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Abstract
It has been asked that a report be produced on the critical analysis of the modeling of a shaped charge device. Specifically, the behavior of the liner material during initiation and subsequently the formation of the jet produced, with the desire of improving the existing model to a produce a jet with greater definition for analysis.
The Lagrangian Model was selected for the critical analysis of the new trial materials which consists of a Platinum (Pt) liner with LX-19 Polymer-Bonded-Explosive (PBX) filling. Multiple models were subsequently produced in the aim of improving the liner collapse and jet formation with the favored model using Johnson-Cook (JC) Plasticity model values. (JC) material values where more suitable as they are directly related to flowing materials which is more applicable to the state of the liner during detonation.
Further analysis is required of the simulation parameters to ensure no input error has occurred, if no error is found there is a strong recommendation to take the trail materials forward to small scale prototype manufacturing for firing trials, as the results suggest the material provide a vast improvement in terms of jet formation, overall jet length, and jet velocity.

















 Introduction
It has been asked that a report be produced on the critical analysis of the modeling of a shaped charge device. Specifically, the behavior of the liner material during initiation and subsequently the formation of the jet produced, with the desire of improving the existing model to a produce a jet with greater definition for analysis. 
The scenario used during the report is that a Research & Development Department of a large munitions company have been asked to investigate if using materials previously deemed too expensive, exotic, or hazardous in the design and manufacture of shaped charges could greatly increase their performance. If the findings of the modeling are positive the results will be submitted to the company’s Senior Leadership Team (SLT), proposing that the design model is further investigated in the form of live firing trials.
Using Finite Element Software Package Abaqus CAE – SIMULA™ by Dassault Systems, two simulation models were provided for analysis, both models are geometrically identical, although one is a Lagrangian model, and the other is a fully Eulerian model [1]. How they differ and the advantages of each model will be discussed in Section 2.3 of this report, the Lagrangian Model was selected for the critical analysis of the proposed new trial materials of the Shaped Charge.
A Shaped Charge typically consists of a Liner, Casing, and High Explosive (HE) filling with initiator. A typical, modern design has been shown in Figure 1 [2]. When the explosive filling is initiated the extremely high pressure and temperature at the detonation front causes the liner to collapse, depending on its geometric profile, material properties and design, it will either produce a high velocity jet that behaves hydrodynamically or an Explosively Formed Penetrator (EFP) which is effectively a solid mass or ‘slug’ of liner material. 
‘The jet is made of material that has been stressed into plastic flow caused by high pressure at the collision interface. Jets, thus formed, are the critical element in two special areas of explosive applications: cutting with shaped charges and explosive welding’ [3]
[image: Diagram
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[bookmark: _Ref89952727][bookmark: _Toc92733796]Figure 1 - Standard Shaped Charge Design - Aseltine 1980 [2]
Theory
Shaped Charge Design
Early shaped charge designs were primitive in nature and understanding of the jet formation was limited, investigation and experimentation conducted by Charles E. Munroe in 1888 was a key point in their development [2]. Munroe discovered that an explosive charge with a hollow area or cavity produced a larger crater opposite the point of initiation, he believed the cavity concentrated the detonation products enhancing the output of the explosive which encouraged him to conducted further experimentation.
‘One of the first lined shaped charges (or perhaps the first shaped charge if we discount Bloem (1886) was devised by Munroe (Munroe 1894; Clark 1948). This device consisted of a tin can with sticks of dynamite tied around and on top of it, with the open end of the tin can pointing downward. It was used to punch a hole through the top of a steel safe.’ [2]
There are many requirements of a Shaped Charge design that are critical to its performance and intended function, too many to cover in this report alone, only some of these features will be covered in detail. One of the critical features of the shaped charge liner, which determines if a jet or an EFP will be formed, is its cone apex angle. Figure 2 [4] below shows an illustration of the effects of varying cone apex angel on the warheads end effect. 
[image: A picture containing diagram
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[bookmark: _Ref89947988][bookmark: _Toc92733797]Figure 2 - Effect of varying Liner Cone Apex Angle [4]
There is a direct relationship between the geometry of the warhead and the penetration of the jet produced, not only the variation of the Liners cone apex angle, increasing or decreasing the Liner diameter results in a correlating, increase, or decrease to the diameter of the jet produced [2]. Although modeling on the evolution of the jet is the focus of this report and not its penetrating effects, on this basis ‘Stand-off’ is not being considered.
Material Selection for Shaped Charge Design
A critical aspect that needs thorough consideration during the warhead design phase is material selection, specifically for the Liner and HE filling. Typically, to achieve the energy required to effectively collapse the liner, explosive compositions with high Detonation Energy (Edet), Velocities of Detonation (Do) and Densities (ρ) are commonly used [5]. The Shaped Charge design shown in Figure 1 has a HE filling of Composition-B which is a formulation of 60%/40%, 1, 3, 5-trinitro-l, 3, 5-triazacyclohexane (RDX) / 2, 4, 6-trinitrotoluene (TNT) respectively [6]. 
Generally, most Shaped Charge Liners are manufactured from Copper (Cu) for relatively small diameter liners, and Aluminum (Al) for larger diameters, the resulting jet evolution of these materials is well documented and understood. The behavior and successfulness of the Jet formation during detonation is determined by many aspects, from grain structure to geometrical uniformity, good liner material properties for producing fluid, dense, jets are high density, and ductile materials [7]. 
Shaped Charge Modeling
Two models have been provided for analysis, while the models designs are identical the mathematical approach is different, one uses Lagrangian theory and the other uses the Eulerian approach. Both approaches have been summarized below, although only one was used for the analysis of this report which was the Lagrangian approach.
Eulerian Approach
The Eulerian Approach observes a known volume at a fixed point where the focus is the flow of material through that point, the variables are then extrapolated to produce a flow, a mesh is applied to the anticipated observed area and the volume fraction of material moving through the mesh is observed [8]. The Eulerian method is beneficial for models containing fluid flow or extreme deformation.
   ‘The term, “mesh” is used to define the numerical grid used in the solution procedure.’ [8]
‘Euler solver is computationally less efficient in a way that the mesh of the problem needs to be extended beyond the initial physical material limits since material is allowed to flow out of these initial limits.’ [8]
Lagrangian Approach
The Lagrangian method observes the flow as a large number of particles and by focusing on one individual particle, velocity, direction, and momentum are applied to the particle, as the flow parameters changes the parametric values are noted at several points during the fluid volume [8]. The mesh in the Lagrangian model is ‘fixed’ to the liner material and moves with it, unlike the Eulerian method no material moves from cell to cell within the mesh the cells themselves move, this can result in heavy distortion and ultimately simulation failure.
‘The major disadvantage of Lagrange solver is that if excessive material movement occurs, the numerical mesh may become highly distorted leading to an inaccurate and inefficient solution. Further, this may also lead to the improper termination of the solution.’ [8]
Method
Using Finite Element Software Package Abaqus CAE – SIMULA™ by Dassault Systems, a simulation has been given of a shaped charge device based on the design shown in Figure 1. The model given consists of a steel casing, Cu liner and TNT filling. The materials proposed for analysis are Platinum for the liner of the same geometry, with an LX-19 PBX filling, using the existing steel case of the same geometry. Figure 3 below shows a view of the model’s general appearance.
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[bookmark: _Ref91105754][bookmark: _Toc92733798]Figure 3 - Models General Appearance – Original Material TNT/Cu (Left), Trial Material LX-19/Pt (Right)
One of the key parameters that require the users input to the simulation is the specific Jones-Wilkins-Lee (JWL) Equation-of-State (EoS) for the explosive composition used the model given obtained the material constants given in reference [9]. 
‘The JWL EOS is of the Mie-Gruneisen form with a constant Gruneisen coefficient and a constants specific heat. It is thermodynamically consistent to specify the temperature at a reference state. JWL parameters for an HE, both products and reactions, are used to illustrate the restrictions on the domain of the EOS.’ [9]
The liner material parameters input to the model for the liner were basic mechanical properties such as, Density, Ultimate Tensile Strength (UTS), Yield Strength and Poisson’s Ratio (ω). The material properties used for the analysis has been shown in Table 1 below [10] [11] [12] [13]. 
Note: Further improvements were made to the model by using Johnson-Cook (JC) plasticity values for the Pt in addition to the fundamental mechanical properties mentioned above.  
‘The Johnson–Cook model is the most attractive among well-known plastic strain models. This model considers both kinematic strengthening and adiabatic heating of the material undergoing strains.’ [14]




	[bookmark: _Hlk93871877]Platinum (Pt)

	Material Property
	Value

	Density (ρ)
	21.54 g/cm3

	UTS
	150 MPa

	Yield Strength 
	70 MPa

	Poisson’s Ratio (ω)
	0.39

	Elongation at Break
	35%

	Youngs Modulus (E)
	164 GPa

	Shear modulus
	62.0 GPa

	Isothermal Bulk modulus (K)
	277 GPa

	Rigidity modulus (G)
	54.2 GPa


[bookmark: _Ref91111460][bookmark: _Toc92575458]Table 1 - Proposed Liner Material Properties – Platinum [10] [11] [12] [13]
[bookmark: _Hlk92664865]LX-19 was selected as the explosive for further analysis, LX-19 contains China Lake 20 (CL-20) as its base explosive ingredient when compared to TNT, RDX and HMX, CL-20 is far superior in all parameters stated in para. 2.2.3, although until recently, no formulations existed using the raw ingredient due to its sensitive nature, expensive manufacturing process, and the lack of knowledge on its explosive behavior has inhibited its development. The material parameters used for the model have been shown in Table 2. [15] [16] [17]
‘The energetic molecule CL-20 or HNIW (2-4-6-8-10-12-Hexanitrohexaazaisowurtzitane) is one of the most energy dense explosives known to exist, with sensitivity like that of PETN’ [15]
	LX-19 PBX

	Ingredient
	Percentage

	CL-20
	95.8%

	Estane
	4.2%

	Material Property
	Value

	Density (ρ)
	1.937 g/cm3

	Velocity of Detonation (D0)
	9190 M/s

	Yield Strength
	34 MPa

	Youngs Modulus (E)
	2.05 GPa

	Elongation at Break
	16%

	EoS (JWL)
	Value

	A
	905.6 GPa

	B
	19.7 GPa

	R1
	4.52

	R2
	1.36

	(ω)
	0.3043

	Detonation Energy (Edet)
	6.3184 mm2/µs2


[bookmark: _Ref91111612][bookmark: _Toc92575459]Table 2 - Proposed PBX Material Properties – LX-19 PBX [15] [16] [17] 
 Results
Course Mesh
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[bookmark: _Ref92111041][bookmark: _Toc92733799]Figure 4 – Course Mesh - TNT Explosive with Cu Liner (Original Material) Time Step 6 x 10-6s
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[bookmark: _Ref92111226][bookmark: _Toc92733800]Figure 5 – Course Mesh - LX-19 Explosive with Pt Liner (Trial Material) Time Step 6 x 10-6s
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[bookmark: _Ref92111386][bookmark: _Toc92733801]Figure 6 – Course Mesh - TNT Explosive with Cu Liner (Original Material) Time Step 3.3 x 10-5s
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[bookmark: _Ref92111517][bookmark: _Toc92733802]Figure 7 – Course Mesh - LX-19 Explosive with Pt Liner (Trial Material) Time Step 3.3 x 10-5s
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[bookmark: _Ref92111722][bookmark: _Toc92733803]Figure 8 – Course Mesh - TNT Explosive with Cu Liner (Original Material) Time Step 1.2 x 10-4s – XY Plane
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[bookmark: _Ref92111923][bookmark: _Toc92733804]Figure 9 – Course Mesh - TNT Explosive with Cu Liner (Original Material) Time Step 1.2 x 10-4s – YZ Plane
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[bookmark: _Ref92112168][bookmark: _Toc92733805]Figure 10 – Course Mesh - LX-19 Explosive with Pt Liner (Trial Material) Time Step 1.2 x 10-4s – XY Plane
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[bookmark: _Ref92112255][bookmark: _Toc92733806]Figure 11 – Course Mesh - LX-19 Explosive with Pt Liner (Trial Material) Time Step 1.2 x 10-4s – YZ Plane



Fine Mesh at point of interest
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[bookmark: _Ref92112895][bookmark: _Toc92733807]Figure 12 – Fine Mesh - LX-19 Explosive with Pt Liner (Trial Material)
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[bookmark: _Ref92121561][bookmark: _Toc92733808]Figure 13 – Fine Mesh - LX-19 Explosive with Pt Liner (Trial Material) - Enlarged view of Liner apex
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[bookmark: _Ref92122174][bookmark: _Toc92733809]Figure 14 – Fine Mesh - LX-19 Explosive with Pt Liner (Trial Material) Time Step 2.1 x 10-5s
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[bookmark: _Ref92122340][bookmark: _Toc92733810]Figure 15 – Fine Mesh - LX-19 Explosive with Pt Liner (Trial Material) Time Step 3.99 x 10-5s - Simulation failure





Improved design modelled using Johnson Cook (JC) plasticity values 
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[bookmark: _Ref92123005][bookmark: _Toc92733811]Figure 16 - Improved model using JC material properties - Liner Apex angle 100° with Brick elements
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[bookmark: _Ref92123350][bookmark: _Toc92733812]Figure 17 - Improved model using JC material properties - LX-19/Pt Liner Time Step 1.2 x 10-5s
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[bookmark: _Ref92449288][bookmark: _Toc92733813]Figure 18 - Improved model using JC material properties – RDXTNT/Cu Liner Time Step 1.2 x 10-5s
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[bookmark: _Ref92449468][bookmark: _Toc92733814]Figure 19 - Improved model using JC material properties - LX-19/Pt Liner Time Step 1.9 x 10-5s
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[bookmark: _Ref92449826][bookmark: _Toc92733815]Figure 20 - Improved model using JC material properties – RDX/TNT/Cu Liner Time Step 1.9 x 10-5s
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[bookmark: _Ref92450237][bookmark: _Toc92733816]Figure 21 - Improved model using JC material properties - LX-19/Pt Liner Time Step 4.3 x 10-5s
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[bookmark: _Ref92450449][bookmark: _Toc92733817]Figure 22 - Improved model using JC material properties – RDX/TNT/Cu Liner Time Step 4.3 x 10-5s
Jet Tip Velocity Plot
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[bookmark: _Ref92450706][bookmark: _Toc92733818]Figure 23 - Jet Tip Velocity Plot - TNT/Cu Liner (Current Model)
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[bookmark: _Ref92450821][bookmark: _Toc92733819]Figure 24 - Jet Tip Velocity Plot - LX-19/Pt Liner (Current Model)
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[bookmark: _Ref92451104][bookmark: _Toc92733820]Figure 25 - Jet Tip Velocity Plot - RDX/TNT/Cu Liner (JC Plasticity Model)
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[bookmark: _Ref92451274][bookmark: _Toc92733821]Figure 26 - Jet Tip Velocity Plot - LX-19/Pt Liner (JC Plasticity Model)
Jet Kinetic Energy (K.E) 
Using Equation 1 below, where m represents mass and v, velocity, the Kinetic Energy of the Jet has been calculated at the highest velocity for the current model, and the improved model for both TNT/Cu and LX-19/Pt.

[bookmark: _Ref92569573][bookmark: _Toc92575549]Equation 1 - Kinetic Energy Equation
The mass of the Cu liner used on the current model was obtained from the simulation using the Mass Properties function under Query Tools and was found to be 0.050kg. The same method was used to obtain the mass of the Pt liner which was found to be 0.080kg.
Current model (Course Mesh)– TNT & Cu Liner
Time step 0.04 x 1-3


[bookmark: _Toc92575550]Equation 2 – Current Model – Maximum K.E of TNT/Cu




Current model (Course Mesh) – LX-19 & Pt Liner
Time step 0.04 x 1-3


[bookmark: _Toc92575551]Equation 3 – Current Model – Maximum K.E of LX-19/Pt
Improved model – RDX/TNT & Cu Liner
Time step 0.03 x 1-3


[bookmark: _Toc92575552]Equation 4 – Improved Model – Maximum K.E of RDX/TNT/Cu
Improved model – LX-19 & Pt Liner
Time step 0.03 x 1-3


[bookmark: _Toc92575553]Equation 5 – Improved Model – Sustained K.E of LX-19/Cu
Time step 0.05 x 1-3


[bookmark: _Ref92664195][bookmark: _Toc92575554]Equation 6 – Improved Model – Maximum K.E of LX-19/Cu
Jet Length
Below Table 3 shows the jet length for all simulation models that completed successfully. Using the OBD Field output function the spatial displacement of one unique nodal was selected as close to the end of the jet as possible.
	Current Model
	Jet Length (M)

	TNT/Cu Liner
	0.179

	LX-19/Pt Liner
	0.381

	Improved Model
	Jet Length (M)

	RDX/TNT/Cu Liner
	0.342

	LX-19/Pt Liner
	0.785


[bookmark: _Ref92575126][bookmark: _Toc92575460]Table 3 - Jet Length of Models
Discussion
Multiple models and simulations were produced in the aim of improving the clarity of the liner collapse and jet formation of the trial material LX-19/Pt. To provide a comparison, models were also produced of TNT/Cu using identical geometry and simulation parameters, only changing the material properties.
Figure 4 to Figure 11 have a fairly course tetrahedral element mesh size of 4.262 x 10-3m applied across all the assembly. When comparing the LX-19/Pt and TNT/Cu models there is clearly an improvement with the LX-19/Pt simulations, there is considerably less mesh distortion and computational errors which can be seen protruding from the observed plain as seen in Figure 9 and Figure 11. The increased detonation velocity of the LX-19 PBX is evident through every time step, the liner collapse occurs sooner and is better defined than the TNT equivalent, although still the liner behavior is still not as expected from textbooks [3].
Improvements to the mesh size and distribution was made to provided greater clarity than that of the course mesh, Figure 12 shows the re-meshing of the LX-19/Pt model, a fine mesh size of 3.968 x 10-4m was applied to the apex of the liner while a courser mesh size of 2.117 x 10-3m was applied to all other regions. Figure 13 to Figure 15 are close views of the liner apex, the deformation of the liner is well defined and comparable to that found in literature of shaped charge liner collapse. Although there is one considerable draw back with this simulation, the simulation did not finish and failed after 4 days of computing time, this is believed to be from inappropriate increment times, but more so from having too fine a mesh resulting in large computational power.
While applying a finer mesh at the point of interest improved the quality of the simulation and the initial liner collapse was captured there was still no clear jet formation, on this basis an improved model was created using the same material, LX-19/Pt, but with some differences. The improved model had a liner with an apex angle of 100° with brick element meshing Figure 16, the model was drawn axis-symmetric and ‘swept’ to produce the 3D model, this massively reduced the computing time with the lower number of nodes and calculations involved. 
The critical difference between the improved model and the others is that it uses JC Plasticity Material values which are generally better applied to flowing materials and not rigid bodies, the liner material during detonation behaves as a fluid so the JC values are more applicable, the simulation results support this, the parameters used produce an extremely well-defined liner collapse and evolution of the jet for both the trial material and the current standard (RDX/TNT/Cu).
When drawing a comparison between the trial material LX-19/Pt and the current standard RDX/TNT/Cu shown in Figure 17 to Figure 22, the Pt jet is considerably further developed than the RDX/TNT/Cu equivalent which is believed to be a result of the highly ductile Pt liner. The trial material is far superior in every time step the higher detonation velocity of the LX-19 is evident throughout.
When the Max principle stress is observed in Figure 18 the RDX/TNT/Cu material there are clear bands of high tensile stress arears radiating from the center in the region of 6.196 x 109Pa while the Pt liner in Figure 17 appears to have lower tensile stresses which are consolidated generally at the surface of the material in the region of 5.658 x 108Pa, this is believed to be a direct result of the materials higher ductility. In theory, from the conservation of energy, if there is less energy loss during the deformation of the liner there is more energy available to add to the end effect, which would be jet penetration, further testing is required to determine if this would be the case.

Figure 22 exhibits a large ‘diamond’ at the end of the jet which is unusual and would require further analysis to determine if it was a simulation error or a real artifact. There is evidence of this effect shown in Figure 2 which suggests that it can occur in the real world but to what extent, needs further investigation.
When comparing Jet tip velocities shown in Figure 23 to Figure 26 again the LX-19/Pt trial material shows greater velocities, although there is a drastic difference between the velocities found on the basic models and the JC models. The velocity plot shown in Figure 26 is intriguing because the initial surge is sustained at approx. 10kms-1 which is then followed by a secondary surge to 30kms-1, this occurs at the same time step as the ‘Diamond’ artifact mentioned above, as the velocity is directly related to the K.E. produced by the jet as shown in Equation 1 to Equation 6. If the results are genuine, they would suggest an ideal candidate for penetrating the strongest of materials, Again, further analysis is required of the trial material to determine if the results are real, a computational anomaly or a result of human-input error.
Finally, when the jet length was measured from the simulations using the query function, the LX-19/Pt model exceeded the TNT/Cu model by more than 50% in all simulations as shown in Table 3. Both the LX-19 PBX and the Pt Liner have outperformed the TNT/Cu on every ground and the design should be taken forward for small scale test firings.
Conclusion
There are multiple modeling approaches that can be applied to the analysis of shaped charge jet formations, which are based on various mathematical approaches as discussed previously. While each approach has its benefits, each also has its limitations such as excessive mesh distortion, combinations of the Euler and Lagrangian models are available and should be trial to provide a comparison.
There are various ways of improving on a given model, firstly the mesh can be tailored to suit the simulation, a fine mesh can be applied to a point of interest, in this case the liner apex, and a course mesh elsewhere on the model to allow for better definition, this proved promising and further improvements should be made to the simulation shown in Figure 12, as a completed simulation would provide a good comparison with the JC model to provide an understanding of the true material characteristics.
Mesh adjustment is not the only parameter that can be changed to improve on the jet formation, by including more complex material properties such as EOS and JC Plasticity values the model improved greatly, with a very fluid jet formation. Although some of the results appear too good to be true when compared to the model given which used mechanical properties. Further analysis is required of the simulation parameters to ensure no input error has occurred, if no error is found there is a strong recommendation to take the trail materials forward to small scale prototype manufacturing for firing trials.
Modeling of a given shaped charged designs jet formation is a critical aspect to the warheads design stage, using relatively simple properties one can asses if an initial design is worth pursuing prior to any large investment to infrastructure, plant, or processes. Successful models can then be taken to manufacture with relative confidence in their performance prior to any physical work being conducted. 

Bibliography

[1] 	P. K. Donne, Level 5 Assessment Specification, Swansea: University of Wales Trinity Saint David, 2021. 
[2] 	W. P. W. &. J. A. ZUKAS, Fundimentals of Shaped Charge, New York : John Wiley & Sons, Inc., 1989. 
[3] 	P. W. Cooper, "Jetting, Shaped Charges, and Explosive Welding," in Explosives Engineering, Hoboken, Wiley-VCH, 1996, p. 435.
[4] 	W. Walters, "Introduction of Shaped Charges ARL-SR-150," Army Research Laboratory - Aberdeen Proving Ground, Maryland, March 2007.
[5] 	C. L. Aseltine, "ANALYTICAL PREDICTIONS OF THE EFFECT OF WARHEAD ASYMMETRIES ON SHAPED CHARG JETS," US ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND, ABERDEEN PROVING GROUND. MARYLAND, February 1980.
[6] 	B. M. Dobratz, "UCRL-51319/1 PROPERTIES OF CHEMICAL EXPLOSIVES," LAWRENCE LIVERMORE LAB0RA1ORY, University Of California, California, December 15, 1972.
[7] 	e. a. Shengjie Sun, "Comparison of Shaped Charge Jet Performance Generated by Machined and Additively Manufactured CuSn10 Liners," Metallurgical and Materials Engineering, vol. 23, no. 14, p. 7149, 2021. 
[8] 	E. GÜREL, "MODELING AND SIMULATION OF SHAPED CHARGES," THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES, Ankara, Turkey., 2009.
[9] 	T. C. a. V. M. R. Tiwari, "DYNAMIC ANALYSIS OF UNDERGROUND TUNNELS SUBJECTED TO INTERNAL BLAST LOADING," in 6th European Conference On Computational Mechanics (ECCM 6), Glasgow, Scotland, June 2018. 
[10] 	Johnson-Matthey, "Platinum," Matweb Material Property Data, 1st June 1997. [Online]. Available: http://www.matweb.com/search/DataSheet.aspx?MatGUID=4e81bfe98eef4c368363c9c67426850b&ckck=1. [Accessed 22nd December 2021].
[11] 	J. P. B. G. D. P. Shigeaki Ono, "Elastic, thermal and structural properties of platinum," Journal of Physics and Chemistry of Solids, vol. 72, no. 3, p. 169, 2011. 
[12] 	J. M. e. al., "High Temperature Mechanical Properties of the Platinum Group Metals," Platinum Metals Rev., 2001, 45, (2), 74, vol. 2, no. 74, p. 45, 2001. 
[13] 	material-properties.org, "Platinum Material Properties," material-properties.org, 1st January 2021. [Online]. Available: https://material-properties.org/platinum-properties-applications-price-production/#:~:text=Summary%20%20%20Element%20%20%20Platinum%20,%20%203.5%20%2015%20more%20rows%20. [Accessed 22nd December 2021].
[14] 	M. A.V.Sobolev, "Use of Johnson–Cook plasticity model for numerical simulations of the SNF shipping cask drop tests," National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), pp. 272-276, 01 December 2016. 
[15] 	S. I. Carlos Chiquete, "Detonation performance of the CL-20-based explosive LX-19," Shock and Detonation Physics Group Los Alamos National Laboratory, pp. 3661-3669, 2nd October 2020.. 
[16] 	R. L. Hatch, "High Performance Castable," in IM/EM Technical Symposium, San Francisco, CA, 2004. 
[17] 	D. M. Hoffman, Fatigue of LX-14 and LX-19 Plastic Bonded Explosives, England: JOWOG 9, Aldermaston, April 23 1998. 
[18] 	W. P. Walters, "The Shaped Charge Concept, Part II: The History of Shaped Charges, BRL-TR-3158," U.S. ARMY LABORATORY COMMAND - BALLISTIC RESEARCH LABORATORY, Maryland, September 1990.




 		1
image1.png




image2.png
PLASTIC ALIGNMENT DETONATOR
DEVICE TO CENTER

BOOSTER AND \\:‘ N
DETONATOR ON \\\ \\ 26.975mm
CHARGE AXIS | 3 L
PR puiiiiiiiiiin (s
reren. RS N o e o
PELLET R R B RRS 7\ EXPLOSVE CHARGE
K e (MACHINE SMOOTH)
RN RARRAS
[ e R% |5 RRH 25 X5 RS
RIS T RS PRSI P
exmose g R EIEEE] o a0
5 = 3 X
e ] x3 RIS CASING
NSRS < a3
CRRRRSE <
3 ¥ NEAbs
N Sl ; MACHINED COPPER
q A 4R LINER
TR i 1.905mm THICK
&Y, d
5 / 5
A 18
S orawn copper SR :
LINER S hore
LINER THICKNESS
WIS OO NOT TO VARY
gl A MORE THAT .0051mm
5 IN ANY TRANSVERSE
9 PLANE AND .051mm
X 81.3mm

Y k] INA LONGITUDINAL
PLANE

TSALUMINUM - RETAINING RING




image3.png
180°

160°

140°

120°

100°

80°




image4.png




image5.png




image6.png
S, Pressure
(Avg: 75%)

+2.162e+09
+1.938e+09
+1.714e+09
+1.491e+09
+1.267e+09
+1.043e+09
+8.189e+08
+5.950e+08
+3.711e+08
+1.472e+08
-7.669+07
-3.006e+08
-5.2450+08





image7.png
S, Pressure
(Avg: 75%)
+3.726e+09
+3.396e+09
+3.066e+09
+2.736e+09
+2.406e+09
+2.076e+09
+1.746e+09
+1.416e+09
+1.086e+09
+7.555e+08
+4.255e+08
+9.550e-+07
-2.345¢+08

inum.odb  Abaqus/Explicit 2021

Tue Nov 30 11:09:23 GMT Standard Time 2021





image8.png
AVAVALVAY,
AVAVAVAN\V, [

s
KER ‘\‘ﬂ‘}i"

g -
~

o
\/
v
A
A7K
s
7
N
@W
i(

B
|
SRR
Lb
4&"7
!ﬁ NS
A7
2y
“h
4\/\
A
&!4 e
EE

Sy
e o ear





image9.png
S, Pressure
(Avg: 75%)

+3.989e+09
+3.150e+09
+2311e+09
+1.472e+09
+6.333e+08
-2.056e+08
-1.045¢+09
-1.883e+09
-2722e+09
-3.561e+09
-4.400e+09
-5.23%+09
-6.0782+09

ODB: shapel.odb  Abaqus/Explicit 2021  Mon Noy 29 16:48:50 GMT Standard Time 2021

Step: Step-1

Increment ~ 30992: Step Time = 3.3501E-05

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00
Status Var: STATUS




image10.png
S, Max. Principal
(Avg: 75%)

+2.522e+10
+1.740e+10
+9.576e+09
+1.751e+09
-6.073e+09
-1.390e+10
.172e+10
-2.955e+10
-3.737e+10
-4.519e+10
-5.302e+10
-6.084e+10
-6.867e+10





image11.png
S, Max. Principal
(Avg: 75%)

+2.522e+10
+1.740e+10
+9.576e+09
+1.751e+09
-6.073+09
-1:390e+10
-2.172e+10
-2.955e+10
-3.737e+10
-4.519e+10
-5.302e+10
-6.084e+10
-6.867e+10





image12.png
S, Pressure
(Avg: 75%)

+1.386e+09
+1:190e+09
+9.946e+08
+7.987e+08
+6.028e+08
+4.069e+08
+2:110e+08
+1.507e+07
-1.808e+08
-3.767e+08
-5.726e+08
-7.6850+08
-9.644e+08





image13.png
S, Pressure
(Avg: 75%)

+1.386e+09
+1:190e+09
+9.946e+08
+7.987e+08
+6.028e+08
+4.069e+08
+2:110e+08
+1.507e+07
-1.808e+08
-3.767e+08
-5.726e+08
-7.6850+08
-9.644e+08





image14.png
S, Pressure
(Avg: 75%)
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

.odb  Abaqus/Explicit 2021  Mon Nov 29 16:06:11 GMT Standard Time 2021

ation Scale Factor: +1.000e+00





image15.png
S, Max. Principal

(Avg: 75%)
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

1 GMT Standard Time 2021





image16.png
7N
AR
I 7avav,
N
Uiy
PRI AT N%Wbmwmﬂwm
L A B et e SN T W A A4
oo
e Ve UVAVAVANNATAYAN,
wmnuEﬁﬂ&v«mﬁﬂﬁﬂwmvwwwwﬂsgmmw
%

A

44”4‘

AAANTS A kv

A Vv s v o aVdVayy
e e e e AN W g 12
S v
A T AYAT A b A A A e oAV
S oA AV S AVAVAN avavAv a1

eV AYAVA AT e Vv AW
S AVANAYAVATAVAVAVAY VAN AV gy /
R S v e VAVATd v AN A e 4T

| %ﬂﬂﬂﬂﬂﬂ‘hﬁﬂﬂ«ﬂﬂn&ﬁ@%

R AV AN AV AV

¥

A

A
N LAY AV Ea v R e
W A J
VB 3 ravivavava vy v vavy
- NBRRREAA A S
b )««ynmﬂﬂhhmuwﬂﬂ N
W,
W st
N\ NS A

N % ;i
R

T
2
S
£3
%
e
»




image17.png
S, Max. Principal
(Avg: 75%)

-1.133e+09
-1.747e+09
-2.362e+09
-2.977e+09
592e+09
-4.206e+09
-4.821e+09
-5.436e+09
.051e+09





image18.png
S, Max. Principal
(Avg: 75%)

+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00





image19.png
S, Max. Principal
(Avg: 75%)
+5.658e-+08 |
+5.269+07 :
-4.604e+08 |
-9.734e+08 I

-1.487e+09 i :
-2.000e+09
-2.513e+09
-3.026e+09
-3.539%+09
-4.052e+09
-4.565e+09
-5.0782+09
-5.591e+09





image20.png
S, Max. Principal
(Avg: 75%)

+6.196e+09
+3.700e+09
+1.204e+09
-1.292e+09
-3.78%+09
-6.285¢+09
-8.781e+09
-1.128e+10
-1.377e+10
-1:627e+10
-1:877e+10
-2.126e+10
-2.376e+10

y
-
s
A





image21.png
S, Max. Principal
(Avg: 75%)

+8.304e-+08
+6.924e+08
+5.543e+08
+4.162e+08
+2.781e+08
+1.400e+08
+1.918e+06
-1.362e+08
-2.7432+08
-4.1230+08
-5.504e+08
-6.8850+08
-8.266e+08

=





image22.png
S, Max. Principal
(Avg: 75%)
+3.749e+09
+2.753e+09
+1.758e+09
+7.631e+08
-2.320e+08
-1227e+09

-2.222e+09

-3.218e+09

-4.213e+09

-5.208e+09

-6.203e+09

-7.198e+09

-8.193e+09





image23.png
S, Max. Principal
(Avg: 75%)

+1.022e+13
-2.446e+11
-1.071e+13
-2.117e+13
-3.163e+13
-4.210e+13
-5.256e+13
-6.302e+13
-7.348e+13
-8.395e+13
-9.441e+13
-1.049%e+14
-1.153e+14





image24.png
S, Max. Principal
(Avg: 75%)

+1.092e-+09
+9.021e+08
+7.119e+08
+5.217e+08
+3.315e+08
+1.413e+08
-4.887e+07
-2.391e+08
-4.2932+08
-6.195e+08
-8.097e+08
-9.999¢+08
-1.190e+09





image25.png




image26.png




image27.png




image28.png




image29.png




