: First and Second Order Mesh Elements (a) Linear 4-node Tetrahedron (b) Quadratic 10-node Tetrahedron ]
[bookmark: _Toc219199639]Figure 31 Quadratic vs Linear Tetrahedron meshing
[20] 
Quadratic meshing seemed logical at first as adding nodes at the midpoints of each edge allows for better fit for curved parts. This should result in an increased accuracy [21]. However, nodes can be treated as joints which becomes a problem when solid parts behave like a liquid I.E when a hydrodynamic jet is formed.
As when this happens element edges cross over in their hydrodynamic state. Causing element to turn inside out. So as Abaqus attempts to calculate the volume of the tangled elements and outputs a negative volume immediately aborting the solver to prevent dividing by zero.
[bookmark: _Toc219200798]Linear mesh
Implementing a linear mesh resolved the folding element issue. However, its inherent rigidity forced the coarse case mesh to compensate by stretching shown in Figure 32. The quadratic mesh accommodated the case’s expansion through its ability to curve, the linear mesh failed to conform to these deformations due to its straight edged constraints.
[image: A computer screen shot of a green object
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[bookmark: _Ref219056786][bookmark: _Toc219199640]Figure 32 Linear stretching

To overcome this the case was re-meshed significantly finer from 0.008 to 0.0018. The idea was to replicate how a monitor displays round images with square pixels, increasing the density of pixels increase its ability to portray a rounder looking image.
[image: A computer screen shot of a blue object
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[bookmark: _Toc219199641]Figure 33 Display technique
This premise translated as theorised causing no further deformation within the case.
[image: A computer screen shot of a green object
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[bookmark: _Toc219199642]Figure 34  Display technique actualised
The standard meshing technique caused no further progress after this.
[bookmark: _Toc219200799]What could have been done differently 
After further research, C3D10M element type seems a better alternative. It offers quadratic benefits while mitigating volumetric locking, thereby preventing crashes caused by negative volume. However, this is achieved with a drawback similar to linear elements like increased stiffness causing resistance to plastic flow which may result in the jet to appear stiffer or slower than predicted, but to a lesser extent than linear.[22]


[bookmark: _Toc219200800]Adaptive meshing
[bookmark: _Toc219200801]Plan
The next technique used was adaptive meshing where parts throughout the simulation are continuous re-meshed, reducing excessive distortion caused by the linear elements stretching with the material, because a new mesh is created as the material stretches.

However, adaptive meshing is computationally expensive, increasing simulation time. To overcome this, the simulation can be broken down into time segments called steps. Step1 handles the detonation of the HE and the blooming effect on the case until, Step2 takes over as the detonation wave meets the liner. Step2 will turn on adaptive meshing continuously updating the mesh for the liner, remeshing the previously distorted elements to prevent the simulation form aborting.
[bookmark: _Toc219200802]Implementation 
Implementation consisted of: 
1. Locating the time for Step1 to transition into step2 
2. Applying this to the solver 
3. Adding adaptive meshing to Step2 
[image: A screenshot of a computer
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[bookmark: _Toc219199643]Figure 35 Adaptive meshing (Assumed time prior to liner distortion) 
Step1 is edited to end at the moment before liner is distorted.[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc219199644]Figure 36 Adaptive meshing Creation of step2
The simulation started but stopped after completing Step 1 as Step 2 failed to initiate. This failure was theorised to be caused by the contact surfaces not being defined within the interaction manager. It was hypothesized that without these defined surfaces, step2 does not have the instruction to continue with the simulated energy, required to perform Step2. [image: A computer screen shot of a blue object

AI-generated content may be incorrect.]
[bookmark: _Toc219199645]Figure 37 Adaptive Meshing Contact Surfaces




[image: A screenshot of a computer
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[bookmark: _Toc219199646]Figure 38 Adaptive Meshing Contact Surfaces Error
An error occurred due to too many contact surfaces this led to the following changes.
[bookmark: _Toc219200803]Removal of initial interaction 
Caused an issue where HE was not confined to case during detonation causing elements to overlap and abort the simulation. (This change was reverted) 
[image: A computer screen shot of a green object
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[bookmark: _Toc219199647]Figure 39 Adaptive Meshing Initial Interaction Removal
[bookmark: _Toc219200804]New contact surfaces 
The theory assumed that all surfaces that interact between the Steps, needed to have defined contact surfaces, as the Steps need to computationally communicate the energy that would be transferred during that contact.
[image: A screenshot of a computer
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[bookmark: _Ref219061032][bookmark: _Toc219199648]Figure 40 Adaptive Meshing HE penetrates Liner
However, after Simulating again and inspecting the materials it could be seen (Figure 40) that the HE was penetrating the liner causing two issues:
1. Step2 transition was set up incorrectly, it should’ve been set before interaction of HE and liner.
2. The HE and Liner were breaching the contact boundary, causing a zero-mass error (Figure 41), resulting in the simulation aborting because the adaptive mesh would begin inside the expanded HE.
[image: A screenshot of a computer
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[bookmark: _Ref219061318][bookmark: _Toc219199649]Figure 41 Adaptive Meshing Zero-Mass Error
It was thought that to solve these issues only the time when Step2 starts needed to be changed from 3.5006e-06 to 3.1000e-6. 

[bookmark: _Toc219200805]Zero mass Element error 
After making this change all attempts after to resolve this issue yielded no positive results. The zero-mass error seemed to spread across the shaped charge also being seen within the case.

[image: A screenshot of a computer
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[bookmark: _Toc219199650]Figure 42 Adaptive Meshing Zero-Mass Error Spreading Front View

[image: A screenshot of a computer
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[bookmark: _Toc219199651]Figure 43 Adaptive Meshing Zero-Mass Error Spreading Back View
The warning monitor suggested setting a weight scaling parameter to the HE surfaces, which was attempted to remove the negative mass. (Annex C) but ultimately all attempts to solve the issue failed with step2 not starting.
[image: A computer screen shot of a computer program
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[bookmark: _Toc219199652]Figure 44 Adaptive Meshing Final Result

[bookmark: _Toc219200806]Smoothed Particle Hydrodynamics (SPH)
[bookmark: _Toc219200807]Plan
SPH is a computation technique that simulates fluid dynamics and solid mechanics not by using meshing but by representing materials as particles. This technique is often used when handling large deformations, so it was hypothesised that it could be used for simulating the shaped charge [23].

Upon enacting SPH, the original 3D mesh file was used, and the conversion to particles tab was selected within the element type window. An initiation time of 1.79E-05 was selected. This specific timing was chosen to precede excessive distortion while avoiding an earlier start, as this method requires significant computational resources.

[image: A screenshot of a computer
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[bookmark: _Toc219199653]Figure 45 SPH Element Type Window

[bookmark: _Toc219200808]New mesh required 
This computation requirement caused significant issues, as the software was only accessible for limited periods, resulting in simulations not completing within the allotted time.
[image: A screenshot of a computer
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[bookmark: _Toc219199654]Figure 46 SPH Simulation Not Completing In Time

To overcome this challenge, a coarse mesh version of the liner was created, as it seemed like nodes were converted into particles, therefore, coarsening the mesh should reduce the total node count, decreasing simulation time.
[image: A computer screen shot of a blue triangle
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[bookmark: _Toc219199655]Figure 47 SPH Coarse Mesh Version



[bookmark: _Toc219200809]Results 
This change proved to be optimal causing for the successful transformation between mesh and SPH (Frame 179 – 180) with a clear Jet being formed. 
Raw Engineering Development & Troubleshooting Log can be seen Annex D including additional SPH images. 
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[bookmark: _Toc219200810]
Conclusion
In conclusion, SPH provided the most stable results for capturing full hydrodynamic collapse, whereas alternative methods aborted due to mesh distortion. However, because SPH is limited in visualizing discrete stress and strain gradients, Adaptive Meshing may have yielded more realistic results by reducing the numerical 'scattering' found in particle based methods, potentially providing clearer insight into the internal forces experienced by the liner.
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[bookmark: _Toc219200813]B-Explosive pressure 
Detonation point can be seen as simulation starts
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Frame 225
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Frame 244 (crash) 
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[bookmark: _Toc219200814]OCTOL pressure 

Detonation point can be seen as simulation starts 
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140 (then crash)
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[bookmark: _Toc219200816]B explosive graphs  
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[bookmark: _heading=h.qajqzrt5ao3s][bookmark: _Toc219200817]Annex C
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[bookmark: _Toc219200818]Annex D
[bookmark: _Toc219200819]SPH Chronological Troubleshooting Log
This annex exists to show engineering thought process it was made in real time as the project developed.


SPH Chronological Troubleshooting Notes
How to make it SPH 
Threshold for it to change from materials into particles are 1.79E-05 
 
[image: ] 
 
[image: ] 
Simulation takes a while I was told it's to do with the Licenses we use it only can use 2 CPU cores  
 
The second the simulation starts the particles of the SPH are already loaded, meaning it taking up more resources before even being turned on (as in switching to particles)  
 
I had to kill the job as it was taking too long. 
[image: ] 
 
Now trying new meshing SPH2  
 
Working with coarser mesh 
[image: ] 
[image: ] One step before turns into particles  [image: ]
[image: ][image: ] 
The step it turns into partials  
[image: ][image: ][image: ]interesting to note that the over distorted elements of the liner disappear.  
 
[image: ]I don't know what constrained nodes are yet, but I can see them at the bottom before switching to SPH 
 
The constrain nodes still exist in SPH I wonder if it will make the shape of the shaped charge in the nodes? 
 
 
Continue of SPH imagines  
[image: ] 
[image: ] Partials going into the z plane  
 
[image: ] 
[image: ]Because of SPH the simulation can run for longer than before as it does not crash.
 
End of simulation  
[image: ] 
 
 
Now checking if velocity changes drastically pre and post sph  
 
[image: ] 
 
Outcome 
[image: ] 
 
 
Checking  SPH  
[image: ]Nodes selected  
[image: ]I really want to find a way to talk about the wave that seems to be forming.  
[image: ][image: ] 
 
 
Further in simulation selected 400 nodes to see if averages out  
[image: ] 
[image: ] 
 
SPH I am trying to clean up by removing nodes that are not uniform with the shaped charge  
[image: ]Shaped looks a lot cleaner that way (I don't know what that does for the integrity of the simulation) 
 
Showing element nodes in the liner pre SPH 
[image: ] 
 Now when turning into SPH, nodes still exist in space where NO SPH particles are showing?  
[image: ] 
Same step just zoomed in 
[image: ]Looks like the nodes are still forming the shaped of the shaped charge even without the SPH or material 
As seen here  
[image: ]Nodes keep being Infront of the SPH and some SPH does not even have nodes inside of them.  I don’t understand why yet. 
[image: ] 
 
 
Creates a sharper point with the nodes rather than SPH (is this the maths/computation not conforming to the graphics/visualization?) 
[image: ] 
 
Point where liner becomes jet 
[image: ] 
 
explodes out  
[image: ] 
[image: ] 
 
What it looks like without the nodes being shown  
[image: ]Becomes more of the straight line feels like SPH is on catch up to the nodes?
 
 
Velocity graph after last step  
[image: ] 
[image: ] 
 
 
Getting the velocity of the HE might provide insights?  
[image: ] 
[image: ] 
 
 
Velocity of the liner  
[image: ] 
 
 
Trying to show strain  
[image: ] 
I assume that once it becomes partial there is no more strain  
[image: ]Zooming in to try and get time 
 
 
 
notes  
SPH should never slow down due to no resistance existing in the Bounds of the simulation so at some point it will be at a constant after reaching its equilibrium  
Another thing is that the SPH particles don't seem to react to anything after they change so the blast wave does not affect the particles I don’t know for sure, but it seems like it  
 
[image: ]Step 180 exact point that it changes to particles proving that it kind of goes at a constant speed after that with some outliers that make waves  
 
 
 
 
 
 
 
 
 
[image: ]Running finer mesh overnight.  
 
 
[image: ] 
Worked but file corrupted, not results could be obtained.
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[bookmark: _Toc219200821]Data output for Octol

	Time (μ)
	Pressure (Pa) [Original Format]
	Pressure (GPa)

	02
	+2.212e+10
	22.12

	02
	+2.363e+10
	23.63

	02
	+2.204e+10
	22.04

	02
	+2.216e+10
	22.16

	02
	+2.342e+10
	23.42

	02
	+2.364e+10
	23.64

	02
	+2.655e+10
	26.55

	02
	+2.459e+10
	24.59

	02
	+2.369e+10
	23.69

	03
	+2.391e+10
	23.91

	03
	+2.494e+10
	24.94

	03
	+2.375e+10
	23.75

	03
	+3.386e+10
	33.86

	03
	+2.872e+10
	28.72

	03
	+3.685e+10
	36.85

	03
	+3.948e+10
	39.48

	03
	+2.606e+10
	26.06

	03
	+2.553e+10
	25.53

	03
	+2.256e+10
	22.56

	04
	+2.292e+10
	22.92

	04
	+2.308e+10
	23.08

	04
	+2.341e+10
	23.41

	04
	+2.246e+10
	22.46

	04
	+2.296e+10
	22.96

	04
	+2.351e+10
	23.51

	04
	+2.209e+10
	22.09

	04
	+2.274e+10
	22.74

	04
	+2.469e+10
	24.69

	04
	+2.271e+10
	22.71

	05
	+2.422e+10
	24.22

	05
	+2.334e+10
	23.34

	05
	+2.314e+10
	23.14

	05
	+3.639e+10
	36.39

	05
	+5.092e+10
	50.92

	05
	+9.261e+10
	92.61

	05
	+8.999e+10
	89.99

	05
	+101
	

	05
	+8.385e+10
	83.85

	05
	+5.363e+10
	53.63

	06
	+5.730e+10
	57.30

	06
	+5.718e+10
	57.18

	06
	+5.621e+10
	56.21

	06
	+5.691e+10
	56.91

	06
	+3.754e+11
	375.40

	06
	+9.567e+10
	95.67

	06
	+7.045e+10
	70.45

	06
	+5.263e+10
	52.63

	06
	+7.738e+10
	77.38

	06
	+5.766e+10
	57.66

	07
	+5.926e+10
	59.26

	07
	+6
	

	07
	+6.373e+10
	63.73

	07
	+6.730e+10
	67.30

	07
	+7.213e+10
	72.13

	07
	+7.781e+10
	77.81

	07
	+8.199e+10
	81.99

	07
	+8.546e+10
	85.46

	07
	+8.832e+10
	88.32

	07
	+8.984e+10
	89.84

	08
	+9.094e+10
	90.94

	08
	+9.200e+10
	92.00

	08
	+9.273e+10
	92.73

	08
	+8.569e+10
	85.69

	08
	+7.558e+10
	75.58

	08
	+7.228e+10
	72.28

	08
	+6.758e+10
	67.58

	08
	+6.806e+10
	68.06

	08
	+6.900e+10
	69.00

	08
	+7.113e+10
	71.13

	09
	+7.408e+10
	74.08

	09
	+7.682e+10
	76.82

	09
	+8.449e+10
	84.49

	09
	+8.499e+10
	84.99

	09
	+8.379e+10
	83.79

	09
	+8.688e+10
	86.88

	09
	+9.151e+10
	91.51

	09
	+9.541e+10
	95.41

	09
	+9
	

	09
	+1.021e+11
	102.10

	10
	+1.056e+11
	105.60

	10
	+1.061e+11
	106.10

	10
	+1.022e+11
	102.20

	10
	+9.734e+10
	97.34

	10
	+9.355e+10
	93.55

	10
	+8.842e+10
	88.42

	10
	+8.454e+10
	84.54

	10
	+9.827e+10
	98.27

	10
	+7.875e+10
	78.75

	10
	+8.107e+10
	81.07

	11
	+8.668e+10
	86.68

	11
	+2.464e+11
	246.40

	11
	+8.537e+10
	85.37

	11
	+8.190e+10
	81.90

	11
	+7.768e+10
	77.68

	11
	+1.025e+11
	102.50

	11
	+6.784e+10
	67.84

	11
	+6.231e+10
	62.31

	11
	+5.232e+11
	523.20

	11
	+4.118e+11
	411.80

	12
	+7.384e+10
	73.84

	12
	+7.681e+10
	76.81

	12
	+7.917e+10
	79.17

	12
	+8.105e+10
	81.05

	12
	+8.192e+10
	81.92

	12
	+8.137e+10
	81.37

	12
	+7.918e+10
	79.18

	12
	+7.739e+10
	77.39

	12
	+7.661e+10
	76.61

	12
	+7.632e+10
	76.32

	13
	+7.514e+10
	75.14

	13
	+7.162e+10
	71.62

	13
	+7.11
	

	13
	+7.112e+10
	71.12

	13
	+7.163e+10
	71.63

	13
	+7.245e+10
	72.45

	13
	+7.337e+10
	73.37

	13
	+7.393e+10
	73.93

	13
	+7.432e+10
	74.32

	13
	+7.510e+10
	75.10

	14
	+7.636e+10
	76.36

	14
	+7.797e+10
	77.97

	14
	+7.953e+10
	79.53

	14
	+8.088e+10
	80.88

	14
	+8.241e+10
	82.41

	14
	+7.620e+11
	762.00


Rows are highlighted in bold where the pressure is significantly anomalous (extremely small values are likely errors from the code).
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