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[bookmark: _Toc92748455]Abstract
A shaped charge is an explosive device that uses its detonation products to cause a conical liner to collapse in on itself whilst accelerating it in a target direction. A high velocity jet is created that is extremely capable of penetrating metal, concrete and armour. They are used both in the military as weapons and by the mining industry to sheer off large parts of rock.
This paper discusses the effect the choice of explosive material and liner material have on the peak velocity of the jet, using ABAQUS Finite Element Analysis (FEA) software. The three models used are TNT with copper as a baseline, RDX with copper and RDX with glass.
The RDX with glass model provided the highest peak velocity at 9840 m/s also with the highest acceleration. The velocity improvement over the TNT model was 3.3x.
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[bookmark: _Toc92748456]1. Introduction
This essay will document the procedure and findings of altering the materials used in a shaped charge explosive device. Finite element modelling software will be used to model the shaped charge, its explosive properties and the jet formed. The aim is to produce a better performing shaped charge in this software by researching the properties of alternative materials.
[bookmark: _Toc92748457]1.1 Shaped Charges
A shaped charge is a cylindrically shaped explosive device with a cavity in one end and a detonator in the other. This cavity in the explosive (hollow charge) can take the form of a hemisphere or a cone which focusses the energy from the detonated explosive material. This is beneficial as it provides more penetration into a target than a standard cylinder of explosives, even with less material available due to the cavity which is known as the Munroe effect. [1]
The introduction of a thin solid liner, such as a metal or glass, that adheres to the geometry of the cavity in the explosive can form a jet. The liner is enveloped by the detonation wave causing it to accelerate away from the detonator and to collapse in on itself, this can cause velocities in excess of 10,000 m/s. When this jet strikes a metal plate, a cavity is formed that is even deeper than that of a hollow charge. The cavity is generated by laterally displacing the metal due to the incredible pressures.
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[bookmark: _Ref92569417]Figure 1 Liner geometry and collapse [1]
The first step in Figure 1 shows how the explosive material wraps around the conical liner, this adds to the acceleration out of the charge but also provides the tangential force pushing the liner material inwards causing it to collapse. The later steps show the formation of the jet (dashed lines show original position) and finally the jet breaking apart slightly to form a chain of jagged particles.
Another important performance factor for shaped charges is the standoff, which is the distance between the end of the charge and the target. [2] Getting this distance correct can have a further improvement on the charge’s penetrative capability. A final comparison can be seen in Figure 2 below where the penetration depth increases as the techniques are added from the cavity charge to a lined cavity charge with standoff.
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[bookmark: _Ref92570513]Figure 2 Cavity charge, lined cavity charge and lined cavity charge with standoff
[bookmark: _Toc92748458]2. Modelling Method
[bookmark: _Toc92748459]2.1 Simulation Setup
Figure 3 through Figure 5 show cross sections of the individual components that make up a shaped charge and Figure 6 displays the final 3D model combining the previous elements. These have been modelled in Abaqus which is a Finite Element Analysis (FEA) suite and computer aided engineering tool.
The FEA method is used to find solutions to complicated problems by replacing it with multiple simpler problems, this is known as a mesh. This is generated across each object that allows the software to breakdown the calculations into areas instead of considering the full system for each calculation [3]. At the end of each simulation ( seconds or 0.1ms), the furthest point was selected to have its velocity graphed against time, which allows the comparison of the effectiveness of each explosive and liner. The same properties and geometry are used for the casing in each simulation except for 3.2.3 RDX and Glass where the liner’s material is changed.
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[bookmark: _Ref92570788]Figure 3 Shaped charge casing
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Figure 4 High Explosive (HE) material with cavity
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[bookmark: _Ref92570797]Figure 5 Conical liner
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[bookmark: _Ref92570823]Figure 6 Combined shaped charge 3D model
[bookmark: _Ref92663173][bookmark: _Toc92748460]2.1.1 TNT and Copper
In the first model, the explosive material is Trinitrotoluene (TNT) and is used as a baseline in this experiment. TNT has been made widely available from before World War I to the present day due to its low manufacturing costs, thermal stability and low volatility whilst providing a fairly high explosive power with a detonation velocity of 6930 m/s [4]. It is an important explosive for blasting charges and has been used in commercial purposes with a lower grade and in the military with a very pure grade. The military has often used TNT in shells as it can be loaded into the casings by casting and pressing [5]. The other models intend to present better results.
A copper liner is used in this model as it can provide a much larger penetration depth than other metals or alloys [1] and is a standard liner material.
[bookmark: _Ref92664510][bookmark: _Toc92748461]2.1.2 RDX and Copper
The second model also uses a copper liner but switches out the TNT for an RDX explosive charge. In World War II RDX was added to TNT shells and bombs to increase their explosive power. Using this for the explosive material should provide an increase in jet velocity as RDX has a detonation velocity of 8239 m/s [6], an around 20% increase from TNT.
[bookmark: _Toc92748462]2.1.3 RDX and Glass
The final model uses the same RDX explosive material as the first but changes the liner material to glass. Explosively compressed and heated gas becomes a jet that has less fractures than metal liners and can similarly punch through steel and rolled homogeneous armour. An example of this is C4 and a wine bottle in Discovery UK’s video, The Science Behind Shaped Charges [7].
[bookmark: _Toc92748463]2.1.4 JWL Equations of State
The setup for the liner material is straight forward using the Density, Young’s Modulus (elasticity) and Poisson’s ratio. However to model the explosive reaction, the Jones-Wilkins-Lee (JWL) Equation of State (EoS) are additionally required [8] as it allows the calculation of the pressure of the detonation products and therefore the program can exert the correct force on the explosives surroundings, both the casing and liner [9].


The properties required for the explosive material:
· Density, d (kg/m3)
· Velocity of Detonation / Detonation Wave Speed, v (m/s)
· Pressure Coefficients, A, B (MPa)
· Fractional part of the energy that contributes to pressure, ω
· Principal Eigen value, R1
· Secondary Eigen value, R2
· Detonation Energy Density / Specific Energy, E (J/kg)
[bookmark: _Toc92748464]3. Results
[bookmark: _Toc92748465]3.1 Simulation Breakdown
The RDX with the copper liner model is used to illustrate the collapse of the liner and the formation of the jet.
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[bookmark: _Ref92581144]Figure 7 Top left + right:  seconds,  seconds. Bottom left + right:  seconds,  seconds
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[bookmark: _Ref92581150]Figure 8 Left:  seconds. Right:  seconds
[image: Diagram

Description automatically generated with medium confidence]
Figure 9  seconds
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[bookmark: _Ref92581244]Figure 10 seconds
Figure 7 to Figure 8 shows the beginning of the collapse of the liner and Figure 10 shows the full formation of the jet. At this point in time, the TNT model’s jet hadn’t moved out as far and the RDX with glass model’s jet was even further out from the charge’s base, this is illustrated in the following velocity graphs.
[bookmark: _Ref92659878][bookmark: _Ref92659887][bookmark: _Toc92748466]3.2.1 TNT and Copper

The peak velocity displayed in the TNT explosive and copper liner simulation was 2924.44 m/s.
[bookmark: _Ref92661150][bookmark: _Toc92748467]3.2.2 RDX and Copper

The peak velocity displayed in the RDX explosive and copper liner simulation was 5804.86 m/s.
[bookmark: _Ref92661589][bookmark: _Ref92661917][bookmark: _Ref92663536][bookmark: _Toc92748468]3.2.3 RDX and Glass

The peak velocity displayed in the RDX explosive and glass liner simulation was 9839.70 m/s.
[bookmark: _Toc92748469]3.2.4 Velocity Comparison
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[bookmark: _Ref92663525]Figure 11 Jet velocity comparison
[bookmark: _Toc92748470]4. Discussion
The detonator is initiated at t=0 seconds so each graph shows the delay of the detonation wave before reaching and accelerating the selected mesh node on the liner. From here each explosive accelerates the liner rapidly towards a peak velocity which then gradually declines as the jet draws away from the charge and as time elapses. This can be seen in Figure 7 as the high pressure area (detonation wave) moves from the centred detonation point and radiates outwards until it reaches the liner material at around  seconds and has a visually noticeable movement by  seconds. Figure 8 shows the transition into the jet as the tapered end of the cone is accelerated first by the energy of the detonation products.
A case is used in a shaped charge to primarily contain the extremely high pressure generated from the explosive charge. However, it can have secondary benefits such as providing an anti-personnel effect using the fragmentation of the casing material and to assist in the explosive casting explosive where the explosive material can be directly poured into the munition. The casing drastically changes shape in Figure 8 when compared to its pre-detonation cylindrical form. The pressure from the explosive detonation causes the steel case to bow outwards which means the gases have expanded outwards to a degree instead of following the desired trajectory. A thicker case or an alternative material could boost the performance of the shaped charge by better directing the explosive energy [1].
The 3.2.1 TNT and Copper graph shows a peak velocity of 2924 m/s at  seconds, undergoing  seconds of acceleration. The gradient of the graph is fairly shallow relative to the other results due to the lower velocity of detonation (m/s), density (kg/m3) and specific energy (J/kg). The velocity of the jet gradually slows down over time to 1867 m/s at the end of the 0.1 second simulation time, this is due to drag from the air resistance. This simulation is the most effected this as it loses 36% of its velocity in this time. This is potentially due to the jet having a larger surface area for more drag as the cone is accelerated less leading to a less stretched out profile.
Changing the energetic material in 3.2.2 RDX and Copper has a significant effect on the performance where the peak velocity is 5805 m/s at  seconds, a two-fold velocity improvement over the TNT model and a 14% decrease in time taken. This is mainly attributed to the higher density and specific energy of RDX making more energy available in the detonation products and the increased density allowing for more material in the same volume. Over the course of the simulation the velocity decreases to 4729 m/s, an 18.5% loss.
For the final simulation 3.2.3 RDX and Glass, the liner material is changed instead of the explosive material. A jet is also formed when glass is used instead of a metal which was developed in the United Sates after World War II in models such as the M2A3 and jet penetrators for oil well applications, where the holes were larger but the penetration depth was reduced [1]. The peak velocity in this simulation was 9840 m/s at  seconds, an increase of over 3.3x the TNT simulation and reaching this velocity 40.6% faster. The increased explosive power of RDX coupled with the reduced density (Figure 12) of the glass liner allows the peak velocity to be higher in comparison to 2.2.2 RDX and Copper as the mass and hence the density is inversely proportional to the velocity squared.

Unfortunately due to the time constraints, this model was unable to complete the full simulation as the mesh was distorted to such a degree that it could not be rendered further, this results in the graph in Figure 11 and 3.2.3 RDX and Glass only displaying data up to  seconds instead of the full  seconds. However, I believe enough data is available to show at minimum the general trend of the glass liner but also using the data from the previous simulation the gaps can be filled in as the velocities of the other two both slowly tail off. With more time a finer mesh could be constructed for the liner that would take longer to simulate but provide a higher accuracy and avoid distortion, preventing a simulation crash.
[bookmark: _Toc92748471]5. Conclusion
The simulated models and results describe a clear correlation between the explosive power (specific energy and detonation wave speed) and peak jet velocity. The RDX charge’s jet reached a higher peak in a shorter time than the TNT, showing an increase in acceleration also. Changing the liner material from copper to glass provided further improvement to both the peak velocity and acceleration resulting in a 3.3x velocity increase in ~40% less time. However, it could be argued that the glass jet’s velocity is counteracted by its decreased mass which would adhere to the conservation of momentum as the RDX with copper has the same energy as the RDX with glass simulation. This has been verified as the glass jets tend to produce slightly wider but less deep cavities.
Further investigation with a larger variety of explosives such as Polymer Bonded Explosives (PBXs) and High Melting Explosives (HMXs) would provide more data points to further establish which properties effect the peak velocity and penetration of a shaped charge. Similarly, using a wider range of liner materials to visually understand how they are formed into jets and which of these aid the more powerful explosives in their penetration capability. Copper is most commonly used however ceramics and graphite can have penetrative ability into steel [10], a common target for military applications.
The modelling software, Abaqus, has limitations both in the number of elements it can analyse and the time it takes to run high element count simulations. A further investigation could be carried out by increasing the density of the mesh, most notably on the cone end of the liner, such that distortion errors do not occur and the accuracy of the behaviour and location of a chosen point is increased.
As noted with the glass liner, a shaped charge’s primary performance indicator is its penetration capability not necessarily its peak velocity. Therefore introducing and modelling a target block that the jets interact with would provide a better overview of a given explosive and liner combination than purely the jet velocity.
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[bookmark: _Toc92748473][bookmark: _Hlk93863069]7. Appendix A
[4] [6]
	Explosive
	Density, d (kg/m3)
	Velocity of Detonation, v (m/s)
	Pressure Coefficient A (MPa)
	Pressure Coefficient B (MPa)
	Pressure Energy, ω
	Eigen Value R1
	Eigen Value R2
	Specific Energy, E (J/kg)

	TNT
	1630
	6930
	373.8
	3.747
	0.35
	4.15
	0.9
	3680000

	RDX
	1836
	8239
	201
	5.2
	0.8867
	12.4
	1.24
	6300000


Table 1 JWL EoS properties of TNT and RDX
	Mass density
	2500

	Youngs Modulus
	47000000000

	Poisons Ratio
	0.3

	Yield 1
	7000000

	Yield 2
	17000000

	Plastic 1
	0

	Plastic 2
	0.3


[bookmark: _Ref92663224]Figure 12 Glass properties [11]
TNT with Copper Lining
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RDX Shaped Charge with Copper Liner
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Jet Velocity (m/s)


RDX Shaped Charge with Glass Liner
Velocity	0	5.0076641855412163E-7	1.0052674497273983E-6	1.5010701872597565E-6	2.0055724689882481E-6	2.5013816866703564E-6	3.005889311680221E-6	3.5016985293623293E-6	4.0062059269985184E-6	4.5020151446806267E-6	5.0065227696904913E-6	5.5023319873725995E-6	6.0068396123824641E-6	6.5026488300645724E-6	7.007156455074437E-6	7.5054495027870871E-6	8.0070667536347173E-6	8.5074352682568133E-6	9.0053908934351057E-6	9.5010263976291753E-6	1.0004591786128003E-5	1.0508906598261092E-5	1.1000036465702578E-5	1.1501012522785459E-5	1.2004705240542535E-5	1.2500330740294885E-5	1.3002651940041687E-5	1.3500998647941742E-5	1.4001955605635885E-5	1.4502148587780539E-5	1.5001479368947912E-5	1.5500845620408654E-5	1.6000391042325646E-5	1.6501078789588064E-5	1.7000869775074534E-5	1.7501633919891901E-5	1.8000051568378694E-5	1.8501354134059511E-5	1.9000714019057341E-5	1.9500512280501425E-5	2.0000390577479266E-5	2.0501420294749551E-5	2.1000721972086467E-5	2.1501087758224458E-5	2.200001836172305E-5	2.2500680643133819E-5	2.3000233341008425E-5	2.3500673705711961E-5	2.4000477424124256E-5	2.4500386643921956E-5	2.5000384994200431E-5	2.5500161427771673E-5	2.6000041543738917E-5	2.6500174499233253E-5	2.7000283807865344E-5	2.7500087526277639E-5	2.8000154998153448E-5	2.8500004191300832E-5	2.9000224458286539E-5	2.9500182790798135E-5	3.0000192055013031E-5	3.0500137654598802E-5	3.1000126909930259E-5	3.1500087061431259E-5	3.2000018109101802E-5	3.2500134693691507E-5	3.3000098483171314E-5	3.3500054996693507E-5	3.4000080631813034E-5	3.4500117180868983E-5	3.5000073694391176E-5	3.5500088415574282E-5	3.6000066756969318E-5	3.6500012356555089E-5	3.7000059819547459E-5	3.7500016333069652E-5	3.8000056520104408E-5	3.8500016671605408E-5	3.9000045944703743E-5	3.9500078855780885E-5	4.0000028093345463E-5	4.0500010072719306E-5	4.1000053897732869E-5	4.1500068618915975E-5	4.2000003304565325E-5	4.2500043491600081E-5	4.3000036384910345E-5	4.3500062020029873E-5	4.4000014895573258E-5	4.4500058720586821E-5	4.5000037061981857E-5	4.5500011765398085E-5	4.6000051952432841E-5	4.6500019379891455E-5	4.7000045015010983E-5	4.7500037908321247E-5	4.8000041715567932E-5	4.8499998229090124E-5	4.9000031140167266E-5	4.9500020395498723E-5	5.0000002374872565E-5	5.0500002544140443E-5	5.1000006351387128E-5	5.1500010158633813E-5	5.2000003051944077E-5	0	0	0	1.8615779094844693E-17	2.4218011332848293E-16	4.2675515042309129E-17	2.5170415756292641E-4	6.9750170223414898E-4	1.1250046081840992E-3	1.1529559269547462E-3	7.5352494604885578E-4	1.4896639622747898E-3	1.8756994977593422E-3	1.3879050966352224E-3	8.0096040619537234E-4	3.2251846278086305E-4	1.3871268602088094E-3	4.980028048157692E-2	0.41702979803085327	0.79456108808517456	9.2677898406982422	144.62208557128906	503.45510864257813	1000.1038818359375	1409.7838134765625	1755.0732421875	2170.766357421875	2603.060791015625	3100.15234375	3719.224609375	4451.80224609375	5325.10205078125	6237.51806640625	7077.8408203125	7839.80322265625	8553.0478515625	8550.826171875	9103.6328125	9839.703125	9822.29296875	9724.037109375	9548.943359375	9551.7939453125	9586.0302734375	9603.5	9615.046875	9651.951171875	9702.697265625	9762.1767578125	9581.615234375	9529.3095703125	9476.6875	9447.1787109375	9438.416015625	9438.865234375	9440.4951171875	9443.3662109375	9435.5654296875	9433.7685546875	9446.69140625	9434.8935546875	9437.361328125	9427.66796875	9423.759765625	9435.0185546875	9438.380859375	9440.7666015625	9438.9599609375	9438.8486328125	9445.1044921875	9455.6357421875	9466.0703125	9475.474609375	9485.396484375	9496.7880859375	9509.35546875	9510.2587890625	9518.6943359375	9523.7880859375	9528.9228515625	9536.791015625	9541.669921875	9547.2939453125	9549.3759765625	9550.8251953125	9551.8486328125	9552.9814453125	9553.6611328125	9555.115234375	9555.794921875	9555.619140625	9551.056640625	9545.751953125	9540.1201171875	9536.0390625	9532.4228515625	9530.06640625	9527.4072265625	9524.1572265625	9519.2822265625	9514.421875	9513.55078125	9515.0390625	9516.1669921875	9516.828125	Max	[Y VALUE]

0	5.0076641855412163E-7	1.0052674497273983E-6	1.5010701872597565E-6	2.0055724689882481E-6	2.5013816866703564E-6	3.005889311680221E-6	3.5016985293623293E-6	4.0062059269985184E-6	4.5020151446806267E-6	5.0065227696904913E-6	5.5023319873725995E-6	6.0068396123824641E-6	6.5026488300645724E-6	7.007156455074437E-6	7.5054495027870871E-6	8.0070667536347173E-6	8.5074352682568133E-6	9.0053908934351057E-6	9.5010263976291753E-6	1.0004591786128003E-5	1.0508906598261092E-5	1.1000036465702578E-5	1.1501012522785459E-5	1.2004705240542535E-5	1.2500330740294885E-5	1.3002651940041687E-5	1.3500998647941742E-5	1.4001955605635885E-5	1.4502148587780539E-5	1.5001479368947912E-5	1.5500845620408654E-5	1.6000391042325646E-5	1.6501078789588064E-5	1.7000869775074534E-5	1.7501633919891901E-5	1.8000051568378694E-5	1.8501354134059511E-5	1.9000714019057341E-5	1.9500512280501425E-5	2.0000390577479266E-5	2.0501420294749551E-5	2.1000721972086467E-5	2.1501087758224458E-5	2.200001836172305E-5	2.2500680643133819E-5	2.3000233341008425E-5	2.3500673705711961E-5	2.4000477424124256E-5	2.4500386643921956E-5	2.5000384994200431E-5	2.5500161427771673E-5	2.6000041543738917E-5	2.6500174499233253E-5	2.7000283807865344E-5	2.7500087526277639E-5	2.8000154998153448E-5	2.8500004191300832E-5	2.9000224458286539E-5	2.9500182790798135E-5	3.0000192055013031E-5	3.0500137654598802E-5	3.1000126909930259E-5	3.1500087061431259E-5	3.2000018109101802E-5	3.2500134693691507E-5	3.3000098483171314E-5	3.3500054996693507E-5	3.4000080631813034E-5	3.4500117180868983E-5	3.5000073694391176E-5	3.5500088415574282E-5	3.6000066756969318E-5	3.6500012356555089E-5	3.7000059819547459E-5	3.7500016333069652E-5	3.8000056520104408E-5	3.8500016671605408E-5	3.9000045944703743E-5	3.9500078855780885E-5	4.0000028093345463E-5	4.0500010072719306E-5	4.1000053897732869E-5	4.1500068618915975E-5	4.2000003304565325E-5	4.2500043491600081E-5	4.3000036384910345E-5	4.3500062020029873E-5	4.4000014895573258E-5	4.4500058720586821E-5	4.5000037061981857E-5	4.5500011765398085E-5	4.6000051952432841E-5	4.6500019379891455E-5	4.7000045015010983E-5	4.7500037908321247E-5	4.8000041715567932E-5	4.8499998229090124E-5	4.9000031140167266E-5	4.9500020395498723E-5	5.0000002374872565E-5	5.0500002544140443E-5	5.1000006351387128E-5	5.1500010158633813E-5	5.2000003051944077E-5	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	9839.703125	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	#N/A	Time	0	5.0076641855412163E-7	1.0052674497273983E-6	1.5010701872597565E-6	2.0055724689882481E-6	2.5013816866703564E-6	3.005889311680221E-6	3.5016985293623293E-6	4.0062059269985184E-6	4.5020151446806267E-6	5.0065227696904913E-6	5.5023319873725995E-6	6.0068396123824641E-6	6.5026488300645724E-6	7.007156455074437E-6	7.5054495027870871E-6	8.0070667536347173E-6	8.5074352682568133E-6	9.0053908934351057E-6	9.5010263976291753E-6	1.0004591786128003E-5	1.0508906598261092E-5	1.1000036465702578E-5	1.1501012522785459E-5	1.2004705240542535E-5	1.2500330740294885E-5	1.3002651940041687E-5	1.3500998647941742E-5	1.4001955605635885E-5	1.4502148587780539E-5	1.5001479368947912E-5	1.5500845620408654E-5	1.6000391042325646E-5	1.6501078789588064E-5	1.7000869775074534E-5	1.7501633919891901E-5	1.8000051568378694E-5	1.8501354134059511E-5	1.9000714019057341E-5	1.9500512280501425E-5	2.0000390577479266E-5	2.0501420294749551E-5	2.1000721972086467E-5	2.1501087758224458E-5	2.200001836172305E-5	2.2500680643133819E-5	2.3000233341008425E-5	2.3500673705711961E-5	2.4000477424124256E-5	2.4500386643921956E-5	2.5000384994200431E-5	2.5500161427771673E-5	2.6000041543738917E-5	2.6500174499233253E-5	2.7000283807865344E-5	2.7500087526277639E-5	2.8000154998153448E-5	2.8500004191300832E-5	2.9000224458286539E-5	2.9500182790798135E-5	3.0000192055013031E-5	3.0500137654598802E-5	3.1000126909930259E-5	3.1500087061431259E-5	3.2000018109101802E-5	3.2500134693691507E-5	3.3000098483171314E-5	3.3500054996693507E-5	3.4000080631813034E-5	3.4500117180868983E-5	3.5000073694391176E-5	3.5500088415574282E-5	3.6000066756969318E-5	3.6500012356555089E-5	3.7000059819547459E-5	3.7500016333069652E-5	3.8000056520104408E-5	3.8500016671605408E-5	3.9000045944703743E-5	3.9500078855780885E-5	4.0000028093345463E-5	4.0500010072719306E-5	4.1000053897732869E-5	4.1500068618915975E-5	4.2000003304565325E-5	4.2500043491600081E-5	4.3000036384910345E-5	4.3500062020029873E-5	4.4000014895573258E-5	4.4500058720586821E-5	4.5000037061981857E-5	4.5500011765398085E-5	4.6000051952432841E-5	4.6500019379891455E-5	4.7000045015010983E-5	4.7500037908321247E-5	4.8000041715567932E-5	4.8499998229090124E-5	4.9000031140167266E-5	4.9500020395498723E-5	5.0000002374872565E-5	5.0500002544140443E-5	5.1000006351387128E-5	5.1500010158633813E-5	5.2000003051944077E-5	0	5.0076641855412163E-7	1.0052674497273983E-6	1.5010701872597565E-6	2.0055724689882481E-6	2.5013816866703564E-6	3.005889311680221E-6	3.5016985293623293E-6	4.0062059269985184E-6	4.5020151446806267E-6	5.0065227696904913E-6	5.5023319873725995E-6	6.0068396123824641E-6	6.5026488300645724E-6	7.007156455074437E-6	7.5054495027870871E-6	8.0070667536347173E-6	8.5074352682568133E-6	9.0053908934351057E-6	9.5010263976291753E-6	1.0004591786128003E-5	1.0508906598261092E-5	1.1000036465702578E-5	1.1501012522785459E-5	1.2004705240542535E-5	1.2500330740294885E-5	1.3002651940041687E-5	1.3500998647941742E-5	1.4001955605635885E-5	1.4502148587780539E-5	1.5001479368947912E-5	1.5500845620408654E-5	1.6000391042325646E-5	1.6501078789588064E-5	1.7000869775074534E-5	1.7501633919891901E-5	1.8000051568378694E-5	1.8501354134059511E-5	1.9000714019057341E-5	1.9500512280501425E-5	2.0000390577479266E-5	2.0501420294749551E-5	2.1000721972086467E-5	2.1501087758224458E-5	2.200001836172305E-5	2.2500680643133819E-5	2.3000233341008425E-5	2.3500673705711961E-5	2.4000477424124256E-5	2.4500386643921956E-5	2.5000384994200431E-5	2.5500161427771673E-5	2.6000041543738917E-5	2.6500174499233253E-5	2.7000283807865344E-5	2.7500087526277639E-5	2.8000154998153448E-5	2.8500004191300832E-5	2.9000224458286539E-5	2.9500182790798135E-5	3.0000192055013031E-5	3.0500137654598802E-5	3.1000126909930259E-5	3.1500087061431259E-5	3.2000018109101802E-5	3.2500134693691507E-5	3.3000098483171314E-5	3.3500054996693507E-5	3.4000080631813034E-5	3.4500117180868983E-5	3.5000073694391176E-5	3.5500088415574282E-5	3.6000066756969318E-5	3.6500012356555089E-5	3.7000059819547459E-5	3.7500016333069652E-5	3.8000056520104408E-5	3.8500016671605408E-5	3.9000045944703743E-5	3.9500078855780885E-5	4.0000028093345463E-5	4.0500010072719306E-5	4.1000053897732869E-5	4.1500068618915975E-5	4.2000003304565325E-5	4.2500043491600081E-5	4.3000036384910345E-5	4.3500062020029873E-5	4.4000014895573258E-5	4.4500058720586821E-5	4.5000037061981857E-5	4.5500011765398085E-5	4.6000051952432841E-5	4.6500019379891455E-5	4.7000045015010983E-5	4.7500037908321247E-5	4.8000041715567932E-5	4.8499998229090124E-5	4.9000031140167266E-5	4.9500020395498723E-5	5.0000002374872565E-5	5.0500002544140443E-5	5.1000006351387128E-5	5.1500010158633813E-5	5.2000003051944077E-5	Time (s)

Jet Velocity (m/s)


Shaped Charge Material Comparison
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