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PENETRATION EFFICIENCY OF TUNGSTEN PENETRATORS
INTO GLASS FIBER REINFORCED RESIN/STEEL

COMPOSITES AS A FUNCTION OF ASPECT RATIO AND
IMPACT VELOCITY

S. Lampert, R. Jeanquartier and B. Lehmann

Defence Procurement Agency, Feuerwerkerstrasse 39, 3602 Thun, Switzerland

INTRODUCTION

In an earlier study Jeanquartier and Lampert [1] presented a simple formula (1) in or-
der to estimate the depth of penetration DOP of tungsten penetrators into layered compo-
site targets. The composite target contains n layers of various materials. The layer thick-
ness ti and the semi-infinite penetration depth Ti of the corresponding layer at a certain
impact velocity are known. At knowledge of the reference penetration depth Pref at the
same impact velocity into the backmost layer the total penetration depth Ptot can be calcu-
lated. In the study by Jeanquartier and Lampert [1] formula (1) was verified by compari-
son of the experiments and the calculations. The experiments were carried out with three
penetrators showing almost equal aspect ratios but various lengths and the impact velo-
city was kept constant.

(1)

The values of Ti and Pref must be first determined by numerous semi-infinite penetra-
tion tests before applying formula (1). Furthermore, at present no functional relationship
exists to characterize such an experimental data set. In order to apply formula (1) for
example in a vulnerability assessment code it would be helpful if Ti and Pref could be cal-
culated by semi-empirical functions.

In the present study an extended version of an earlier published simple formula
to estimate the total depth of penetration of tungsten long rod penetrators into
layered composite targets is presented. In order to verify this formula different
Glass Fiber reinforced Resin (GFR)/Steel composites were exemplary im-
pacted by two different tungsten laboratory penetrators at variable velocity. The
total depth of penetration into the different GFR/Steel composites was determi-
ned experimentally and afterwards compared with the calculated one. There is
a good agreement between the calculated and the experimental depth of pene-
tration.
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THREE-PARAMETER ANALYTIC FUNCTION

The parameter Pref that refers mostly to RHA as reference material can be determined
with good approximation by the Odermatt formula [2,3] that is especially adapted to the
impact of tungsten long rods into RHA. The parameter T can be estimated for example by
a two-parameter exponential function (2) as suggested by Gooch et al. [4]. The parame-
ters A and B must be adapted to a DOP data set containing corresponding impact velo-
cities. However, this two-parameter function only applies to a single penetrator. Our aim
was to find an adequate function that can be used for arbitrary penetrators at variable im-
pact velocity. As base we used the two-parameter exponential function (2) with the para-
meters A and B. The parameter A was replaced by the product of two different terms (2a).
The first term (2b) describes the influence of the aspect ratio according to the first term of
the Odermatt formula presented in the study by Lanz and Odermatt [3] and the second
term is due to the square root-rho-law for hydro-dynamic penetration. 

(2)

(2a)

(2b)

With T: Semi-infinite penetration (mm)
L: Length of penetrator (mm)
λ: Length to diameter ratio (-)
v: Impact velocity (m/s)
ρT:Density of target material (kg/m3)
ρP: Density of penetrator material (kg/m3)

EXPERIMENTAL SET-UP

The firing experiments were conducted using sub caliber tungsten laboratory pene-
trators with aspect ratios λ=12.3, 13.4, 15.4 and 21.7 launched by sabots. The penetrators
with λ=13.4 and 15.4 were fired from a laboratory gun with caliber 23 mm smoothbore
barrel. The penetrators with λ=12.3 and 21.7 were fired from a laboratory gun with cali-
ber 38 mm smoothbore barrel. The impact velocity was controlled using different weights
of propellant. The distance from muzzle to target was approximately 15 m and two laser
light barriers positioned in front of the target measured the projectile velocity. Yaw angles
of the penetrators were detected stretching parallel sheets of paper directly in front of the
target. Ballistic results from penetrators with striking Yaw angle in excess of 2° were dis-
regarded. 
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Testing the applicability of function (2) with complementary functions (2a) and (2b)
we conducted more than 30 semi-infinite penetration tests with the four laboratory pene-
trators against the material glass fiber reinforced resin (GFR) at variable impact velocity
in the range of 1000–1600m/s and without obliquity. The investigated material GFR, a so-
called ballistic Vetresit®, consists of 72% glass and 28% Epoxy resin. Simulating a semi-
infinite target three to four 102 mm thick GFR blocks one behind the other were stretched
in a steel frame.

In order to verify formula (1) using function (2) with the corresponding Fit-parame-
ters a1, a2 and B composite targets consisting of GFR and rolled homogeneous armor
(RHA) steel layers were impacted by two laboratory penetrators at variable impact velo-
city and with 0° obliquity. Figure 1 shows an schematically sketch of the experimental
set-up.

Figure 1. Experimental set-up.

RESULTS

In order to estimate the three parameters using the original lengths of the four penetra-
tors with truncated conical nose shape the Levenberg-Marquard algorithm was applied.
Possible effects of nose shape are not taken into consideration. The three parameters a1,
a2 and B listed in Table1 however were adapted with good accuracy to the DOP data set of
GFR. The complete DOP data set of material GFR is listed in Table 2. Figure 2 illustrates
the normalized depth of penetration T/L into material GFR versus impact velocity for
each of the four utilized laboratory penetrators. There is a good agreement between the
experimental and the calculated data. Figure 3 shows the influence of aspect ratio in the
defined range of λ>10. In the range of λ>25 the factor of aspect ratio influence becomes a
value of 1 and therefore the penetration is independent of aspect ratio. 

Verifying the extended version of formula (1) experimental and calculated total depth
of penetration data into GFR/RHA composites were compared. In formula (1) the varia-
bles Pref and T were calculated by function (2) using the corresponding parameters a1, a2
and B listed in Table 1. For RHA the parameters a1 and a2 were determined and examined
by Lanz and Odermatt [2] and parameter B was calculated with the functional relation-
ship (5) developed by Jeanquartier and Odermatt [5]. 
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(5)

With
Rm : Tensile strength of the target material steel (MPa)
ρP : Density of penetrator material (kg/m3)

With Rm=1260 MPa for RHA the output of function (5) is B=1.28km/s (1280m/s).
The results of the experimental and the calculated total DOP data are listed in Table 3. 

Table 1. Parameters of three-parameter fit

Table 2. Semi-infinite DOP data set of glass fiber reinforced resin (epoxy)
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Fit Parameters applied in functions (2)
Target Material Density

[g/cm 3]

Tensile
Strength

[MPa] a1 a2
B

[m/s]
Glass fiber reinforced

resin (Epoxy) GFR 1.9 250 – 320 3.8 9.7 1144

Armor steel RHA 7.85 3.94 11.2 12801255 – 1270

Laboratory
Tungsten Penetrator

L/D ratio

Length
L [mm]

Diameter
D [mm]

Mass
 [g]

Velocity
 [m/s]

Depth of Penetration
into GFR
T [mm]

T/L

12.3 110.6 9 115.3 1030 123 1.11

12.3 110.6 9 115.3 1215 173 1.57

12.3 110.6 9 115.3 1221 176 1.59

12.3 110.6 9 115.3 1293 191 1.73

12.3 110.6 9 115.3 1427 223 2.02

12.3 110.6 9 115.3 1509 236 2.13

12.3 110.6 9 115.3 1618 254 2.30

13.4 53.7 4 11.3 1278 85 1.58

13.4 53.7 4 11.3 1368 95 1.77

13.4 53.7 4 11.3 1470 104 1.94

13.4 53.7 4 11.3 1490 107 1.99

13.4 53.7 4 11.3 1574 115 2.14

13.4 53.7 4 11.3 1652 119 2.22

15.4 58.6 3.8 11.3 1323 93 1.59

15.4 58.6 3.8 11.3 1375 97 1.66

15.4 58.6 3.8 11.3 1438 105 1.79

15.4 58.6 3.8 11.3 1470 108 1.84

15.4 58.6 3.8 11.3 1477 108 1.84

15.4 58.6 3.8 11.3 1529 119 2.03

15.4 58.6 3.8 11.3 1534 120 2.05

15.4 58.6 3.8 11.3 1535 126 2.15

15.4 58.6 3.8 11.3 1540 123 2.10

15.4 58.6 3.8 11.3 1543 117 2.00

15.4 58.6 3.8 11.3 1545 115 1.96

15.4 58.6 3.8 11.3 1558 115 1.96

15.4 58.6 3.8 11.3 1568 115 1.96

15.4 58.6 3.8 11.3 1583 118 2.01

15.4 58.6 3.8 11.3 1637 115 1.96

21.7 173.5 8 151 1299 250 1.44

21.7 173.5 8 151 1565 333 1.92
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Figure 2. Three-parameter fit for laboratory tungsten penetrators.

Figure 3. Length to diameter ratio λ as a factor of influence f (λ).
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Table 3. Comparison between the experimental and calculated total DOP

CONCLUSION

We can conclude, that at the example of the material GFR, the Tree-Parameter ana-
lytic function (2) is applicable not even for metallic but also for non-metallic materials
with relatively good approximation.

Verifying formula (1) extended by function (2) various GFR/RHA composite targets
were impacted by two laboratory penetrators with L/D=12.3 and 21.7 without obliquity.
The relative deviation between the experimental and the calculated total depth of penetra-
tion yields less than +7% at all trials. 
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Laboratory
Tungsten

Penetrator

GFR/RHA Composite
(According to Figure 1) Total Depth of Penetration

L/D
ratio

L
[mm]

t1
[mm]

t2
[mm]

Pres
[mm]

Velocity
[m/s] Experiment

Pex  [mm]

Calculation

Pcalc  [mm]

Relative Deviation

(Pex –P calc )/Pex

21.7 173.5 0 102 60.8 1300 162.8 163 -0.1 %

21.7 173.5 0 102 92 1565 194 196.5 -1.3 %

21.7 173.5 21.1 102 52.8 1460 175.9 184.2 -4.7 %

21.7 173.5 21.1 102 27 1260 150.1 157.3 -4.8 %

21.7 173.5 21.1 102 74.9 1600 198 200 -1 %

21.7 173.5 21.1 202.8 44.5 1620 268.4 259 +3.5 %

12.3 110.6 0 102 26.5 1220 128.5 130.5 -1.6 %

12.3 110.6 0 102 43.2 1420 145.2 151.3 -4.2 %

12.3 110.6 0 102 46.7 1500 148.7 158.7 -6.7 %

12.3 110.6 0 102 57.5 1610 159.5 168 -5.3 %



REFERENCES
1. R. Jeanquartier and S. Lampert, “Estimation of total Depth of Penetration into Composite Targets impacted

by Tungsten Long Rod Penetrators”, 18th International Symposium on Ballistics, Proceedings, Volume 2,
954–961, 1999

2. W. Lanz and W. Odermatt, “Penetration Limits of Conventional Large Caliber Antitank Guns/Kinetic
Energy Projectiles”, 13th International Symposium on Ballistics, Proceedings, Volume 3, 225–233, 1992

3. W. Lanz and W. Odermatt, “Minimum Impact Energy For KE-Penetrators in RHA-Targets”, European Fo-
rum on Ballistics of Projectiles, Proceedings, 349–365, 2000

4. W. A. Gooch, M. S. Burkins and K. Frank, “Ballistic Performance of Titanium Against Laboratory Penetra-
tors”, 1st Australian Congress on Applied Mechanics, Proceedings, 1996

5. R. Jeanquartier and W. Odermatt, “Post-Perforation Length and Velocity of KE Projectiles with single Obli-
que Targets”, 15th International Symposium on Ballistics, Proceedings, Volume1, 245–252, 1995

1319

Penetration Efficiency of Tungsten Penetrators into Glass Fiber Reinforced Resin/Steel Composites as a…




	1_IBS01.pdf
	IBS 2001 19 th International Symposium on Ballistics
	Table of Contents
	INVITED SPEECHES
	IS01 The Ballistics of Hornussen
	IS02 The History of Explosives in Switzerland

	INTERIOR BALLISTICS
	IB01 Insensitive High Energy Propellants
	IB02 Advanced Cartridge Design for the Term-KE Round
	IB03 High Performance Propulsion Design for
	IB04 Ballistic Shelf Life of Propellants for Medium
	IB05 Development and Validation of a Comprehensive Model
	IB06 Comparison of 0D and 1D Interior Ballistics Modelling
	IB07 Two-phase Flow Model of Gun Interior
	IB08 Interior Ballistic Principle of High/Low Pressure
	IB09 Factors Effecting the Accuracy of Internal Ballistics,
	IB10 ATwo-Dimensional Internal Ballistics Model for Modular
	IB11 Investigations for Modeling Consolidated Propellants
	IB12 Burning Characteristics of Foamed Polymer
	IB13 The Analysis of Gun Pressure Instability
	IB14 Influence of Different Ignition Systems on the Interior Ballistics
	IB15 ALeading-Detonation-Tube Ignitor and Its Firing Results
	IB16 Functional Lifetime of Gun Propellants
	IB17 Spheroidal Propellant Stabilizer Studies
	IB18 Applicability of the Hydrogen Gas Erosion Theory to
	IB19 Experimental Investigation of Heat Transfer in a 120 mm Gun
	IB20 Analysis of ETC or Classical Manometric Closed Vessel Tests
	IB21 Variation in Enhanced Gas Generation Rates
	IB22 Plasma Ignition of Consolidated Propellants
	IB23 Plasma Ignition and Combustion
	IB24 Discussion on Emission Spectroscopy Measurements

	LAUNCH DYNAMICS
	LD01 Sabot Discard Model for Conventional and
	LD02 Experimental and Simulation Analysis of Setback
	LD03 Measurements of Muzzle Break Effectiveness
	LD04 Transitional Motion of KE Projectile and Governing
	LD05 Numerical Simulation of Intermediate Ballistics
	LD06 Multistage Method for Acceleration of
	LD07 Computation of Muzzle Flow Fields Using Unstructured
	LD08 Modelling of Fume Extractors
	LD09 Modeling and Simulation of the Gas Charging
	LD10 Numerical Analysis of the Propagating Blast
	LD11 Intermediate Ballistics Unsteady Sabot Separation:
	LD12 Temperature and Heat Transfer at the Commencement
	LD13 Gun Barrel Erosion: Study of Thermally
	LD14 AStudy on the Erosion Characteristics of the Micropulsed
	LD15 Friction and Wear Mechanism at High Sliding Speeds
	LD16 Increasing the In-Bore Velocity Measurements
	LD17 The Development of Composite Sabots for Kinetic
	LD18 Structural Analysis of a Kinetic Energy Projectile
	LD19 Joining Jacket and Core in Jacketed Steel/Tungsten Penetrators
	LD20 Soft Recovery of Large Calibre Flying Processors
	LD21 New Materials for Large-Caliber Rotating
	LD22 Methodology for Hardening Electronic Components
	LD23 Adiabatic Depressurisation of Vented Vessels
	LD24 Solid Fuel Ramjet (SFRJ) Propulsion for Artillery

	EXTERIOR BALLISTICS
	EB01 Transonic Aerodynamic and Scaling Issues for
	EB02 Flight Dynamics of a Projectile with High Drag
	EB03 Flight Test Results of the Swedish-Dutch Solid Fuel
	EB04 Aeroelasticity of Very High L/D Bodies in Supersonic Flight:
	EB05 ASimulation Technique for Analyzing Effect
	EB06 The Transition Ballistic Simulation Facility
	EB07 Acceptance Criteria for Fire Prediction Accuracy
	EB08 On the Influence of Yaw and Yaw Rate
	EB09 Diagnostic of the Behaviour of a Course-correction
	EB10 The Influence of a Projectile Stability Subjected
	EB11 Aerodynamic Aspects of a Grid Finned Projectile
	EB12 Magnus Instabilites and Modeling for a 12.7 mm Projectile
	EB13 Wind Tunnel Investigation of a High L/D Projectile
	EB14 Roll Producing Moment Prediction for Finned Projectiles
	EB15 Aerodynamic Wind-tunnel Test of a Ramjet Projectile
	EB16 Numerical Model for Analysis and Specification
	EB17 Numerical Ricochet Calculations of Field Artillery Rounds

	WARHEAD MECHANICS
	WM01 Active Protection Against KE-Rounds and
	WM02 Multiple Explosively Formed Penetrator
	WM03 Barnie: A Unitary Demolition Warhead
	WM04 Experimental and Numerical Studies of Annular
	WM05 Shaped Charge Warheads Containing Low Melt
	WM06 Comparing Alternate Approaches in the Scaling
	WM07 Effect of Fragment Impact on Shaped
	WM08 Breakup of Shaped-Charge Jets: Comparison
	WM09 Application of Overdriven Detonation of High
	WM10 Relative Performance of Anti-air Missile Warheads
	WM11 ARetrospective of the Past 50 Years of Warhead Research
	WM12 Time-Reversed, Flow-Reversed Ballistics Simulations:
	WM13 TNT Blast Scaling for Small Charges
	WM14 ANovel Approach to the Multidimensional Nature
	WM15 Fragmentation Properties of AerMet® 100 Steel in
	WM16 Using a Numerical Fragmentation Model to Understand
	WM17 Dual Mode Warhead Technology for Future
	WM18 Steerable Hitiles Against TBM Warheads
	WM19 The Design of Small-Calibre Tandem Warhead against Tank
	WM20 Application of Loose Powder Liner Shaped Charges
	WM21 Lasers for AP-Mine Neutralisation
	WM22 AReactive Mine Clearing Device: REMIC
	WM23 The Measure of Jet “Goodness” M.E. MAJERUS, R.M. COLBERT
	WM24 Some Improvements into Analytical Models of Shaped
	WM25 Role of Texture in Spin Formed Cu
	WM26 Predicted and Experimental Results of Shaped
	WM27 The Design and Performance of Annular EFP’s
	WM28 Explosively Formed Penetrators
	WM29 Analytical Code and Hydrocode Modelling
	WM30 The Contribution to the Optimization of Detonation
	WM31 Variational Principle for Shaped Charge Jet Formation
	WM32 The Effects of Finite Liner Acceleration on Shaped-Charge
	WM33 Investigation of Several Possibilities to Disturb
	WM34 Further Analytical Modelling of Shaped Charge
	WM35 Shaped Charge Jet Break-up Time Formula Confirmed
	WM36 Computer Simulation of Shaped Charge
	WM37 Determination of Dynamic Tensile Strength of Metals
	WM38 Coupled Map Lattice Model of Jet Breakup
	WM39 The Indeterminacy of the Outgoing Flow of Two
	WM40 Electromagnetic Control of the Shaped-charge Effect
	WM41 Aero Stripping from a Water Jet
	WM42 Photoinstrumentation for Warhead Characterisation
	WM43 APractical Method to Determine Poisson's Ratio

	VULNERABILITY MODELING AND WOUND BALLISTICS
	VM01 The Development of a Physical Model of Non-Penetrating
	VM02 Advanced Multiple Impact Endgame Model Against Ballistic
	VM03 Assessment of Shaped Charge Jet Mitigation,
	VM04 Analysis of Active Protection Systems: When ATHENAMeets
	VM05 Numerical Modeling of a Simplified Surrogate Leg
	VM06 Numerical Head and Composite Helmet Models
	VM07 The Testing of the Tank Fire Control Systems Accuracy
	VM08 Methodology for Predicting Ballistic Shock Response
	VM09 Major Issues Affecting Characterisation and Modeling
	VM10 Digitization of Witness Pack Plates
	VM11 Lightweight Passive Armour for Infantry Carrier Vehicle
	VM12 Lightweight Transparent Armour Systems
	VM13 Non-KKV End Game Kinematic Plan of Anti Tactical Ballistic
	VM14 Defeating Active Defense Systems by Double-
	VM15 AComparative Evaluation of Personnel Incapacitation Methodologies
	VM16 Behind Armour Blunt Trauma for Ballistic Impacts on Rigid Body Armour
	VM17 Soap and Gelatine for Simulating Human Body Tissue:
	VM18 Sphere Penetration into Gelatine and Board
	VM19 AComputer Program to Assess the Effectiveness of Shotgun
	VM20 Creams for Protection Against Skin Burns in Explosions

	1-34 TERMINAL BALLISTICS
	TB01 Whipple Shields Against Shaped Charge Jets
	TB02 General Overview of Capability in the Simulation
	TB03 Analytical Model to Optimize the Passive Reactive
	TB04 Approximating the Ballistic Penetration
	TB05 Sensitivity of ERA-boxes Initiated by Shaped
	TB06 ANumerical Investigation of Top-Attack Submunition
	TB07 Protective Power of Thick Composite Layers
	TB08 The effect of matrix type on the ballistic and
	TB09 Size Scaling in Ballistic Limit Velocities for Small
	TB10 Reference Correlations for Tungsten Long Rods
	TB11 Oblique Plate Perforation by Slender Rod Projectiles
	TB12 Tungsten into Steel Penetration Including
	TB13 On the Behaviour of Long-Rod Penetrators Undergoing
	TB14 Penetration Comparison of L/D=20 and 30 Mono-bloc
	TB15 Definition and Uses of Rha Equivalences for Medium
	TB16 Analytical Model of Long Rod Interaction
	TB17 Penetration of APProjectiles into Spaced Ceramic Targets
	TB18 Behavior and Performance of Amorphous and Nanocrystalline
	TB19 Kinetic Energy Projectiles: Development History,
	TB20 Kinetic Energy KE Ammunition for Medium Calibre
	TB21 Multirole APFSDS-T Expanding the Traditional
	TB22 Penetration Mechanics of Extending Hemicylindrical Rods
	TB23 Evaluation of Replica Scale Jacketed Penetrators
	TB24 Replica Scale Modelling of Long Rod Tank Penetrators
	TB25 High Velocity Jacketed Long Rod Projectiles Hitting
	TB26 The Penetration Process of Long Rods into Thin
	TB27 Oblique Penetration in Ceramic Targets
	TB28 The Influence of Penetrator Geometry and Impact
	TB29 Observations on the Ratio of Impact Energy to Crater Volume
	TB30 Cavity Shape Evolution During Penetration
	TB31 Instrumented Small Scale Rod Penetration Studies:
	TB32 AParameter that Combines the Effects of Bend
	TB33 The Effects of Stress Pulse Characteristics on the Defeat
	TB34 Penetration Efficiency of Tungsten Penetrators

	35-68 TERMINAL BALLISTICS
	TB35 Shock Reduction Power of Different
	TB36 Cavity Expansion Theory Applied to Penetration of Targets
	TB37 Development and Validation of a Dwell Model
	TB38 Glass Ceramic Armour Systems for Light
	TB39 Ballistic Resistance and Impact Behaviour
	TB40 Dynamic Fragmentation of Alumina with Additions
	TB41 Influence of Liners on the Debris Cloud Expansion
	TB42 Mass Efficiency of Aramid Composites Depending
	TB43 Numerical Fragmentation Modeling and Comparisons
	TB44 Fragment Impact on Bi-Layered Light Armours
	TB45 Penetration Analysis of Ceramic Armor with Composite
	TB46 Ballistic Limit of Fabrics with Resin
	TB47 Finite Element Design Model for Ballistic Response
	TB48 Numerical Simulations of Dynamic X-Ray Imaging
	TB49 Perforation of Spaced Glass Systems by the 7.62 mm
	TB50 The Development of the Glass Laminates
	TB51 Model of the Wood Response to the High Velocity of Loading
	TB52 Terminal Ballistics of EFPs – ANumerical Comparative
	TB53 An Experimental Investigation of Interface Defeat
	TB54 Cutoff Velocity in Precision Shaped Charge Jets
	TB55 Performances and Behaviour of WCu-pseudo-alloy
	TB56 AComputational Method of Fast Simulating Full-physics
	TB57 Numerical Simulation of the Performance
	TB58 Study of Spin-compensated Shaped Charges
	TB59 Jet Perturbation by HE Target
	TB60 Evaluation of High Explosive Parameters
	TB61 Combination of Inert and Energetic Materials
	TB62 Interaction Between a Metallic Reactive Armor
	TB63 Numerical Simulation of Shape Charge Jet Interaction
	TB64 A3D Modelling Study of the Influence of Side
	TB65 Effect of Multiple and Delayed Jet Impact and Penetration
	TB66 Hydrocode Modelling of High-velocity
	TB67 The Effect of Obliquity and Conductivity on the Current
	TB68 Taylor Impact Experiments of Electrified Copper

	Author Index


	Table: 
	Home: 


