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2. Abstract
This report investigates shaped charges from early development looking at design elements which were investigated and how the structural and mechanics interact between the High explosive and the liner when undergoing detonation. The report investigates how a chosen shaped charge design can be modelled on FEA analysis software and undergo simulations of detonation through to jet formation and compare results achieved from other reports. [1]
3. Introduction
3.1 What is a shaped charge?
“The term shaped charge has been applied to explosive charges with lined or unlined cavities… the cavity is formed in the end of the explosive charge opposite the point of detonation” [2]
The simplest shaped charge is a hollow cavity this can use any geometric shape which focuses the gaseous products of the detonation of the explosive charge to focus the energy produced from the detonation and increasing the penetration capability over a cylindrical charge without the cavity despite having less explosives. This phenomenon is referred to as the Munroe effect. 
The penetration performance can be improved further by adding a thin layer of any solid which may form a jet when the charge is detonated. This is referred to as a lined shaped charge. Like the Hollow charge a spherical shock wave forms from the point of initiation. This travels at the speed of detonation of the explosive material. The shockwave will then hit the liner accelerating the liner material under the intense pressure. This pressure will also collapse the liner forming a jet and a slug. The velocity of the Jet tip can be greater than that of the detonation velocity of the material.
Penetration performance of a lined shaped charge is improved by increasing the gap between the charge and the target this is called the standoff distance. The optimum standoff will vary depending on the design and construction of the shaped charge.  
If the jet is directed at a metal plate (usually used to measure penetration performance amongst other things). Peak pressures of 200Gpa and decaying to 20Gpa can be seen.  The temperatures experienced are usually between 20%-50% of the melt temperature of a metal plate. As a result, the Cavity formed in the plate is not due to melting of the plate which is a common misconception and is due to the lateral displacement from the extremely high pressure created.
Most shaped charges will have roughly the same components and ignition train that follows a similar naming system like demonstrated in the Figure 1 below. Figure 1

 




 [2]
Components of a shaped charge: The detonator will be initiated usually by a high voltage electrical detonator this will contain a secondary explosive with varying densities. This will then initiate the booster pellet with a larger quantity of secondary explosive by shock to detonation which in turn shocks to detonate the High Explosive (HE) fill of the Explosive charge. The Detonation wave will then propagate from the booster. The detonation wave will be contained within the Case and directed towards the Liner.  The Liner size is referred to as the Liner Diameter (LD), the internal diameter of the explosive charge excluding casing is called the Charge Diameter (CD) and the external diameter of the casing is called the Warhead Diameter (WD). The gap between the charge and the target is called the Standoff Distance (S.O.).     
3.2 History/development of shaped charges 
The first true research into shaped charges began with Charles E. Munroe 1888. Munroe detonated explosives in contact with steel plates the charge had the initials of the United States Navy inscribed opposite the point of detonation which then got transferred onto the steel plate. In summary cavities in the explosive would increase the penetration in the block opposing it. 
The first Lined shaped charge was created in 1894 by Munroe this consisted of a tin can with dynamite tied around it. This was used to punch a hole through the top of a steel safe. Further studies in Germany occurred in the early 1910s confirming what Munroe had discovered. 
Following this, different geometric shapes of hollow charges were investigated however rapid development only occurred during the lead up to World War 2.  This rapid acceleration in research occurred due to the defense application of shaped charges. Standoff distances were investigated in the build up to the war as well as applying shaped charges to weapons such as armor piercing projectiles.
Henry Hans Mohaupt for the US and UK and Franz Rudolph Thomanek for Germany both perfected lined cavity shaped charges for use in penetrators. Mohaupt developed a range of military devices from grenades to mortars and artillery. After demonstrations to the british army a rifle grenade was developed and eventually entered service as the No 68 grenade which became the first in service application of a shaped charge.
Throughout the war all sides continued to use shaped charges for military applications this included considerable research by the Japanese. This research included: “gas flow and gas velocity from an unlined hollow charge; the jet velocity from a lined hollow charge; penetration versus standoff distance studies; hollow charge liner geometries varying from conical to hemispherical caps; various liner materials including mild steel, copper, aluminum, zinc, asbestos, molded Bakelite, tin, and paper; recovery of jet particles in sand; and dynamic (missile) effects. … (The wall thickness was taken as 1/25 of the charge diameter and the liner diameter was taken to be 4/5 of the charge diameter for both conical and hemispherical liners.) The optimal cone apex angle was determined to be between 35° and 50°. “ [3]




3.3 Application of shaped charges
The application of shaped charges can be split into 2 main categories military and non-military. Military applications were where major advances in shaped charge design came about due to the requirement for greater performance penetrating weapons in conflict especially world war 2. These applications include:
High explosive anti-tank (HEAT) warheads. Figure 2 and 3 show a Fin stabilized anti-tank round. [4] Fin stabilized rounds have greater performance over traditional spinning rounds fire from a rifled barrel this is due to greater accuracy and allowing for a better formation of the jet from the shaped charge. The shaped charge functions when the frontal impact switch assembly as seen in figure 3 impacts with the target. This creates the standoff distance for the shaped charge allowing for enhanced penetration. Figure 2

[image: https://www.ontrmuseum.ca/tankmuseum/wp-content/uploads/2021/07/Heat.jpg]
                                                                     Figure 3 [5]

An alternative to the HEAT round is a High Explosive Dual Purpose (HEDP). These are usually found in medium caliber guns and grenades such as the M430 HEDP 40mm grenade. These spin stabilized and use a point detonating Fuze which initiates a spitback mechanism which fires a jet down the center line of the munition as part of the firing train. This then initiates the main filling behind the liner functioning the shaped charge. 
[image: https://man.fas.org/dod-101/sys/land/m430a1.JPG]




Figure 4 [6]



Tandem warhead were introduced to improve penetration through multiple layers of armour. An example of a tandem warhead missile is the Javelin fGM-148 as seen in figure 5 [7]. For a Javelin missile which is usually fired at Tanks the precursor charge is used to initiate the explosive reactive armour before the Main Explosive charge is used to penetrate through the armour beneath. 
[image: ]







Figure 5

Non Military uses of shaped charges:
Demolition- Linear shaped charges are commonly used in the demolition of buildings especially metal beams and sheets. An example of a commercial cutting charge can be seen in figure 6 [8]. The manufacturer quotes performance of the 5.3kg charge to be able to:” With no stand-off distance and with charges placed on opposite sides of the object under attack, the charge will cut 200 mm of laminated steel plate under compression, 250 mm under tension, or 25 mm steel through 150 mm of reinforced concrete. The
maximum stand-off distance which an individual charge can cut a 25mm steel plate is 760mm.” [8]Figure 6

Similar shaped charges are used in the Mining industry for quarrying as well as breaking up ice and felling trees. Shaped charges are also used in the Petroleum and natural gas industries in particular perforators with a firing head. Perforators are used to connect the wellbore to the reservoir the better the connection the better the performance. The connection is created by punching through the wall between the well and the reservoir with either a mechanical perforator or a perforator with a firing head which uses a shaped charge. The Oil or Gas can then be extracted through the perforator. [9]
A more extreme example of non-military uses of a shaped charge is in Space exploration. The first example used in space was on the Hayabusa2 mission which used a shaped charge to create an artificial crater on the surface of asteroid Ryugu which was believed to contain samples of organic matter from when the solar system was forming. The spacecraft arrived at Ryugu on the June 27 2018 where it then completed the detonation of the 4.5kg shaped charge device exposing a 10m wide crater exposing a fresh sample. This was complete while the spacecraft was behind the other side of the asteroid undercover from debris. The pristine sample was then collected and transported back to Earth on the December 6, 2020. [10]  
Another design which was evaluated was the implementation of using nuclear fusion to propel a spacecraft. This was investigated by the United States from the 1950s to 1960s until the program was stopped due to the ban of testing nuclear weapons above ground and in space due to the fear of nuclear fallout. None the less non-nuclear models were tested using up to 6 RDX shaped charges and achieved altitudes of up to 100m. [11]  

4. Design of shaped charges
The main three components of a shaped charge are the Liner, Explosive fill and Case. Each have varying criteria which can affect performance. Each component and its design are evaluated below to help guide design choice later in report:
4.1 Liner- the liner material is one of the main components for penetration characteristics. The purpose of the liner is to form the jet which when squeezed by the pressure from the blast wave of the explosives can create tip velocities as high as 12,000m/s with the slug travelling behind at a few hundred m/s. The main design factors of the Liner which will affect the Jet are:
Geometry- There is a range of different potential geometries used for shaped charges they can be split up into linear and axis-symmetric. Linear shaped charges are a 2D shape which is extruded along the axis as seen in figure 6. These can be as long as required some offer the ability to be attached together to form the desired length. A Linear charge can have varying cone angles and shapes similar to the Axis-symmetrical explained below.
[image: https://www.stvgroup.cz/media/cache/products/products/124/P1b0W3e9_EMW1PBfESeH-Demolition%20Charge%20HAYRICK.jpg]Figure 6

    
The liner material- 
Thickness of liner-
Manufacturing method-

Axis-symmetric shaped charges have a cone or hemispherical shaped liner. The apex angle of the cone can vary throughout to achieve the desired penetration capability. Figure 1 shows a cutout of a conical shaped liner with no change in apex angle. The steeper the cone angle the faster the jet tip however more like to break up. The lower the cone angle the larger the slug and when large enough is referred to as an explosively formed penetrator (EFP).  An EFP can penetrate a target further away (larger standoff distance) due to its larger mass but lower velocity. [12]
Figure 1


 

Conical shaped charges like figure 1 can have varying levels of chamfer at the apex of the cone this is to reduce particulation and improve formation of the Jet.  
Another shape commonly used in shaped charges are fluted “Thick Thin” shaped charges. This feature is to induce spin on the jet.  The figure 7 shows the geometry of a fluted shaped charge and how they induce spin on the jet through the formation process.Figure 7






[13]
Spin Induced Fluted shaped charges have less penetration performance due to an imperfect formation of the jet. The spin induced allows for greater stability in flight preventing tumbling this is more important for smaller shaped chargers that do not have any other means of stability. [13]
Manufacturing method- The construction of the liner is shown in the performance of the jet. High tolerances are required for best performance as imperfections in construction can lead to the jet formation being disrupted. 
A selection of process can be used for the formation of Copper liners from Machining from rods, deep drawing, Flow turning, Hot/Warm/Cold Forging, High velocity forming, electroplating. 
Machining from rods is relatively expensive and the crystal structure of the liner is not optimal. For large liners the material may not be homogenous and the irregularity of the material will allow uneven pressures during jet formation which will lower penetration ability and stability. 


Deep drawing a liner is a lot cheaper and is very cost effective for large quantities of small shaped charges. The process involves pressing the liner into the desired shape over multiple steps. This becomes more expensive the larger the liner gets with increasing number of steps and annealing between presses. The crystal structure of the finished liner is better than the machined liner however varies over different heights of the liner. 
Flow turning is another alternative production method of liners this uses a shear production process and rolls the liner into shape. This method has a smoother surface texture and better crystal structure which induces spin and stability.
Forging is similar to the drawing process with how the liner is made in multiple stages being annealed at certain points however there are some differences.  Forging can be completed at different temperatures for Cold and warm forging the Liner is annealed at each step this reduces the strain hardening but allows for a finer crystalline structure. The structure and stresses of the original billet material will partly remain in the final liner so if a spin induced liner is required the starting material already will need a crystalline structure that does not contain residual stresses and uniformity. [13] The external layer of the liner is then machined away to achieve the desired wall thickness. Hot forging does not achieve the same crystalized structure as the liner recrystallizes forming large crystals. 
Other materials can be used for shaped charge liners and they all have their own structures and advantages and disadvantages with different manufacturing processes and costs however the most common liner material is copper due to its ability to form a jet up to 2000% greater than the length of the liner from excellent ductility malleability and the ability to have a fine crystal structure which increases jet length. [14]
The above variables all contribute towards the penetration of the liner which can be expressed in the below formula:
[image: ] [15]

4.2 Explosive fill-
The effect of the explosive used is a lot more understood. In summary the higher the detonation velocity of the explosive the higher the pressure created and the better the penetration of the liner. The most ideal explosive is HMX which has a formula of C4H8N808 and a detonation velocity of 9100m/s. 
When making a shaped charge however the explosive fill has to be suitable for the application and HMX is relatively sensitive and expensive. Additionally the penetration of the liner is not always the only effect desired. For example in a warhead a blast effect may be required as well. Alternative explosive fills are: Octol is a mix of HMX and TNT this is used in high performance requirements but still needing reduced sensitivity; RDX based PBX mixtures are also commonly used due to being considerably cheaper to produce while still having relatively high detonation velocities of around 8,700m/s; aluminium powder can be added to any of the above mixtures however will decrease detonation velocities but increase blast so is more likely used in military applications especially torpedoes for the bubble effect it has underwater creating greater stressed on the hull of the ship. The method that the explosive is filled into the casing will also effect detonation velocity. Melt cast methods are lower density compared to pressed explosives and they can then be machined to fit the liner and case. The HE fill cannot be pressed into the case and liner otherwise there would be varying densities which would lower penetration ability. [16]

4.3 Case- has many functions firstly the case is to contain the explosive fill. The containment it provides allows for the HE to detonate. Once detonated the casing will direct the blast wave as required. Shaped charges design purely for penetration will have larger cases that direct as much as the blast wave towards the liner. If the shaped charge is designed to have secondary effects of blast the casing will be thinner which can require more explosive fill to ensure the explosive has the required critical detonation diameter.

5. Types of material Models
5.1 Johnson Cook- “Modelling the Plastic deformation of a material can be achieved by treating it as directly proportional however this is not the best way to model as this would only be an approximation. A more improved model which was used in this report is the Johnson cook model. This requires parameters A, B, n, C and m. A is the yield stress of a material under reference conditions, B is the strain hardening constant, n is the strain hardening coefficient, C is the strengthening coefficient of strain rate and m is the thermal softening coefficient. These have to be measures experimentally at a reference temperature.” [17]


5.2 Mie Gruneisen EOS- relates pressure and volume of a solid at a given temperature. This model is used to model the liner and the case as it the model is regularly used for compression of solid metals.  [image: ]

The Gruneisen equation is shown in Figure …. Where Γ is the Gruneisen parameter, V is the volume, p is the pressure and e is the internal energy.
[image: ]This equation can be integrated into the form seen in figure …. Assumptions including that the Hugoniot equation can be used to find the values of the reference density and the reference internal energy. This equation also has a temperature correction and is used in the ABAQUS software.





The parameters required for successful application are:
Reference state density
Heat capacity
Reference sound speed
Coefficient shock relationship 
Reference state temperature 
[18]
5.3 Jones-wilkons-lee (JWL) Equation of state
Is also used for modelling the relationship between volume, energy and pressure however is used when describing detonation products. The most common form of the JWL EOS is seen in figure …
[image: ] 
P is pressure 
S is entropy
V is volume relative to undetonated state
A, B R1 and R2 are constants 
ω is a material property
D is also required which is the detonation velocity of the explosive.
5.4 Elastic model
Elastic models of the liner and case are also required for when the behavior of the material is behaving linearly. For this Hooke’s law was used where the force is directly proportional to the extension.  
5.5 Alternative models
There are a range of EOS which can be used in the modelling of shaped charges most of which are hydrocodes designed to describe the relationship of the pressure and volume when elements are experiencing extremely high stress and strain. These hydrocodes are specific to certain applications and can add extra reliability to the model results. For example the CTH Hydrocode could be used instead of the JWL EOS however cost and access to these hydrocodes limits use and there is more literature on the JWL EOS. 



6. Results
6.1 Chosen Design
The design chosen for modelling and analysis for later in this report combines many of the features discovered in the previous literature searches. A technical drawing was found which could be used to formulate the design on ABAQUS. The source additionally had modelled the shaped charge detonating on and FEA software using the CTH hydrocode. Throughout the report results achieved on ABAQUS using the Mie greneisen equation of states (EOS) will be compared to the results achieved in the report by Daniel R. Scheffler and William P. Walters.  Which can help verify correct results and distinguish incorrect results highlighting limitations. [19]
Figure 8











In the Figure 8 above the technical drawing outlines the geometry of the shaped charge. The design uses a double liner configuration which is an attempt to combine the features and characteristics of Tandem warhead while reducing the weight. The dual confinement feature of the design is not to produce 2 jets but to direct the detonation wave while also forming greater amount of fragmentation. 
After each different simulation the results will be analysed comparing the mechanics with how the structure and engineering methods could influence results as well as the  material models used and limitations of the FEA software ABAQUS.






6.2 Material Properties
3 simulations were completed. A 2D Lagrangian model, a 3D Lagrangian model and a 3D Eulerian model. All three have disadvantages and advantages however all use the same material properties:
The case material is Steel  
Johnson cook 
	A
	792000000

	B
	510000000

	n
	0.26

	m
	1.03

	Melting temperature 
	1793

	Transition temperature
	293.2



Johnson cook damage
	D1
	0.05

	D2
	3.44

	D3
	2.12

	D4
	0.002

	D5
	0.61

	Melting temperature
	1793

	Transition temperature
	293.2

	Reference strain rate
	1


[20]
The two Liner materials are both Copper the material parameters used were:
Johnson Cook
	A
	90000000

	B
	292000000

	n
	0.31

	m
	1.09

	Melting temperature
	1358

	Transition temperature 
	673


Johnson Cook Damage
	D1
	0.54

	D2
	4.89

	D3
	3.03

	D4 
	0.014

	D5
	1.12

	Melting temperature
	1358

	Transition temperature
	673

	Reference strain rate
	1

	Fracture energy
	500000



Mie Gruneisen EOS
	c0 
	3933

	S
	1.489

	Gamma0
	2.02



[21]

The HE fill was Octol 78/22
JWL parameters
	Detonation wave speed (m/s)
	8480

	A
	74860000000

	B
	13380000000

	Omega
	0.38

	R1
	4.5

	R2
	1

	Detonation energy density
	5270000

	Pre-deton Bulk Modulus
	3000000000


[22]
6.3 Mesh
Mesh validation is also required for all simulations. This is where mesh sizes are varied from course to fine and comparing results to see where the results converge towards the same point. Too course of mesh will not be representative of how the material behaves. Too fine of mesh will take too long to simulate and contains too many nodes for the license held on ABAQUS. Numerical errors are also amplified with a finer mesh. This can result in the simulation crashing to excess distortion and/or elements moving faster than theoretically possible. This is shown at the apex of the cone of the inner liner where the jet tip velocity is greater than the detonation velocity of the Octol fill.    
Meshes can also contain global seeds and local seeds which are used to target areas of high interest while reducing the mesh at areas which either experience less stresses or is not required for the investigation and has no impact of the outcome of the jet velocity. 






6.4 Modelling shaped charge 2D
For the modelling of the 2D shaped charge using a Lagrangian mesh the parts were created in a 2D plane on ABAQUS before being meshed and assigned properties and constraints. The simulation was then executed and the results revolved around the center axis. A selection of nodes at the jet tip were then selected and plotted to show the velocities achieved as seen in figures 9 and 10 the velocities achieved were just over 8km/s which matched the results by Daniel R. Scheffler and William P. Walters.  
Figure 9








Figure 10
















Figure 11








Figure 12









As seen in figures 11 and 12 the outer liner began to expand in the simulation despite being surrounded by Octol. This expansion is the sign that the case would eventually fragment if the simulation was to run for longer. 
The results have many similarities with the paper by Daniel R. Scheffler and William P. Walters despite the differences in material models used.   








6.5 Modelling shaped charge 3D Lagrangian

Modelling a shaped charge with Lagrangian 3D is very similar to that of the 2D version the difference include revolving the parts before meshing. The meshing of the parts will be courser than that of the 2D so that there are not too many nodes for the license and the simulation duration will take too long. The advantage however is that the liner collapse is more representative as they collide together rather than colliding with a boundary condition. Despite the courser mesh the velocities achieved were still above 8km/s.










Figure 13

Figure 14













The above figures 13 and 14 show the peak pressure of the 3D model which is comparable with the results found in the report by Daniel R. Scheffler and William P. Walters of 85000000000 pascals. 
6.5 Modelling shaped charge Eulerian 3D
An Eulerian mesh is vastly different to that of Lagrangian. The advantage of the Eulerian mesh is that the simulation will not crash due to excess distortion and the results of which can be seen below. The sketches from the 2D Lagrangian model were imported and used to create an Eulerian part and assembly. Additionally an Eulerian part had to be created to encase the shaped charge assembly. This part is then meshed. The meshed used had a local mesh with a finer mesh at the center of the cylinder and a courser mesh at the outer circumference. This is shown in figure 15.Figure 15
Figure 16
Figure 17
Figure 18

    













The results that are displayed in figures 16 17 and 18 cannot be manipulated as easily as the Lagrangian models. To calculate velocity of the jet tip a frame was selected when the jet began to format step 31 and then a frame was selected once the jet had moved step 53. This could then be used to calculate the velocity of the jet by using distance of time. The end result was a velocity of 5.45km/s. This is much lower than the results found by Daniel R. Scheffler and William P. This can be explained by using an inaccurate method of velocity calculation as the peak jet velocities are only found when the jet begins to form and will reduce quickly. This reduction in velocity would have already began and been included in the calculation. 

7. Conclusion
Analysis of the blast, mechanics and the engineering science was completed throughout the report. Evaluation of OME design as well as the modelling techniques was also undertaken. In summary the modelling techniques used gave an indication how a shaped charge would perform but the large variation in performance based on manufacturing techniques and material behaviors at extreme temperatures and pressures are extremely hard to replicate on FEA software and will never completely replace physical test and evaluation of live assets. Improved hydrocodes and manufacturing methods can minimize the discrepancies between simulations and live firings. 
A large determining factor in the performance of shaped charges is the spin and particulation that occurs throughout the jet formation. This is not modelled in the simulations completed in this report due to not being able to input the residual sheer stresses in the materials used for the liner.
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‘Where,

P = Maximum depth of penetration,
Vio = Jet tip velocity

Vimin = Cut-off velocity

tp = Particulation time

P = Liner material density

P = Target material density
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Figure 91. Setup for diffusion bonding of copper-nickel assemblies, temperature is

982 °C, time is 1-3 hr, argon atmosphere.

46

w [n]

. € Microsoft Edae

Make a Selection

ftem Select in viewport| Name fitter:

Al

‘CASE3D-1.CASE3D
Partinstances

EnElemExcessDistortion-Stepl
HEFILLINNER3D-1.5ET-1

o HEFILLOUTERD-1 HEFILLOUTERSD
Display groups ‘OUTERLINER3D-1.5ET-1
Coordnafeems || WarmElembeformftefcesdsRatio-Sep!

WarnElemDistorted
WarnElemMaxDeformRate-Step1
WarnElemSurfacelntersect-Step

Shell-to-Solid couplings
Distributing couplings
Kinematic couplings
Rigid Bodies

MPCs

Method

Pick from viewport
Element labels
Section assignment
Meaterial assignment
Element type

Result value

All lements

Internal sets
Composite layups

Composteples [ Highigh tems i viewport

Perform a Boolean on the viewport contents and the selection

@ o

Replace  Add  Remove Intersect Either Undo  Redo

SaveAs, Save Selection As, Tip.

- 2 x
= % q
X | Q
%
e
@ htime 3
fabs u
]
Dismiss
a
g

) Fle Model Viewport View Resut
DEE®E & bepimay

Model Results

Session Data g

& Output Databsses (1)
@ 55 Model Database (1)
@ 0 Spectrums ()
@ XvPlots (1)
@ B8 XvData 21)
I paths
515y Display Groups (1)
& Free Body Cuts
B Streams
I Movies
& images

The nodel databass "Ci\advanced physics\shape charge 4 double liner 3d.cas’ has been opened

Plot

s

Animate Report Options  Tools Plug-ins

Ymarpincb | i b ¢ CLEILE B

Help N?

S, Max. Principal
(Avg: 75%)
+2.358e+10
+1.680e+10
+1.001e+10
+3.228e+09
-3.557e+09
-1.034e+10
-1.713e+10
-2:391e+10
:070e-+10
\748e-+10
-4.427e+10
-5.105e+10
-5.784e+10

3d dbl liner

Al

X Use the Crese Display Group dislog

The temporary XY data for the requested XY data extraction has been created

B8990

5 |Vuotaaton actouts 1) -

e

4 Frame Selector

step

2

step: 0

a

v e O

2 simuLin

Cr





image55.png
[M Fundamentals Of Shaped Charges





image56.png
[M Fundamentals Of Shaped Charges





image57.png




image58.png




image59.png




