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Abstract
Shaped charges are used in many environments such as military theatre, construction, and the oil and gas industry. For this report, the shaped charge was more designed to be effective within a military environment and information on how shaped charges became known and used can be found throughout. The design for the simulations was not of the standard conical-shaped charge although a slightly different design was followed. The design followed is known as the Trunconical Hypercumulation Shaped Charge which is similar to a conical-shaped charge, although an additional liner is used to help improve the overall performance of the shaped charge. In this report, the performance was not as expected of that of a typical shaped charge although the simulation results proved the design to be more similar to an Explosive Formed Projectile (EFP) rather than that of a shaped charge. More information on the parts of the Trunconical Hypercumulation Shaped Charge including material properties used can be found within this report. Three simulations were carried out for this report and consisted of a 2D simulation, a 3D simulation, and finally, another 3D simulation with a different High Explosive used.  
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1. Introduction
Shaped charges can be thought of as explosive charge which is effectively shaped in a certain way to produce the desired effect of the energy of the explosive which has been used. When shaped charges are mentioned, the author automatically thinks of an explosive device that is used in a combat environment by the army, navy, or air force but they can also be used in numerous other job roles such as within the oil and gas industry. Shaped charges by design ensure that they focus all of the energy produced within a single line, which makes it very accurate. Although it can be assumed that shaped charges are only a product of the 20th Century this is indeed not the case. You would have to go back to the 18th Century to approximately. 1792, when a philosopher by the name of F.X, Von Baader who was said to be interested in the subject of mining, was credited for the creation of a “conical or mushroom-shaped space at the forward end of the blasting charge used in mining to increase the explosive effect and save powder [1]. Fast forward to the present day, shaped charges are capable of penetrating around 10 CD (Cone Diameters) through armour [2]. During the Iraq war that began in 2003, shaped charges were used in roadside explosive devices that were used to kill or maim American soldiers [2]. Shaped charges are said to be effective against armour and concrete targets and the Shaped Charge Jet (SCJ) tip velocity can reach between 6000 up to 10000 m/s [3]. Shaped charges are said to behave depending on how they are structurally designed and can be difficult to design and perform [3]. It can be assumed from this that it may take several attempts to create the perfect shaped charge depending on what the need for the shaped charge is. It would also be assumed numerous simulations would need to take place in order to perfect the ultimate shaped charge for its chosen use. Typically, a shaped charge will consist of an explosive cylinder with a cavity opposite to the detonation point although the cavity shape may be either a conical shape or a bow shape [4]. A typical image of a shaped charge can be found in [Fig.01]. 
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Figure 1 - Shaped Charge. Source: Adapted from [04]
[Fig.01] displays the basic construction of the shaped charge. The shaped charge will consist of a detonator and a booster, a casing of the explosive, and a liner. There will also be a stand-off distance from the shaped charge to its target, but this will differ depending on the intended use of the shaped charge. The liner of the shaped charge will be manufactured as per the requirements and can either be in the form of a “cone, parabola, hemisphere, V-shape, or any other suitable form”. The V-shape liner is mainly used within the demolishing industry and is more commonly known as the linear cutting charge [4]. It was discovered that detonating a hollow cylindrical charge on or near the desired target produces a deeper cavity in the target than without a cavity [4], this is described as either the Neumann or Munroe effect.  Charles Edward Munroe was the inventor of the Munroe effect within explosives which was discovered in 1885 [5]. The effect is said to have been rediscovered in 1911 by Von Neumann. Fast forward to the World War II era when it is believed that the lined cavity-shaped charge research blossomed due to the war and the advancement of devices using shaped charges such as the bazooka, and panzerfaust, including other devices [6]. It is believed that in the years between 1935 and 1950 the development of shaped charges was quickly accelerated by the British, Germans, and Americans [6]. Modern lined cavity effects were discovered by the German Franz Rudolph Thomanek and also by Henry Hans Mohaupt on behalf of the United States and the United Kingdom [6]. 

2. Application of Shaped Charges
The use of shaped charges ensures when an intense and localised force is required then it will be capable of piercing through a barrier or target. Shaped charges are most commonly used within the military field. These consist of the following:
· Torpedos
· Missiles
· High Explosive Antitank (HEAT) Rounds
· Bazooka Rounds
· Rifle Grenades (Gun Launched)
· Cannon Launched Round; and
· Bombs (Various types).
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Figure 2 - High Explosive Antitank projectile (HEAT). Source: Adapted from [06]

The above can be used for destroying various types of targets such as bunkers, structures, vehicles, aircraft, armour, and boats (surface and underwater vessels). In 1989 it was believed that the largest known shaped charge was a modification of the Beethoven or Schwere Hohlladung or heavy-shaped charge (SHL) known as the MISTEL (Mistletoe) [6]. An unmanned bomber carried the MISTEL and is believed to have a “2 m diameter, wide-angle, conical shaped charge” [6]. It is believed that the MISTEL apex angle was 120 degrees, approximately 30mm thick, constructed of mild steel or aluminium and weighed around 3500 kg with an explosive weight of 1720 kg [6]. The Japanese designed the SAKURA bomb [Fig.03] which was designed using the same technology as the MISTEL [6]. 
[image: Diagram of a structure with measurements

Description automatically generated]
Figure 3 - SAKURA Bomb. Source: Adapted from [06]
Modern day shaped charges used in military operations are the following:
· High Explosive Anti-tank (HEAT) Warheads
· Unguided Rockets
· Gun-fired projectiles (Spun & Unspun)
· Rifle Grenades
· Land Mines
· Bombs
· Torpedos; and
· Various other weapons.
The demolition industry benefits hugely from the use of shaped charges. Just like the military environment the demolition industry will utilise shaped charges to collapse targets such as bridges, buildings, and various other constructions. Within the demolishing industry shaped charges will be strategically placed with the use of plastic explosives including a collection of various liners [6]. Shaped charges are also used in the construction industry to either break, crack, or drill holes in land rocks. They can also be used to assist in well drilling, tunnelling, and earth moving. Shaped charges are also used in dangerous work environments such as mining excavations [7]. 
The information above demonstrates that shaped charges can be used in many different environments such as military works, demolition, and construction, and therefore can be seen as a very useful design. The performance of the shaped charge can be thought of as forever improving as each century passes the use of the shaped charge has evolved and has been perfected for the different types of roles it is used within. 

3. Shaped Charge Design
The design of the shaped charge will ultimately be constructed to provide the best results for its intended purpose taking into account the environment it will be used for. For the purpose of this report the discussion of the shaped charge will be based around the military domain moving forward.
It is assumed that a shaped charge [Fig.04] will be designed and consist of the following parts [8];
· Detonator
· Booster
· High Explosive (HE)
· Case; and
· Liner.
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Figure 4 - Shaped Charge Design. Source: Adapted from [08]

Detonators can come in electric and non-electric forms. Their role can be described as providing an explosive shockwave which therefore enables the ignition of a less sensitive although more powerful secondary explosive [9]. 
Boosters are used to increase the size of the detonation and their second role is to delay the arrival of rarefication waves allowing the main charge (explosive) time to react [10]. 
The casing of a shaped charge can vary in material, but it can be assumed standard for a steel casing to be used although depending on what the shaped charge is being used for the material may change.
The liner of a shaped charge is designed to aid deep penetration including large penetration holes in designated targets [11]. A copper liner is widely used in shaped charges as it is believed that an advantage of a copper jet will ensure a large penetration depth to occur approximately 8-10 Charge Diameter (CD) against an armour steel target [11]. 
High explosives will be used as the explosive fill within shaped charges. Many types of high explosives could be used such as trinitrotoluene known better as TNT. There is also a range of other high explosives that could be used rather than TNT such as “3,3′-Bi(1,2,4-oxadiazole)-5,5′-diylbis(methylene)dinitrate (BOM) is a liquid phase carrier for melt cast explosives that is expected to replace TNT” [12]. 

4. Shaped Charge Model for Report
This report aimed to design a 2D axisymmetric model of a shaped charge within Abaqus and perform various simulations and report on the findings and then complete a 3D model of the same shaped charge and report findings. In this report, both the 2D and 3D models are designed with all the same materials although a second 3D model was designed with a different type of High Explosive used. This was created to create a comparison and discuss the differences between the High Explosives used. Typically shaped charges will consist of a liner and when it is detonated it will produce a spherical detonation wave which will then deform and be crushed, forming a jet undergoing high pressure, high temperature and a rapid tip velocity that has the potential to cause serious damage to its target [13]. For this reason, a standard approach of designing a shaped charge was not used and therefore a different style of shaped charge was designed.

4.1 Trunconical Hypercumulation Shaped Charge Design
To stray away from the standard style and design of a shaped charge the decision was made to undertake a trunconical hypercumulation shaped charge design [Fig.05]. 
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Figure 5 - Trunconical Hypercumulation Shaped Charge Design. Source: Adapted from [13]
The reason for selecting this design was that it is believed along with a conical liner being replaced with the trunconical liner and the additional of the additional liner should therefore enhance the performance [13]. It is believed that compared to the traditional shaped charge jet, that adding in the additional liner within this shaped charge will therefore increase the angle of collapse of the truncated liner resulting in a greater jet enhancement and jet velocity [13]. The research performed by Ge, Chao et al. described their findings from their research and stated that “the hypercumulation jet is always greater than that of slug, and the tip velocity of the jet is 25% - 30% higher than that of the traditional jet, presenting great potential toward anti-armour application” [13]. 

4.2 Trunconical Hypercumulation Shaped Charge Design Materials

[Fig.06] displays the materials used for the 2D simulation.
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Figure 6 - Materials of design
The shaped charge was created within Abaqus simulation software and can be seen in [Fig.07]. 
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Figure 7 - Design in Abaqus
The case of the shaped charge was designed by using Aluminium 7075 which is described as a very strong but light metal which resists deformation well making it a very light but extremely tough material [14]. Aluminium 7075 has a great yield strength including low density which makes it a great alloy to use for aircraft fittings, Aerospace parts and more importantly missile parts [14]. The following material properties for Aluminium 7075 [Fig.08] [Fig.09] [Fig.10] were taken from matweb [15]. 
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Figure 8 – Johnson-Cook Damage for Aluminium 7075
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Figure 9 – Density for Aluminium 7075
[image: ]
Figure 10 - Plastic (Yield Stress) for Aluminium 7075
For the High Explosive filling of the design Composition B was chosen as an alternative to the standard TNT filling. The material properties for Composition B were taken from [16] and are shown within the Abaqus simulation software in [Fig.11] [Fig.12].
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Figure 11 - Composition B Density
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Figure 12 - JWL (Eos) Composition B
The liner and the additional liner for the simulation material used was copper. The material properties were taken from [16] and are shown in the Abaqus simulation software in [Fig.13] [Fig.14] [Fig.15].
[image: A screenshot of a computer

Description automatically generated]
Figure 13 - Johnson-Cook Damage Copper
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Figure 14 - Density Copper
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Figure 15 - Elastic Copper



4.3 Trunconical Hypercumulation Shaped Charge Design (2D) Simulation
Once the shaped charge was designed within Abaqus and all material properties for each part included the simulation began. The aim of the simulation was to run the simulation for a certain amount of time (5E-05 seconds) to allow detonation to be achieved and to report on the findings. Each part (case, liner, and high explosive) was then meshed which in simple terms means that the part will represent a geometric object which is set of finite elements. To gain a more accurate simulation the finer the mesh is constructed then the better the results may be although due to time pressures it was not possible to run lengthy simulations for this, therefore, a less fine mesh was used to allow time to run the simulation and produce results for this report. The aim of this simulation was to run a successful simulation which replicated a shaped charge to detonate and perform how a shaped charge would in a real-life scenario based on the parameters set. It would also be beneficial if during the simulation a jet would form which would replicate a real-life shaped charge exploding and allowing the jet to produce enough energy to penetrate the target. In all simulations undertaken no target was selected as there was no requirement nor time to conduct this but in an ideal world, this would be undertaken to document the strength of the jet and what it could and could not penetrate. 

The following figures show the simulation taking place on the Trunconical Hypercumulation Shaped Charge Design using the materials, Aluminium 5075, Copper, and Composition B. 
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Figure 16 - Immediately after detonation occurred
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Figure 17 - Casing begins to disintegrate
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Figure 18 - Jet begins to form
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Figure 19 - Jet beginning to enhance
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Figure 20 - Jet increasing
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Figure 21 - Jet still increasing
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Figure 22 - Jet complete (Main + Additional Liner only)
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Figure 23 - Graph measuring Velocity over Time
4.4 Trunconical Hypercumulation Shaped Charge Design (3D) Simulation
After a successful 2D simulation took place, it was required to conduct a 3D simulation using all the same material properties to try and obtain a successful simulation in the 3D form. 3D simulations require additional time to run therefore it was difficult to obtain a successful 3D simulation in the required timeframe, however, the following figures demonstrate the simulation. 
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Figure 24 - 3D detonation taking place
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Figure 25 - 3D detonation of Casing only
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Figure 26 - 3D Jet forming from Liner + Additional Liner
[image: ]
Figure 27 - 3D Graph measuring Velocity over Time
4.5 Trunconical Hypercumulation Shaped Charge Design (3D) Additional Simulation
After running a 2D and 3D simulation consisting of the High Explosive being Composition B a final 3D simulation was undertaken in which the Composition B was removed and replaced with TNT. The reason this simulation was undertaken was to allow a comparison to be made between the overall results of both High Explosives to draw a conclusion as to which would be a better option or if the results would be of similar nature. The material properties of TNT [16] can be found in [Fig.28][Fig.29].
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Figure 28 - TNT Density
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Figure 29 - TNT JWL Data
Due to time constraints only a 3D simulation took place with TNT as the High Explosive within the shaped charge and the results can be found below. All other material properties remained for the liner and additional liner as copper and casing remained Aluminium 7075. 
[image: ]
Figure 30 - TNT Detonation
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Figure 31 - TNT Detonation (Liner + Additional Liner only)
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Figure 32 - TNT Velocity over Time Graph

5. Discussion
The aim of the simulations that were undertaken was to model each shaped charge and analyse their performance to see if they would replicate a shaped charge that would be used within an explosive’s environment. It is believed that the shaped charge jet tip can reach approximately 10 kms-1 some 40 μs after detonation, which will give the jet cone tip the acceleration of approximately 25 million g [17]. This acceleration would therefore reach the speed of light approximately within 1.5 seconds although it will reach its terminal velocity after 40 millionths of a second [17]. 
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Figure 33 – Flash X-ray of a collapsed copper cone. Source: Adapted from [17]
A jet tail can have the velocity of 2-5 kms-1 [17]. A jet tail will stretch at an extremely high strain rate although it will rely on the cone material having phenomenal dynamic ductility and temperatures up to approximately 450 °C. Upon reaching its target the pressure between the jet tip and the crater forming (within the target) can reach as high as 10 Mbar which is 10 million atmospheres. This is also believed to be several times the highest pressure predicted within the Earth’s core [17]. As previously mentioned, there is no target simulated within any of the simulations that took place, it was solely simulations to obtain a jet (if possible) and so how they replicate a shaped charge in an explosive’s environment. 
The first simulation to take place was the Trunconical Hypercumulation Shaped Charge Design (2D) Simulation as seen in [Fig.16]. Once all the material properties were successfully entered into Abaqus, including step and load instances it was then time to mesh each of the parts prior (Casing, Liner, Additional Liner, and High Explosive) to run the simulation. Abaqus has a limit in the number of elements for meshing and allows a maximum of 250,000. If using the maximum elements for meshing although obtaining greater accuracy the run time would massively increase therefore this had to be taken into account for this simulation. As the simulation ran and then aborted there were only a successful 160 steps completed for this simulation although it can be assumed from the figures produced it ran long enough to get the desired outcome. Many attempts had been taken to create the accurate mesh required to run this simulation to gain the best results. [Fig.16] displays the designed shaped charge (extruded 180 degrees) immediately after detonation occurs just on top of the Aluminium casing. It also shows what could be described as an explosive wave beginning to form within the High Explosive (Composition B) heading across the casing and down towards the liner including the additional liner. The stress rate on the majority of the shell, casing and liners can be identified from the S, Max Principal table [Fig.16] with the highest stress rate being 1.245E-09. [Fig.18] shows step 27 out of 170 and shows significant progress has taken place since the detonation. It shows that the High Explosive (Composition B) has pushed the casing outwards and in some instances the casing has become detached completely proving what is likely to happen when a shaped charge is detonated. The remaining casing at the left and right-hand side of the shaped charge is still undergoing serious stress and is close to becoming detached. The detonation wave has now moved its way through the High Explosive (Composition B) and has now made its way into the copper liner and copper additional liner. It also shows the wave has now pushed through the liners and is heading downwards in the direction it should be heading and beginning to form a jet although only minor. [Fig.18] shows the stress to be nearly 3 times the amount from [Fig.16] and from the image it shows the majority of the casing has now depleted. The liner and additional liner can also be seen as being effective and has now directed the jet that was beginning to form to begin to extrude from the liners and heading down towards what effectively would be its target. [Fig.19] represents step 67 out of 160 which shows the jet increasing although the stress rate has also decreased. [Fig.21] is the copper liner plus additional copper liner and shows the progress of the jet at step 124 out of 160. This is a positive indication that the simulation of the shaped charge is performing as intended. The stress rate at the tip of the jet is showing to be very high with an average figure of 6.687E8. [Fig.22] is the final step 160 out of 160 within the simulation and provides a successful jet with a high stress rate still occurring. [Fig.23] displays a graph which various nodes at the tip of the jet were selected and then selected to be input into a graph which displayed Velocity over Time. The information from [Fig.23] provides the peak Velocity to be approximately 1.2 km/s beginning at approximately 0.000004 seconds or 0.4 milli seconds. The velocity created can be said to be fairly even with each node and they all follow a similar path and tail off at approximately the same time. 

The second simulation that took place was the Trunconical Hypercumulation Shaped Charge Design (3D) Simulation. This simulation was the exact same as the 2D simulation although modelled in 3D. Modelling in 3D can be assumed to be a lot more difficult than 2D and this proved to be the case with this simulation. Many attempts were made to make this simulation a success but sadly it aborted on many occasions. Finally, after numerous attempts the simulation ran long enough to obtain results. [Fig.24] shows that the simulation ran for 49 steps, although not as much as the 2D simulation. It also shows that towards the end of the simulation although only early on in the detonation that the casing underwent a higher stress rate as some of the mesh has deleted and the High Explosive (Composition B) can be seen within holes of the casing. This can also be seen in [Fig.25]. [Fig.26] shows the final step, step 49 although in this image it is only the copper liner and additional liner that is seen. What looks like the beginning of a small jet can be seen beginning to form although as mentioned above, it was very difficult to get this simulation to run long enough without errors and aborting. [Fig.27] shows a graph with results approximately the same as the results from the 2D simulation although the Velocity is slightly higher reaching approximately 1.5 km/s. 

Finally, the last simulation took place, and this was a similar simulation to the above 3D simulation. The only difference this time was that instead of the High Explosive being Composition B this time it was TNT. To ensure the simulation would run long enough to obtain results nothing was changed from the previous 3D simulation apart from the material properties for TNT. The mesh was kept the same therefore it was believed that it would run for long enough. [Fig.30] shows there were 80 steps within this simulation and that at the last step detonation had occurred and the casing began to break apart. There is some deformation around the bottom of the shaped charge which could be aligned to the meshing that was conducted. [Fig.31] shows the coper liner and additional liner and the resemblance of a small jet beginning to form. The jet that formed was smaller than the previous 3D simulation although the graph from [Fig.32] shows that the Velocity of the jet using TNT as the High Explosive gained a greater km/s and peaked at just over 2.5 km/s. 

6. Conclusion
As mentioned earlier within this report the aim of the simulation was to stray away from the typical design of a shaped charge and try a different design and discuss the results. The standard traditional conical shaped charge structure was not followed therefore, a designed based on a Trunconical Hypercumulation Shaped Charge Design [13]. Ge Chao et.al decided to change the traditional conical approach and added a trunconical liner including an additional liner. It was thought that this design would provide greater results in comparison to the traditional conical shaped charge. Their results showed between 15.5-% and 16.96% greater penetration depth from the Trunconical Hypercumulation Shaped Charge compared to the standard conical shaped charge. The first 2D simulation that was undertaken and provided a reasonable jet from the simulation could be deemed as a success. The only real takeaway piece of information came from [Fig.23] which showed the velocity of the Trunconical Hypercumulation Shaped Charge which showed the velocity over time. A standard conical shaped charge will have a velocity of around 8 km/s. This was found not to be the case for this simulation and only managed a mere velocity of 1.2 km/s. However, a 2D simulation does not fully replicate a real-world scenario therefore it was beneficial to complete the simulation in a 3D model and monitor the results. The first 3D simulation of the Trunconical Hypercumulation Shaped Charge was difficult and took many attempts to gain enough steps to monitor and discuss the results. The main issue was meshing and gaining the right mesh per part to obtain an accurate simulation. It was be advised that if repeating this simulation, a denser mesh would be required but also further time required to allow the simulation to run smoothly as the finer the mesh in Abaqus or any other simulation software will require a great run time. [Fig.27] represented similar results for the jet as compared to the 2D simulation although it had a slightly higher velocity of approximately 1.5 km/s which is still a great way off the velocity of a traditional shaped charge. Finally, the final simulation which TNT replaced Composition B as the High Explosive proved to be a more effective choice and yielded a greater result. [Fig.32] has the velocity of the tip of the jet at just over 2.5 km/s which is far greater than the previous two simulations. Although this is still greatly less than that of a shaped charge it falls more into the category of an Explosively Formed Projectile (EFP). EFPs are self-forging style of shaped charge and have a velocity of up to 3 km/s [18]. Based on this information the Trunconical Hypercumulation Shaped Charge that was simulated would be better suited to being within an EFP rather than a shaped charge. This conclusion is only based on the results presented within this report. It would be beneficial to re-create the simulations and produce finer meshing for the parts and allow a greater run time to compare against original results before making a full conclusion. 

Overall, the final conclusions can be found summarised below:
1. 2D simulations can be completed quicker than a 3D simulation although can be found to be not as accurate.
2. 3D simulations are difficult to progress and require a greater run time.
3. Meshing plays a key role in all simulations and can require greater time and effort to obtain what can be deemed as the perfect mesh. Greater care and time would be required for future simulations if redone.
4. The Trunconical Hypercumulation Shaped Charge did not produce the desired results as required to be successful in being in the parameters for a shaped charge. The higher velocity of approximately 2.5km/s is within the parameters for a Explosively Formed Projectile (EFP). This leads to a conclusion based on the simulations that the Trunconical Hypercumulation Shaped Charge would make an ideal EFP.
5. Although the results of the simulation were not as expected, a shaped charge was designed and simulated as requested. A jet was formed on all simulations and was measured for the velocity to compare of that of a traditional shaped charge. 


























7. References
References

[1] 	R. D. Kennedy, "The History of the Shaped Charge Effect," California.
[2] 	M. Anissimov, "What is a shaped charge?," All the Science, 05 November 2023. [Online]. Available: https://www.allthescience.org/what-is-a-shaped-charge.htm?utm_content=cmp-true. [Accessed 08 December 2023].
[3] 	,. Z. H. Bin Ma, W. Yongzhong, X. J. Yuting Wang and G. Guangyue, "Research on the Formation Characteristics of the Shaped Charge Jet from the Shaped Charge with a Trapezoid Cross-Section," MDPI, 2022. 
[4] 	K. Naeem, A. Hussain and S. Abbas, "A Review of Shaped Charge Variables for its Optimum Performance," Engineering, Technology & Applied Science Research, vol. 9, no. 6, pp. 4917 - 4924, 2019. 
[5] 	"Shaped Charge - History," GlobalSecurity, [Online]. Available: https://www.globalsecurity.org/military/systems/munitions/bullets2-shaped-charge-history.htm. [Accessed 08 December 2023].
[6] 	W. P. Walters and J. A. Zukas, Fundamentals of Shaped Charges, Wiley, 1989. 
[7] 	"Shaped charge, a new tool for the industrial world," RINA, 20 June 2019. [Online]. Available: https://www.rina.org/en/media/news/2019/06/20/shaped-charge. [Accessed 09 December 2023].
[8] 	W. Walters, "Introduction to Shaped Charges," Army Reseach Laboratory , Maryland, 2007.
[9] 	K. D. Dr Oyler, M. Neha and G. Cheng, "OVERVIEW OF EXPLOSIVE INITIATORS," U.S. ARMY ARMAMENT RESEARCH, DEVELOPMENT AND ENGINEERING CENTER, New Jersey, 2015.
[10] 	R. H. Stresau and M. Lipnick, "The Journal of the JANAF Committee," Virginia, 1961.
[11] 	H. Xu, J. Liu, Q. Cai, X. Xue and S. Li, "Significantly improved penetration performance of intermetalliccompound-contained Ti-Al-Nb alloy shaped charge liner against reinforced concrete targets," Materials & Design , vol. 221, no. 110997, 2022. 
[12] 	X. Yang, J. Zhou, X. Xing, Y. Huang, Z. Yan, Q. Xue, X. Wang and B. Wang, "A promising TNT alternative 3,3′-bi(1,2,4-oxadiazole)-5,5′-diylbis(methylene)dinitrate (BOM): thermal behaviors and eutectic characteristics," RSC Advances, no. 44, pp. 26425 - 26432, 2020. 
[13] 	C. Ge, Z. Qu, J. Wang, D. Hu and Y. Zhang, "Study on jet formation behavior and optimization of trunconical hypercumulation shaped charge structure," Defence Technology, vol. 21, pp. 196-206, 2022. 
[14] 	C. Cacallo, "All About 7075 Aluminum (Properties, Strength and Uses)," [Online]. Available: https://www.thomasnet.com/articles/metals-metal-products/all-about-7075-aluminum-properties-strength-and-uses/. [Accessed 09 December 2023].
[15] 	"Aluminum 7075-T6; 7075-T651," Matweb, [Online]. Available: https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=ma7075t6. [Accessed 09 December 2023].
[16] 	K. Donne, Material_Models, Swansea: UWTSD, 2023. 
[17] 	A. Doig, "some metallurgical aspects of shaped charge liners," journal of battlefield technology, vol. 1, no. 1, 1998. 
[18] 	M. Salkičević, "Numerical simulations of the formation behavior of explosively formed projectiles," Defense and Security Studies, vol. 3, pp. 1-14, 2022. 



2

image1.png




image2.png
00000'0'

0
& ..03'.:..





image3.png




image4.png




image5.png




image6.png
DETONATOR

BOOST:





image7.png
Shell  Main  Additional  Trunconical

T charge liner liner
\
. AN
b, D,
it /s,
9,





image8.png
Auninium 7075





image9.png
> Color Code

Color code by: | Materials

Color Mappings

Initial color: (] v Advanced

Materils
an
Active  Materials
Aluminium7075

CompB
Copper

~ Status ~ Color Mapping

Name filter:

Defautts





image10.png




image11.png




image12.png




image13.png
S Edit Material
Name: Aluminium7075
Description:

Material Behaviors

General  Mechanical Themal  Electrical/Magnetic  Other

Johnson-Cook Damage
Accumulation Power: [0
Data
a @ @ a

1 0068 o051 0852 0036

a5
0697

Melting
Temperature

Transition
Temperature:

Reference
Strain Rate:




image14.png
S Edit Material

Name: Aluminium7075

Description:

Material Behaviors

Johnson-Cook Damage

General Mechanical Thermal  Electrical/Magnetic  Other
Density
Distribution: | Uniform v a

[ Use temperature-dependent data

Number of field variables: 0's
Data
Mass
Density




image15.png
S Edit Material

Name: Aluminium7075

Description:

Material Behaviors

Johnson-Cook Damage

General Mechanical Thermal Electrical/Magnetic  Other

Plastic

[ Use scale stress value:

Hardening: | Isotropic M
Extrapolation: | Constant v

O use strain-rate-dependent data
[ Use temperature-dependent data

Number of field variables: 0%
Data

Yield Plastic

Stress Strain

1 503000000 0




image16.png
3 Edit Material

Name: CompB
Description:

Meaterial Behaviors

D:
Eos
Detonation Point

ity

General  Mechanical Thermel _ Electrical/Magnetic  Other

Density
a8

Distribution: | Uniform &

0] Use temperature-dependent data

Number of field variables: | 0%
Data
Mass
Density

1 7




image17.png
S Edit Material

Name: CompB

Description:

Meaterial Behaviors

Density

Detonation Point

General  Mechanical Thermel _ Electrical/Magnetic  Other

Eos

e g
owa

N B omega Rl R Detonation Pre-deton
Wave Speed EnergyDens  Bulk Modulus
1 7980 524230000000 7678000000 034 42 11 [} [




image18.png
2 et Moteril

Name: Copper

Description:

Meaterial Behaviors

Density
Elastic

General  Mechanical Thermal _Electrical/Magnetic  Other

Johnson-Cook Damage

Accumulation Power: [0

Data





image19.png




image20.png
3 Edit Material

Neme: Copper

Description:

Material Behaviors

Johnson-Cook Damage
Densit
Elastic

General  Mechanical Themal _Electrical/Magnetic
Density

Distribution: | Uniform v a

] Use temperature-dependent data

Number of field variables: | 0%
Data

1 a77

Other




image21.png
4 Edit Material
Neme: Copper
Description:

Material Behaviors
‘ Johnson-Cook Damage

|

General Mechanical Thermal Electrical/Magnetic  Other

Elastic
Type: | Isotropic o

[ Use temperature-dependent data
Number of field variables: o

Moduli time scale (for viscoelasticity)

[ No compression

[ No tension
Data
Young’s Poisson’s
Modulus Ratio





image22.png




image23.png
oot 759





image24.png
gt





image25.png
)





image26.png




image27.png
S, Max. Principal
(Avg: 75%)
+6.687+08
+6.065e+08
+5.4430+08
+4.821e+08
L +4.199e+08
+3.577e+08
+2.955e+08
+2.3330+08
+1.711e+08
- +1.089e+08
+4.674e+07
“1.545e+07
-7.764e+07





image28.png




image29.png




image30.png
S, Max. pnndpal
(A

4 945e+09





image31.png
s, Max. Principal
(Avg: 75%)





image32.png
“171at10





image33.png
[x1e3]
15

Velocity

05

00
0.00 0.02 0.04 0.06 0.08 010 [x1e3]

V:Magnitude PI: : 2844
~— V:MHagnitude PL: MAINLINER3D-1 : 7568
~— V:Magnitude PI: MAINLINER3D-1 N: 16737
~—— V:Magnitude PI: MAINLINER3D-1 : 32635
~— V:MHagnitude P1: MAINLINER3D-1 N: 37246
~— V:Magnitude PI: MAINLINER3D-1 N: 38987
V:Hagnitude PI: MAIHLINER3D-1 : 44299
V:Hagnitude PL: MAIHLINER3D-1 N: 52666_1





image34.png
Generst Mechancal Themal _ flectical/Magnetc Qthr

Densy
Oistition Undorm v e
] Usetemperature-dependent dta
Nomberoffed varabies | 02
ous

s
Densty
+ I





image35.png
Genert Mechanical Thermsl _ ElcticalMagnetic  Qther

Eor

e L





image36.png
S, Max. Principal

(Avg: 75%)
+133de+10
+11056e+10
+7775+09

-2.004e+10

uv:v:«

AN,
rah &)E:% 3

N





image37.png
s, Max. principal





image38.png
[x1e3]

~— V:Magnitude PI: MAINLINER3D-1 N: 1920
~— V:Magnitude PI: MAINLINER3D-1 N: 3047_1
~— VMagnitude PI: MAINLINER3D-1 N: 6458_1





image39.png




image40.png




image41.png




image42.png




image43.png




image44.png




image45.png




image46.png




image47.png




image48.png




