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Abstract 

This thesis describes a novel electromagnetic shockwave technique for use in 

compressing magnetic flux and to serve as the basis for a new approach to producing 

fast-rising voltage pulses with amplitudes of several hundred kV. The shockwave is 

produced by an exploding foil driven electric gun that accelerates a Mylar flyer to 

impact with a sample of aluminium powder. Both Japanese and Russian researchers 

have previously published experimental results for shockwave magnetic flux 

compression using an explosive driver. The present research considers replacing the 

explosive energy of this driver by the electrostatic energy stored in a capacitor bank, 

thereby enabling experiments to be performed in a laboratory enviromnent. Differences 

in performance that arise from the use of explosive and electrical driver are examined. 

A conventional electric gun system in planar geometry is developed to study the 

insulator-to-metallic transition in shock-compressed aluminium powder. This provides 

data on the conducting shock front in powder that can be used for flux compression and 

high-voltage pulse generation. A prototype cylindrical geometry system is described 

for proof-of-principle experiments, in which an imploding shockwave compresses flux 

towards the central axis of a system. A highcvoltage pulse can then be produced by the 

rapid time-change in the flux linking a suitably situated coil. Design calculation, 

constructional details and experimental results for the new system are all presented. 

The experimental programme is augmented by a detailed study of the fundamental 

shockwave processes. A new mathematical model for an electric gun is developed, that 

provides detailed description of the foil explosion and flyer acceleration processes. A 

hydrodynamic code including an equation of _state model for the powder is developed, 

and is shown to reproduce with reasonable accuracy the shock compression of 

aluminium powder by flyer impact, including the elastic precursor phenomenon. A 

magnetohydrodynamic code with an electrical conductivity model for the shock

compressed powder is developed for the study of flux compression and high-voltage 

pulse generation techniques. This provides a critical insight into the shockwave 

processes and facilitates a systematic design and performance prediction for future 

experimentation. 
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CHAPTER 

ONE 

INTRODUCTION 

Magnetic flux compressiOn IS a technique used for the generation of large 

electromagnetic power pulses, of the order of I 00 GW and above. Typical flux 

compression systems optimised for maximum current or energy output have produced 

maximum currents in the I to I 0 MA range and magnetic energies in the I to 25 MJ 

range. 

In magnetic flux compression, a closed electrical conductor linking a magnetic flux is 

compressed by external forces. This thereby converts mechanical energy into magnetic 

energy, although the transformation is efficient only as long as the flux losses remain 

limited. A large body of literature on magnetic flux compression has been accumulated 

over recent years, e.g. [1]- [7]. Generally speaking, a review of this shows that high

current and high-energy pulses can be achieved in a number of different compression 

geometries (plate, cylindrical, spherical, conical, helical, single-turn coil etc.) and by 

using different energy sources as the primary driver (chemical energy in explosive, 

electrostatic energy in capacitor bank, high pressure gas from combustion). 

As an alternative to the production of a high-current/high-energy output, a magnetic 

flux compression system based on the radial implosion [8]-[10] of a cylindrical hollow 

conductor can produce the magnetic fields of the order of I 000 T and above, in a 

volume of I cm', that are used in a large variety of physics applications. 

In most flux compression systems, a metallic conductor in the solid state (i.e. a solid 

liner) [11] is employed as the working medium that compresses the magnetic field, 

although electrical conductors in the gaseous state, in the form of plasma armatures 

[12]-[14] and the gas-puff Z-pinch [15] have also been used. More recently, flux 

compression by means of a magnetic bubble (or surfactant) in a Z-pinch configuration 

[ 16] has also been reported. 
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Chapter 1 Introduction 

In the majority of flux compression systems driven by capacitor banks, the compression 

is produced either by (1) single-turn coils or (2) by cylindrical implosion devices. 

Depending on the direction of current flow, two variations in the cylindrical implosion 

devices are possible. When the electrical current ·flows around the cylindrical liner that 

compresses the magnetic field, we have the so-called B -pinch configuration. When 

alternatively the electrical current flows along the cylinder, this is termed the Z-pinch 

configuration. 

Significant work on the single-turn coil configuration was carried out by Herlach [17] 

and early work on B -pinch implosion by Cnare [18]-[19] and Miura [20]-[21]. Notable 

work on the Z-pinch configuration by Alikhanov [22] was later repeated at the 

University of Washington [23]. In the 1980s, Felber and his eo-workers reported using 

a gas-puff Z-pinch to compress a magnetic field. AFWL (presently the Philips 

Laboratory at Albuquerque, USA) used the world's largest capacitor bank (the Shiva 

Star, 9.4MJ, 120kV) to conduct flux compression experiments using a plasma 

armature, with important results presented in [12] 

In recent years, Loughborough University has conducted extensive research on 

explosively driven helical flux compression [24] and the conditioning of the pulsed 

output power using a variety of devices such as plasma erosion opening switches [25] 

and electrically exploded metallic foils [26]. This expertise has led to an extension of 

the exploding foil technique to accelerate a dielectric flyer, to the conduct of impact 

studies on metallic powder and to investigate the application of the results in magnetic 

flux compression. 

1.1 Thesis Objectives 

The present research is concerned with a magnetic flux compression and high-voltage 

generation technique in a cylindrical imploding geometry, with the following unique 

features 
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Chapter 1 Introduction 

a) a high-energy capacitor bank is used as the primary energy source to 

implement electromagnetic flux compression, rather than an explosively 

driven process, 

b) an exploding metallic foil accelerates an insulator flyer, driving an air 

shockwave, to impact an aluminium powder sample and compress an initially 

established magnetic flux, and 

c) a multi-turn helical secondary coil that converts the time-rate-of-change of 

magnetic flux density into a high-voltage pulse. 

The objective of the research is to achieve magnetic flux compression by a conducting 

shockwave in aluminium powder, and to obtain high-voltage pulses in laboratory-based 

experiments. Both theoretical and experimental work has been carried out in the 

following areas, with the experimental work being performed as part of an EPSRC 

Standard Research Grant (GRIL97056) 

a) the design and development of an 'electric gun' technique using exploding 

metal foils to generate intense pressure pulses for (1) accelerating a Mylar 

polyester flyer (or projectile) and (2) conducting studies on the insulator-to

metal phase transition property of aluminium powder under shock 

compression, 

b) the design and development of a cylindrical imploder device for proof-of

principle experiments on (1) shockwave magnetic flux compression 

techniques and (2) shockwave high-voltage generation, and 

c) the design and development of analytical and mathematical models to (I) 

explain and predict the system performance and (2) compare the performance 

of explosively driven and electromagnetically-driven implosion process. 

The present work was undertaken with the intention of outlining the salient features of 

shockwave magnetic flux compression using a capacitor bank as the driver, in order to 

identify the main parameters controlling this process and their effect on the magnetic 
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flux compression and high-voltage pulse generation. An understanding of this process 

will lead to a better understanding of magnetic flux compression using different types of 

shockwave generation methods, phase transition material, extensions to the special case 

of spherical implosion and a combination of methods (e.g. solid liner plus shockwave) 

to produce hybrid type magnetic flux compression systems. 

1.2 Thesis Organisation 

Chapter 2 of the thesis describes the fundamental equations for shockwaves, together 

with different shockwave generation techniques that may have relevance to magnetic 

flux compression by cylindrical implosion techniques. The principle of explosively 

driven shockwave magnetic flux compression that utilises the shock compressed 

conducting front in a material with a variable electrical conductivity is described. This 

is followed by a brief resume of the research approach used to achieve capacitor-bank 

driven shockwave magnetic flux compression under laboratory conditions. 

Chapter 3 describes the development of a new mathematical model for a planar electric 

gun that provides a detailed description of both the electrical performance and the flyer 

acceleration process. Central to the new model is the combination of the Gurney 

equation with an ideal gas law equation of state (EOS) to obtain the flyer acceleration 

solution. Realistic predictions of the electrical circuit performance are based on an 

empirical model for the electrically exploded metallic foil. Beside a detailed description 

of the electrical current and voltage and the flyer trajectory, the computer model 

provides information on the foil plasma properties (mass density, pressure, temperature 

etc.) after explosion. Comparison of the computer prediction with experimental results 

is given at the end ofthe chapter. 

Chapter 4 describes the development of a hydrodynamic model and EOS for powder 

material, both of which are necessary for modelling the shock compression of 

aluminium powder. The governing equations for hydrodynamic flow and the finite

difference computational scheme are described in detail. One-dimensional test cases, in 

the form of (I) steady shock propagation and (2) shock reflection in aluminium powder 

are used as functional tests to verify the hydrodynamic computer model. A simple 

switch model is described, for simulating the insulator-to-conductor phase transition in 
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shock compressed aluminium powder. The contribution of the imploding foil plasma 

(driving the Mylar flyer) to the flux compression process is assessed, based on Spitzer's 

equation for the electrical conductivity of an ionised gas. 

Chapter 5 describes the application of the planar electric gun to the shock compression 

study of aluminium powder. The conducting shockwave thereby generated in the 

aluminium powder sample is characterised by two types of sensors (I) coaxial contact

pin probes to obtain the Time-Of-Arrival (TOA) of the conducting shock front at 

discrete distances in the aluminium powder and (2) spiral resistance probes for 

continuous monitoring of the shockwave velocity. This work is followed by a 

systematic analysis of the results to validate the hydrodynamic code and EOS models of 

chapter 4. 

In Chapter 6, the mathematical model for the electric gun is extended to the case of a 

cylindrical implosion (as compared to the planar case of chapter 3). The hydrodynamic 

model is modified by the inclusion of Maxwell's equations to obtain a 

magnetohydrodynamic (MHD) model for magnetic flux compression by cylindrical 

implosion. The performance of the MHD model is demonstrated by a detailed analysis 

of an explosive driven shockwave flux compression experiment conducted by 

Nagayama et a! [29] using metallic powder. 

Chapter 7 describes the detailed design of the major components of the cylindrical 

imploder and the experimental programme for shockwave flux compression using 

aluminium powder. The TOA data thereby obtained is analysed, using the new electric 

gun model of chapter 3 to provide useful insight into the implosion process. To 

understand this process, the rate of change of magnetic flux density (B-dot) is analysed 

using (1) a simple model for flux compression and (2) the MHD model of chapter 6. 

Although the quality of the foil explosion was not ideal, the large stand-off between the 

exploding foil and the powder assembly nevertheless allowed the flyer to be accelerated 

to an impact velocity of between 1.1 km Is and 1.5 km Is , thus enabling magnetic flux 

densities of about 40 T to be obtained from an initial flux density of 6 T . 

Chapter 8 details experiments aimed at producing a high-voltage pulse by installing a 

helical coil (surrounded by a thin later of aluminium powder) inside the cylindrical 
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imploder in a dynamic transformer configuration. Although experiment results were 

obtained for a pulse of only about 10 kV peak voltage and 3 JlS duration, the data 

nevertheless provided a unique insight into the mechanism of high-voltage generation 

by exploding foil flyer impact. A simplified analysis and design method that combines 

the shock propagation model with the dynamic transformer model is described to allow 

a systematic design and performance prediction of such transformer. Performance limits 

are indicated for the present cylindrical imploder configuration. 

Conclusions and suggestions for future work are given in chapter 9. 
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CHAPTER 

TWO 

SHOCKW A VE MAGNETIC FLUX COMPRESSION 

This chapter details the fundamental equations for shockwaves, together with different 

shockwave generation techniques that may have relevance to magnetic flux 

compression by cylindrical implosion technique. The principle for explosively driven 

shockwave magnetic flux compression that utilises the shock-compressed conducting 

front in a material· with a variable electrical conductivity is described. This is followed 

by a brief outline of the research approach adapted to achieve capacitor-bank driven 

shockwave magnetic flux compression under laboratory conditions. 

2.1 Shockwaves 

A shockwave is caused by a very high-pressure disturbance moving through a material. 

The disturbance in a shock is neither smooth nor continuous, but is discontinuous as 

shown in Fig 2-1. The shock pressure is much higher than that in a sound wave, and 

may indeed stress it well beyond the elastic limit. The material does not then return to 

its original state after release of the pressure, and the irreversible work performed on the 

material may cause plastic (or permanent) deformation. 

Pressure 

Pi---

Distance 

Figure 2-1 Pressure variation in a shockwave. 
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2.1.1 Shock Jump Equations 

As a shockwave moves through a material, the mass, momentum and energy are all 

conserved across the shock front. The shock process neither creates nor destroys mass 

or energy. The conservation of the three quantities mentioned above leads to three 

equations - termed the Rankine-Hugoniot shock-jump equations - that describe the 

shock process. 

material behind material ahead of 
shock front shock front 

mass density p Po 
pressure p u, PO 

particle velocity uP uo =0 

energy density 8 80 

Figure 2-2 Definition of shockwave parameters. 

Using the nomenclature in Fig 2-2, the shock-jump equations can be written as 

conservation of mass 

p.(u, -u,)= p(U, -uP) (2-1) 

conservation of momentum 

(2-2) 

and conservation of energy 

(2-3) 

If the material ahead of the shock front is at rest u0 = 0, and if the ambient pressure P0 

prior to the arrival of the shock is sufficiently small for it to be considered as zero, 

equations (2-1)- (2-3) may be simplified to 

PP,= p(U, -uP) 

p = PoU,uP 

8 
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and s-s. =.!_P(-1 
_ _!_) 

2 Po P 
(2-6) 

For the case of a shockwave in air or a gas, the above equations can be combined with 

the ideal gas EOS to yield expressions for the compressed state (behind the shockwave) 

as a function of the (usually) known state ahead of the shockwave. The EOS expresses 

the energy density for both the material ahead of and behind the shock front as a 

function of pressure and density, so that 

s = P. (2-7) 0 p.(r-1) 

and 
p 

(2-8) S= 
p(y-1) 

Substituting into the energy equation (2-6) we obtain 

1- (r+l)_e_ 
p {y-1) Po = (2-9) 
P. p (}'+1) 

Po- {y-1) 

Equation (2-9) can be combined with the shock velocity from equations (2-1) and (2-2) 

to give 

U, = (.!!_)P-P. 
Po p-po 

(2-10) 

and with the definition for the local speed of sound 

c =tP. ' ' Po 
(2-11) 

to yield 

U,= 2 

C, {r+l)Po -{y-1) 
(2-12) 

p 
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Eliminating the shock velocity U, from equations (2-1) and (2-2) gives the particle 

velocity as 

u = (P-P. {_l _ _.!_) 
P \P. p 

(2-13) 

which when combined with equation (2-9) and the local sound speed yields 

:p, = (l- Pp.) 1 ___ P_2 ___ . 

{r+l)-· -{y-1) 
p 

(2-14) 

The ratio of pressure .!.._ across the shock front is usually called the shock strength, and 
P. 

the density ratio _!!__ across the shock front is known as the compression ratio. The 
P. 

shock strength equation (2-9) can be re-arranged to obtain the compression ratio as 

1+ {r+l).!__ 
p 

= 
{y-l)P, 

(2-15) 
p (JI+i) Po -+--
P, {y-1) 

2.1.2 Conditions for Strong Shock 

From equation (2-9), it can be seen that as the denominator approaches zero, the 

pressure behind the shock front will approach infinity. The condition for a strong shock 

is therefore that 

p _{r+l) 

P. ~ {r-1) 

10 
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2.2 Generation ofShockwave for Dvnamic Compression of Material 

2.2.1 Explosive Driven Technique 

Explosive driven systems have been developed over many years to generate a plane 

shockwave in a target sample (see Fig 2-3) for EOS studies [30], [31]. A plane wave 

generator in the form of a conical explosive lens is commonly used to transform a point 

detonation (as produced by a detonator), into a plane detonation wave. The pressure 

obtained by flyer impact is significantly higher than that by an explosive in direct 

contact. 

Figure 2-3 

Detonator & 

Plane-wave 
generator 

Vacuum gap 
,..--------, 

surface 

I 
~amera'j 
VIeW 

Plane shockwave generation technique by explosive. 

The generation of cylindrically converging shockwaves by explosives usually requires 

an array of exploding bridge-wire (EBW) detonators arranged in a ring, to achieve a 

close to simultaneous release of explosive energy. Innovative solutions involving the 

use of an array of such wires embedded in explosive have been reported [32]-[33]. As 

an alternative to using explosives arranged in a cylindrical form, Russian researchers 

have described the use of a tube of explosive with a rectangular cross section and 

detonated along the four edges to produce the same effect [34]. 
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Meyers and Wang [35] used a cylindrical imploding flyer configuration (Fig 2-4) for the 

shock consolidation of hard metal powder. Significant improvements in compaction 

quality were obtained for nickel-based superalloys, titanium alloys and aluminium

lithium alloys. 

Detonator 
Explosive 
container 

Explosive 

Flyer 
tube 

container 

Metal 
powder=--1*--+-

Figure 2-4 

2.2.2 Gun Techniques 

Powder 

Expl~sive 

Cylindrical flyer implosion technique using explosive. 

The gun technique uses either a propellant (e.g. a smokeless powder) or compressed gas 

to accelerate a flat nosed projectile to impact on a target. In general compressed gas 

guns are preferred, on the basis of their operating convenience and predictability of the 

impact velocity. To avoid driving a strong air shock ahead of the projectile, it is 

necessary to evacuate the gun barrel to a pressure of between 2 Pa to 5 Pa ( 1.5 x 1 o-2 

to 3.0xl0-2 Torr), with 0-ring seals on the projectile isolating the barrel from the 

expanding gas. The projectile head may be a flyer plate backed by low-impedance 

foam or honeycomb and the duration of the impact pressure pulse is governed by the 

thickness and diameter of the flyer plate and the shock and rarefaction wave velocities 

in both the flyer plate and target materials. 

12 



Chapter2 Shockwave Magnetic Flux Compression 

The gun technique has been used in several research laboratories for shockwave studies. 

Single-stage gas guns can accelerate projectiles with diameters in the range 50 mm to 

100 mm to velocities of about 1.5 km Is. The peak pressure and duration for impact on 

common metals are a few tens of GP a (i.e. a few hundred kbar) and a few 

microseconds. 

The gun technique is not however easily adapted to provide the requirements for 

generating a cylindrically converging shockwave. 

2.2.3 Laser and Electron Beam Loading 

In both these techniques a large flash of energy, from either a laser or an electron beam, 

impacts on the surface of a target, with the consequent rapid expansion of the surface 

region resulting in a shockwave. travelling into the target. The main advantage of these 

techniques is that the shockwave initiation is essentially simultaneous over the area 

irradiated, although this is generally limited to less than I 0 cm 2 by the power available. 

Furthermore, the distribution of energy over the irradiated area is frequently non

uniform, meaning that the peak stress will vary. The stress pulses are of the order of 

one nanosecond and attenuate rapidly. 

In recent years, shockwaves driven by high power lasers have been widely used to study 

the EOSs of materials in the Megabar pressure range [36]. 

2.2.4 Exploding Foil Technique 

In this technique, a thin metal foil is vaporised or exploded by a high current pulse (see 

Fig 2-5). This causes a thin dielectric plate adjacent to the foil to be accelerated to a 

high velocity along a short, evacuated space, usually termed the barrel. After a short 

free flight the plate impacts on the target, where it produces a short-duration flat-top 

stress pulse. 

Dennen and Wilson [37] generated an imploding shockwave by electrically exploding 

thin metallic foils on the inner surface of glass cylinders. Measurements ofthe resulting 
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shock motion showed close agreement with predictions using a constant energy 

analysis. However, in contrast to an exploding shockwave, the imploding wave is 

inherently unstable. 

Exploding foil 

Flyer 
(initial condition) 

Dielectric 
barrel 

Flyer 
/ (after foil explosion) 

v t 
1 

Dielectric 

1==1 barrel 

Exploding foil 

Figure 2-5 Exploding foil technique for acceleration of dielectric flyer. 

While the technique of exploding metallic foils in planar geometry has been developed 

into a well-established technique for conducting research in shockwave physics [38]

[ 40], their exploitation in cylindrical geometry has not led to the development of a 

cylindrical version of the electric gun. A coaxial version has been proposed for flux 

compression (41], but no experimental result has been reported. 

2.3 Magnetic Flux Compression by Cylindrical Implosion 

An explosively driven implosive device (Fig 2-6) consists essentially of two 

components; the explosive-liner system that provides sufficient energy for a uniform 

implosion with a high implosion speed and a coil plus a pulsed-power supply to provide 

the initial magnetic flux. 
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Figure 2-6 

Ring of 
detonators 

Explosive 

Shockwave Magnetic Flux Compression 

Field 
coil 

Metallic 

UL-l..J-..L.---l.LJ cylinder 

Magnetic flux compression by implosion of metallic cylinder. 

2.3.1 Basic Flux Compression Equation For Cylindrical Implosion 

At the heart of the implosive system is the metallic cylinder, with an initial inner radius 

ro, a wall thickness 8 and an axial length l, which for analytical purpose will be 

regarded as much greater than ro . If the cylinder radius is reduced by the implosion in 

a time interval that is sufficiently short for flux loss by magnetic diffusion through the 

cylinder to be small, the magnetic flux is compressed and the magnetic flux density 

increases according to 

(2-17) 

where Bw is the initial magnetic flux density, r is the reduced radius and k,ff is the 

flux conservation coefficient. 
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2.3.2 Flux Diffusion Speed 

A useful concept in developing a simple quantitative description of the magnetic flux 

diffusion loss in cylindrical implosion is the flux diffusion speed [ 42], given by 

E0 J 0 1 1 oB, 
vf =-=--=-------

B, uB, f.10 U B, or (2-18) 

The magnetic flux in an imploding cylinder with an inner radius r is <1J = B,1r · r 2
• The 

time rate of change of the magnetic flux is therefore 

or 

d<ll =!!._(B nr 2 )=-E0 ·2nr 
dt dt ' 

dB, = -~(dr + E0 )B 
dt r dt B, ' 

(2-19) 

(2-20) 

dr 
which can be re-written by introducing the implosion speed v. = -- and the flux 

' dt 

diffusion speed v 1 as 

dB, = ~(v.- V \, 
dt r ' 1 JD, 

(2-21) 

Equation (2-21) illustrates the basic principle of flux compression by cylindrical 

implosion, with the implosion speed v1 representing the generation term and the flux 

diffusion speed v 1 the diffusion loss term. The magnetic flux density will clearly 

increase if v1 is larger than v 1 . 

Magnetic flux diffusion through a metallic liner is associated with a current density and 

thus with Joule heating. During the implosion v 1 increases as the electrical resistivity 

increases, before it finally decreases as kinetic energy is transformed into magnetic 

energy and heat. Flux compression comes to an end when the implosion speed equals 
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the flux diffusion speed, and the magnetic field reaches a maximum. In the early days 

of flux compression this was called 'turn-around', because it was assumed that the 

imploding cylinder would come to a stand-still and reverse its direction of motion. In 

reality the imploding cylinder continues to move with approximately the flux diffusion 

speed, until it collides with the probe measuring the magnetic field. 

2.3.3 Magnetic Reynolds Number 

The relative magnitude of the generation and flux diffusion terms in equation (2-21) is a 

measure of whether the magnetic field will increase before it has time to diffuse through 

the metallic cylinder. The commonly used concept is the magnetic Reynolds number 

R, , which is the ratio of the diffusion decay time constant r diff to the compression time 

constant '<omp • 

The compression time constant is given by 

r 
rcomp::::

v, 

dr 
where v. = -- is the implosion speed. 

' dt 

(2-22) 

The loss of magnetic flux through the cylinder is governed by the time constant r diff, 

which is the ratio of its inductance L to its resistance R , or with 

and 

nr' 
L=Jio_/_ 

2:r(r + 
8

) 
R = 1 2 = .!_ 2nr.,. 

a /8 a /8 

(2-23) 

(2-24) 

(2-25) 
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The magnetic Reynolds number in a cylindrical implosion is thus 

(2-26) 

leading to a condition for an appreciable growth in the magnetic flux density as 

v.o 
R, = p.cr-'- >> 1 

2 

2.4 Shockwave Magnetic Flux Compression 

2.4.1 Principle of Operation 

(2-27) 

K. Nagayama [27]- [29] and Ye. I. Bichenkov [34] were the first to report on magnetic 

flux compression by means of a cylindrical converging shockwave in a material with 

variable electrical conductivity. The principle, illustrated by Fig 2-7, is based on the 

insulator-to-metallic phase transition of semiconductor materials under a very high 

shock pressure. The metallic phase, advancing inside the dielectric material just behind 

the shockwave, is used to compress an initially seeded magnetic field. This method of 

flux compression has the advantage that the implosion speed v1 is now equal to the 

shock speed U, in the shock compressed material. For most materials, the shock speed 

U, is significantly higher than the speed of the material behind the shock front uP. 

The shockwave method of flux compression is governed by [27] 

dB, 2uP dr, --=-----
B, U, r, 

(2-28) 

where r, denotes the shock front position at time t and the shock speed is defined by 

U =- dr, 
' dt 

(2-29) 
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Figure 2-7 Explosively driven shockwave magnetic flux compression. 

Equation (2-28) can be re-written as 

dB 2uP 
--' =--B 
dt r, ' 

(2-30) 

Examination of equations (2-21) and (2-30) reveals that the flux diffusion speed for 

such a system is 

(2-31) 

2.4.2 Material with Variable Electrical Conductivity 

a) Semiconductor Crystal 

Semiconductors such as germanium and silicon have an electrical conductivity that is 

sensitive to applied pressure. Minomura and Drickamer [ 43] found a decrease in 

electrical resistance of six orders of magnitude in germanium at static high pressure 

between 12.0 and 12.5 GPa (Fig 2-8), with the large change in resistance indicating 
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clearly that the transition was to a metallic phase. They also reported a five to six orders 

of magnitude decrease in the electrical resistance of silicon samples at pressures 

between 19.5 and 20.0GPa when the shear stresses are low, but a resistance drop 

between pressure of 13.5 and 15.0 GP a when the shear stresses are high. Since the 

transitions are sensitive to shear, the relation between static and shock observations is 

unclear but certainly one or both of the shock transitions may be to the metall ic state. 

Current estimates for the transition pressure [44] are 19.2GPa and 14.8GPa for si licon 

and germanium respectively. Fl.ux compression experiments using this approach have 

been reported previously by Nagayama [27]-[28] and Bannin and Prishchenpenko [45]. 

5 r-~~~--~--~--~--~~~==~==~ 
Silicon 

4 

3 

Resistance 
in 2 
Logarithmic 
scale 

0 

- I 

-2 

- Gen11anium 

-3 ~--~--~--------~----~--~--~----~--~ 
0 

Figure 2-8 

5 10 15 20 25 30 35 40 45 
Pressure (GPa) 

Variation with pressure of resistance of silicon and germanium, which 

both undergo a semiconductor to metallic transition. 

Figure from Minomura and Drickhamer [43]. 

b) Metallic Powder 

Besides semiconductor crystals, vanous types of metallic powder have been 

investigated for the compress.ion of a magnetic field [29], (34]. Under nonnal, 

unstressed conditions, a metallic powder such as aluminium behaves as an insulator, 

because of the thin oxide layer existing between the grains. When compacted by a 
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pressure pulse, either by means of a projectile impact or by the explosion of a chemicai 

substance, the aluminium powder changes to a good electrical conductor. The transition 

process is apparently achieved as a result of the very short duration deposition of high 

energy in the vicinity of particle surfaces, through rapid plastic deformation and friction 

between surfaces. The localised heating at the particle interface destroys the thin oxide 

layer and allows electrical conduction. 

2.5 Exploding foil shockwave driven magnetic flux compression 

For the proposed technique of using the energy stored in a capacitor bank to replace the 

explosive energy, the magnetic flux compression process may be divided into the 

following phases 

(1) resistive heating of the metallic (e.g. aluminium) foil to the point of explosion 

(Fig 2-9), 

(2) acceleration and free flight of the Mylar flyer by the exploding foil plasma. (Fig 

2-10) and 

(3) impact on aluminium powder and generation of a conducting shock front that 

converges on the axis, thereby compressing the initial magnetic flux (Fig 2-11 ). 

Schenk and Linhart [ 46] described experiments in which plasma generated by an 

electrically exploded cylindrical metallic foil may have been responsible for 

compressing an axial magnetic field to a final magnetic flux density of about 6 T . 

Since the Mylar flyer is accelerated by the exploding foil plasma as it converges 

towards the centre, it is possible that phase (2) above may be regarded as a further stage 

of flux compression. The flux loss during this stage will depend largely on the electrical 

conductivity of the plasma and the implosion speed of the foil plasma, i.e. the magnetic 

Reynold number associated with this process. The electrical conductivity of plasma is 

reviewed briefly in chapter 4. 

If the exploding foil shockwave method for compressing magnetic flux proves feasible, 

a helical coil could be placed at the centre of the imploding device, to couple with the 
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rapidly changing magnetic flux and so generate high-voltage pulses in an external load 

(Fig 2-12) 
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Figure 2-9 Generation of converging shockwave by exploding foil in cylindrical 

geometry . 
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Figure 2-10 Acceleration of Mylar flyer by exploding foil plasma. 
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Figure 2-11 Converging conducting shock front inside aluminium powder produced 

by flyer impact. 
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Figure 2-12 Generation of high-voltage pulses using the shockwave magnetic flux 

compression technique. 
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2.6 Conclusions 

This chapter has introduced the basic principle of flux compression by cylindrical 

implosion (equation 2-21) and compared it with the governing equation for flux 

compression by shockwave (equation 2-28). The relation between the flux diffusion 

speed and the shock and particle speed has been highlighted in equation (2-31). If a 

simple relationship exists between the shock and particle velocity for a powder material, 

e.g. if the particle velocity may be expressed as a function of the shock velocity and 

some properties of the powder material (such as mass density, porosity etc.), then the 

description of the shockwave flux compression process can be greatly simplified. This 

is the key towards a complete and detailed understanding of the experimental results 

presented later in chapters 7 and 8. 
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CHAPTER 

THREE 

ELECTRIC GUN 

This chapter describes the development of a new mathematical model for a planar 

electric gun that provides a detailed description of both the electrical performance and 

the flyer acceleration process. Central to the new model is the combination of the 

Gurney equation with an ideal gas law EOS to obtain the flyer acceleration solution. 

Realistic prediction of the electrical circuit performance is based on an empirical model 

for the electrically exploded metallic foil. Beside a detailed description of the electrical 

current and voltage and the flyer trajectory, the computer model provides information 

on the foil plasma properties (mass density, pressure, temperature etc.) after explosion. 

Comparison of the computer prediction with experimental results is given at the end of 

the chapter. 

3.1 Introduction 

The electrical explosion of conductors has been studied extensively and it has found 

significant applications in electro-forming and exploding wire detonators. Both of 

these applications make use of the shockwave produced as the electrical conductor (or 

wire) explodes. Exploding wires have also been investigated for use as electrical fuses 

and as fast opening switches for pulse shaping in pulsed power applications. 

Keller and Penning [ 4 7] and Guenther et a! [ 48] were the first to report on the 

production of planar shockwaves and the acceleration of thin flyer plates. They both 

showed how shockwaves can be generated with a much higher pressure than is 

produced directly by an exploding conductor. When a thin sheet of dielectric material 

was placed on a metallic foil that was exploded electrically, the sheet was accelerated to 

several kilometers per second and produced an intense pressure (up to 15 GPa) when it 

was allowed to strike a target. The work led to the invention of the slapper detonator 

(also commonly known as an electric foil initiator, EFI). 
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Following this initial work, the Lawrence Livermore National Laboratory (LLNL) 

developed a general-purpose shockwave generator, which they termed the electric gun. 

Reports of a 87 kJ ,lOOkV electric gun appeared in the 1980s [49]-[51], while in 1993 

plans for an even larger 1 MJ, 120 kV gun were reported [52]. The technology 

involved is fairly reliable and has been applied to the area of shockwave studies to 

determine the shock sensitivity and threshold initiation-pressure of explosives [53] -

[54]. 

The design of the present system is similar to that adopted previously, and Fig 3-1 

shows its construction in planar geometry. The flyer is made from a dielectric material 

such as Mylar polyester bonded to an aluminium exploding foil (EF). Power for the 

gun is provided by a simple resistor-inductor-capacitor (RLC) discharge circuit. The 

transmission line from the capacitor bank is tapered down to the width of the exploding 

foil and the dielectric barrel is aligned over the exploding foil and bonded to the 

dielectric flyer. The leading edge of the gun barrel bore serves to cut the flyer out of the 

dielectric sheet while the barrel limits any sideways expansion during the plasma 

expansion phase. On the reverse side of the transmission line, a massive plate absorbs 

the recoil and directs plasma along the barrel. The plate is much heavier than the flyer 

and serves a purpose similar to that of an anvil, and it is sometimes referred to as the 

tamper. The bore of the barrel can be round, square or rectangular, and it is normally 

matched to the square or rectangular shape of the exploding foil. 

Operating Characteristics of Exploding Foil Electric Gun 

Operation of the electric gun is analysed below in two different ways (1) by 

considerations of the current waveform in the electrical circuit, subject to the non-linear 

characteristics of the exploding foil near burst and (2) by investigating the details of the 

acceleration process of the flyer. 
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Exploding foil 

barrel 
Flyer 

/ (after foil explosion) 

v t Z Dielectric F\ I I _j_ barrel 

Flyer 
(initial condition) 

Exploding foil 

Figure 3-1 Electric gun- planar geometry. 

3.2 Modelling the Flyer Acceleration Process 

Different mathematical models have been proposed to describe the acceleration process 

of the flyer. In the following sections, two major models are outlined that are based on 

an electrical analogue of the Gurney model. 

The Gurney model predicts the velocity of a plate accelerated by a high explosive 

charge having a characteristic energy density &a, by relating it to the maximum velocity 

an explosive material is capable of imparting to the plate. In a one-dimensional system, 

with a explosive sheet of mass C per unit area backed by a tamper of infinite mass on 

one side and a metallic plate of mass M per unit area on the other, the final velocity 

given by the Gurney model is [55] 

I 

va =~2ca(~ +~f (3-1) 
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Method of Tucker and Stanton [56) 

Tucker and Stanton, [56] were the first to suggest an electrical analogue of the Gurney 

model. They assumed that the characteristic energy density fc associated with the 

exploding foil depends only on the burst current density J 8 , giving the relation 

(3-2) 

where k and b are empirically determined constants. 

Method of Osher [50] 

Osher et a! [50] used the energy balance concept, where the energy available after burst 

is shared between the energy required to heat up and explode the foil material and the 

kinetic energy of the flyer. This is coupled with an electrical analogue of the Gurney 

model to predict the terminal velocity of the flyer. The electric gun circuit is assumed 

to be optimized, so that foil burst occurs at the end of the first quarter period when 

nearly all the initial capacitor bank energy is available for acceleration purposes. The 

Gurney equation (3-1) is used to calculate the flyer velocity in terms of the mean 

velocity of the expanding foil plasma, with the Saha equation [57] used to estimate the 

degree of ionisation of the foil material. For simplicity in calculating the plasma 

temperature, the authors assumed that the flyer attains its terminal velocity after the 

plasma has expanded by 200 times. As a solution to the set of energy balance equation, 

the Osher model provides (amongst other outputs) an estimate of the terminal velocity 

of the flyer projectile. 

The Osher method has been used extensively as a guide to the design of the present 

planar electric gun, although the assumption of an optimised gun places severe 

restrictions on its applicability. However, the lack of an acceleration solution, to 

provide the flyer velocity as a function of time, was a major motivation towards the 

present development of a full and detailed mathematical model. 
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3.2.1 Gurney Equation for Planar Geometry 

. 
The Gurney model assumes that the chemical energy of the explosive is fully 

transformed into kinetic energy in the explosive product and the metal flyer. Two 

simplifying assumptions are made concerning the behaviour of the gaseous detonation 

product (1) a linear velocity profile and (2) a uniform mass density as the explosive 

product expands. 

Fig 3-2 shows an asymmetric sandwich, in which a slab of explosive of mass C per unit 

area is confined between a flyer of mass M per unit area and a tamper of mass N per 

unit area. The x- axis is normal to the flyer surface and it is assumed that the flyer 

moves in this direction. The initial location of the tamper and the flyer plate are xNo 

and xmo respectively. Some time after the explosion, v m is both the terminal speed of 

the flyer and that of the gaseous explosion product in contact with it. vN is the terminal 

speed of the tamper and the gaseous product adjacent to it. 

I 
I 

I 
I 

I 
I 

I 
I 

I 

Initial conditions 

@ -:E M ._ 

X 

M: Flyer mass per unit area 
C: Explosive mass per unit area 
N: Tamper mass per unit area 

After explosion 

· .... 

. 

Figure 3-2 Asymmetric sandwich for planar configuration. 
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With the density of the explosion product assumed to be uniform 

(3-3) 

and with the velocity profile for the explosion product assumed to be linear, so that 

(3-4) 

the equations for the conservation of momentum and energy are respectively 

x. 

0 = Mvm- NvN + fp(x}(x)dx (3-5) 

and (3-6) 

The integral in equation (3-5) can be evaluated by inserting equations (3-3) and (3-4) 

for the assumptions of uniform density and linear velocity profile, to give the ratio of 

terminal speeds as 

(3-7) 

The integral in the energy equation (3-6) can be evaluated using the assumptions of 

uniform density and linear velocity profile. After replacing vN by Av m, equation (3-6) 

can be re-written to give the terminal flyer (or projectile) velocity as 

I 

[
M N 2 l+A3 ]-2 

Vm =~2&0 -+-A + { ) 
C C 3 A+l 

(3-7) 
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Tamper with Infinite Mass 

For the case of a tamper of infinite mass N ~ oo, giving A = 0 and 

I 

vm =J2sa(~ +~r 

Open-faced Sandwich 

For the case of an open-face sandwich N ~ 0, and 

giving 

2M 
A=1+

C 

I 

2 

An alternative expression for the flyer velocity may be obtained as 

I 

2 

3.2.2 Acceleration Solution using an Ideal Gas Law EOS 

Electric Gun 

(3-9) 

(3-10) 

(3-11) 

(3-12) 

The Gurney equations can be combined with an ideal gas law EOS to yield an 

acceleration solution for the flyer plate. If 8
0 

is the chemical energy density of the 

unreacted explosive and e is the internal energy density remaining in the explosive, the 

energy balance equation can be written 

1 2 J 2 JXfm (\f()]2 Ce. = Ce+-Mvm +-NvN +- p XJJY x dx 
2 2 2 

(3-13) 
XN 
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in which v m and v N are instantaneous and not terminal velocities. 

Evaluation of the final term of equation (3-13) gives 

so that the equation becomes 

[ 
3 3] 1 2 1 2 C v +v 

Cc,= Cc+-Mvm +-NvN +- . m N 
2 2 6 Vm +VN 

(3-14) 

The equation for the conservation of momentum is, from equation (3-5), 

x. 

O=Mvm -NvN + fp(x}v(x)dx (3-15) 

and evaluation of the integral yields 

x. . c 
fp(x}v(x)dx = -(vm- VN) 

XN 2 

giving (M+ ~}m=( N+ ~}N (3-16) 

and A= VN 
(M+~) 

(3-17) 
V m 

( N+ ~) 

Replacing vN with Avm in equation (3-14) gives 

or & =&+--+-A + v 1 [M N 2 1 + A3 
] 2 

0 2 C C 3(1+A) m 
(3-18) 
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When c = 0 , the energy initially in the unreacted explosive has all been converted to 

kinetic energy and the terminal velocity of 

1 

[
M N l+A3 ]-2 v)t)=~2&0 -+-A

2
+ ( ) 

C C 31+A 
(3-19) 

is identical to the form of equation (3-7) except that c. is replaced by &a. Since the 

terminal velocity of an explosively driven metal has been used [55] to determine the 

chemical energy density in explosives, we equate c. to &a. 

By assuming an ideal gas EOS for the explosion product [58] 

p 
c = -p-;-{y--"1) (3-20) 

we obtain from equation (3-18) 

(3-21) 

For a planar configuration, in which M is the flyer mass per unit area, Newton's 

equation for motion is 

P=Mdvm 
dt 

Defining a new constant by 

we obtain from equation (3-21) 

(3-22) 

(3-23) 
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or (3-24) 

To obtain an ordinary differential equation with only one unknown, p is eliminated 

. using the initial conditions given in Fig 3-2 that at t = 0, xm = xmo and XN = xN,. As 

the motion proceeds to a later time -r , we have 

' 
xm = xmo + fvJt}it (3-25) 

0 

' ' 
and XN =X No- JvAt}it =X No- A Jvm(t }it (3-26) 

0 0 

By combining these equations and eliminating the integral, we find that 

(3-27) 

and from the conservation of mass 

(3-28) 

substituting for xN, from equation (3-27), gives 

(3-29) 

which allows p to be eliminated from equation (3-24), to give 

dvm = C (r-1X2e0 -Bvm') 
dt 2M k(l+A)-Axmo -xN.] 

(3-30) 
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which together with 

dxm 
-=V 
dt m 

Electric Gun 

(3-31) 

forms a system of coupled first-order differential equations that can be solved 

numerically. Once the flyer trajectory has been found from the solution of equations (3-

30) and (3-31 ), the shock pressure generated by the exploding foil in equation (3-22) 

can be re-written as 

(3-32) 

3.2.3 Adiabatic Constant, y 

For an ideal gas, the adiabatic constant y is related to the specific heat at constant 

pressure c. and the specific heat at constant volume C, by 

c. r=c, (3-33) 

For air and for most diatomic gases (such as oxygen, hydrogen, nitrogen), the value of 

y is usually taken as 1.4, while for most explosives it is known to vary between 1.3 and 

3.0. However a value for y of2.0 [59] provides a good approximation to the plasma 

state in a uniform magnetic field, and this value will be used in the simulation model for 

the electric gun that follows. 

3.2.4 Prediction of Flyer Velocity 

If the electrical explosion of the metallic foil is treated as the electrical analogue of the 

explosive driven asymmetric sandwich, the foil mass m 1 is related to the explosive 

mass C per unit area by the expression 
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Similar expressions follow for the tamper and flyer mass per unit area as 

and m, o 
N = -

1 
- = Ptemper temper 

fwf 

Electric Gun 

(3-34) 

(3-35) 

(3-36) 

It is common practice to assume for an electric gun that the tamper is massive compared 

with both the flyer and explosive masses, so that 

(3-37) 

and equation (3-9) for infinite tamper may be used to predict the terminal flyer velocity. 

Since the mass densities of both the exploding foil p 1 and the flyer p flY" are usually 

known, the teminal flyer velocity can be estimated as a function of the flyer thickness 

c5 flY" and the characteristic Gurney energy density &G. This is shown in Fig 3-3 and 

Table 3-1 for flyer thicknesses between 75 f1Jn and 300 f1Jn and for Gurney energy 

densities between 1 MJ I kg and 20 MJ I kg. For calculation purposes, 25.4 f1Jn thick 

aluminium foil has been chosen as the exploding metallic foil. 

Fig 3-3 shows that, for example, a 250 f.lm thick Mylar flyer at a Gurney energy density 

of 20 MJ I kg can achieve a terminal flyer velocity slightly greater than 3 km Is, which 

implies that a burst energy density of about 20 MJ I kg is required to achieve a velocity 

of 3 km Is for the 250 f1Jn thick Mylar flyer used in shock compression study of 

aluminium powder in chapter 5. 

36 



Chapter 3 
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Figure 3-3 
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Gurney terminal velocity for different flyer thicknesses and energy 

densities. 

Table 3-1 Gurney terminal velocity for Mylar flyer. 

Gurney velocity (km I s) 

eG 250 f.1Jn 75 pm 

(MJ / kg ) Mylar flyer Mylar flyer 

1 0.73 1.21 

5 1.65 
. 

2.72 

10 2.31 3.84 

15 2.83 4.70 

20 3.27 5.43 

The velocity and trajectory of the flyer can be obtained by solving equations (3-30) and 

(3-3 1) for different combinations of energy density and flyer thickness, and Fig 3-4 

shows that all the flyer velocities have the characteristic shape of a critically damped 

step response. Normalisation of the result is possible by introduction of the non-

dimensional variables v(!) and ~ 1, giving the result shown in Fig 3-5. 
VG u 
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Figure 3-4 Flyer acceleration solution for 250 /-lfll thick Mylar flyer. 
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3.2.5 Estimation of Shock Pressure Generated by the Exploding Foil 

Figs 3-6 and 3-7 show the shock pressure calculated using equation (3-32) for Mylar 

flyers of 250 f.Jnl and 75 f.Jnl thickness. The peak value of the pressure pulse is directly 

proportional to the Gurney energy density. The longer duration of the pulse for the 

thicker flyer implies that because it is heavier a longer time is needed for it to reach 

terminal velocity. After that, the foil pressure behind the Mylar flyer falls to zero. The 

peak explosion pressure at a particular energy density is independent of the flyer 

thickness. 

Fig 3-8 shows the linear relationship between the peak pressure and the energy density 

corresponding to the ideal gas Jaw. Essentially, the explosion process is treated as 

instantaneous. At foil burst, the entire volume is immediately transformed to the 

gaseous state under a high pressure corresponding to a particular explosive energy & 
0

, 

which is followed by a blast expansion of the volume of this highly compressed hot gas. 

Prcs~11rc 
(GP a) 

250 Ill" My lar flyer 

50 

40 

30 

20 

- Ea = 1 MJ/kg 
10 - Ea = 5 MJ/kg 

Ea = LO MJ/kg 
Ea = 15 MJ/kg 

Ol_L_ __ ~--~--~--~--~--~==~==F.a~==2=0=M~J/k=g~ 
0 1 0 20 30 40 50 60 70 80 90 I 00 

Time (ns) 

Figure 3-6 Foi l explosion pressure for a 250 j.Jm Mylar flyer. 
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The pressure pulse obtained by equation (3-32) may be used to represent the foil burst 

and flyer acceleration in a hydrodynamic or MHD calculation. Fig 3-9 suggests that the 

pulse can conveniently be represented by a mathematical function consisting of two 

parts (1) a linearly decreasing function followed by (2) an exponentiaJiy decaying 

function, or 

P= (3-38) 

where the values of the constants Pmax, ~, /1 and -r that give the best fit with the 

Gurney model results are given in Tables 3-2 and 3-3. 

40 
t1 = 5 ns. P .. x = 27 GPa, P 1= 25 GP a. t = 15 ns 1- Gurney model 

35 250 IJlll Mylar. 10 MJ/kg 
Curve fiJ ting 

30 

25 

Pressure 
(GP a) 20 

15 

10 

5 

0 

0 LO 20 30 40 50 60 70 80 90 100 

Time (ns) 

Figure 3-9 Approximate analytical description of explosion pressure. 

41 



Chapter3 Electric Gun 

Table 3-2 Foil explosion pressure for 250 f1m Mylar flyer. 

Energy density Peak pressure Time delay Pressure Time constant, 

(MJ /kg) (P""", GP a) (t1 ns) (~, GPa) ( 1', ns) 

1 2.7 15 2.5 50 

5 13.5 8 12 20 

10 27 5 25 15 

15 40.5 5 36 12 

20 54 5 50 10 

Table 3-3 Foil explosion pressure for 75 f1m Mylar flyer. 

Energy density Peak pressure Time delay Pressure Time constant 

(MJ /kg) (Pm"' GPa) (t1• ns) (~, GPa) ( 1', ns) 

I 2.7 8 2.5 25 

5 13.5 4 13 10 

10 27 3 26 8 

15 40.5 3 38 6 

20 54 2.5 52 5 

The results in Tables 3-2 and 3-3 compare well with those reported by Keller and 

Penning [47], who determined the shock pressure from the measured free-surface jump

off velocity and a linear U, -uP EOS. Their reported result of a square pressure pulse 

of 8 GP a having a duration of I 00 ns for a 125 f1m Mylar polyester flyer is within the 

range of values predicted by the Gurney acceleration solution. Fig 3-8 shows that a 

peak pressure of 8 GPa corresponds to an instantaneous release of energy at a burst 

energy density of about 3 MJ I kg . 
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3.3 Empirical Modelling of Exploding Foil 

A metallic exploding foil undergoes a rapid change in resistivity as it passes from a 

solid to a liquid, on to a weakly ionised vapour or plasma, and finally to a fully ionised 

plasma. Several empirical models have been proposed to describe the physics of 

exploding foils in a manner suitable for numerical calculation and the prediction of 

circuit performance. 

3.3.1 Action Integral Method 

The earliest model of an exploding foil was based on a control parameter g(t) termed 

the action integral [60] 

I 2 

g(t) = nJ(r )] dr (3-39) 
0 

where J(t) is the instanteous current density. Experimentally, the action integral to the 

time of burst has been shown [60] to be approximately constant for a given material and 

to be almost independent of the power-supply current waveform. 

3.3.2 Tucker and TothModel 

Humphries Jr reported [61] an electrical resistivity model based on a combination of the 

SESAME [62] electrical conductivity data and the Tucker and Toth model [63] for 

exploding wires. He replaced the portion of the theoretical electrical conductivity data 

(in the low temperature and solid density region) in the SESAME EOS database by the 

empirical data obtained by Tucker and Toth, to obtain an exploding wire model that 

agrees well with experimental data. The empirical model of Tucker and Toth is 

reproduced in Fig 3-10. 
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Figure 3-10 Aluminium fuse resistivity due to Tucker and Toth [63]. 

3.3.3 AFWL Model 

The AFWL has formulated an empirical model to describe the fractional increase in 

resistance of a aluminium foil as a function of the electrical energy deposited per unit 

mass ofthe foil. This model, described by Roderick et a! [64] and Lindemuth et a! [65], 

has been found to be both simple and reasonably accurate. Empirical models deduced 

from voltage and current measurements of 17 pm and 25.4 pm copper foils and used in 

modelling exploding foil switches have also been reported [26]. The fractional 

R 
resistance increase _f_ is obtained by plotting the instantaneous foil resistance R 

1 R,. 
against the specific deposited energy e . 

The AFWL model for aluminium foil reproduced in Fig 3-11 shows the monotonic 

increase in resistance that is characteristic of opening switch (or fuse) applications, 

while the Tucker and Toth model shows a fall in resistivity after foil burst in the case of 

exploding bridge-wires (EBWs). This distinction is probably traceable to the medium 

surrounding the foil at the point of burst, since if it inhibits both arcing and the 

formation of a spark channel the resistance after foil burst will continue to increase. For 

electric gun applications, observations from current waveforms at Loughborough 
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University indicate that current continues to flow after foil burst and may contribute to 

further acceleration of the flyer by magnetic pressure. An empirical model for the 

exploding foil in electric gun operations would take a form similar to the Tucker and 

Toth model. 

AFWL Model for Aluminium Fuse 
10

3

.-~~~~~----------~~----------~ 

10' 

Fractional 
resistance 
increase 
RtiRro 

to' 

Energy deposited (MJ/kg) 

Figure 3-11 Fractional resistance increase of aluminium fuse 

as a function of energy deposited [65]. 

3.3.4 LU Model for Electric Gun Applications 

Beside the confining medium, the behaviour of an exploding foil also depends on 

parameters such as the material and its dimensions and the current waveform. An 

empirical model can be obtained from current and voltage measurements, using the 

equation for the specific energy density and instantaneous foil resistance [26] 

(3-40) 
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and R (t)= V(t) 
1 l(t) 

(3-41) 

Fig 3-12 shows an empirical model for fractional resistance increase derived for the 

15 mm x 15 mm x 25.4 pm aluminium exploding foil used in electric gun experiments. 

The lower energy portion of the model is taken from the AFWL aluminium model. 

This will be termed the Loughborough University (LU) model in this thesis. 

100 

Fractional 
resistance 
increase 
R,IR,, 

50 

0 

LU Model for Electric Gun Applications 

25.4 Jlm aluminium foil 

AFWL model From experiments 

w• w' w' 
Energy deposited (MJ/kg) 

Figure 3-12 Fractional resistance increase of aluminium foil used in mathematical 

model for electric gun. 

3.3.5 System Parameters 

The ability of a numerical model to predict with good accuracy the current waveform in 

a circuit including an exploding foil depends on the correct determination of all the 

circuit parameters external to the exploding foil, including the inductance and resistance 

of the parallel-plate transmission line that connects the capacitor bank to the foil. Data 

for calibration is obtained from current measurements with the thin foil replaced by a 
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much thicker foil of the same length and width, enabling the system parameters 

(inductance L, and resistance R,) to be determined [66]. 

3.3.6 Time of Burst for Exploding Foil 

In most of the literature, the burst time for exploding foils and wires is defined as that 

point on the current waveform where the current begins to reverse in direction. 

Mathematically, it is determined by dl = 0 and this definition is adopted in the 
dt . 

numerical model for the electric gun that follows. Fig 3-13 shows the typical current 

waveform obtained in the present electric gun experiments. 
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Figure 3-13 Foil burst criterion. 
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3.4 The Integrated Model for Electric Guns 

In this section, the Gurney acceleration solution is combined with the empirical model 

for the exploding foil to provide a complete description of the electric gun. 

3.4.1 Governing Equations 

x-axis 

1-+--\--j 
X 

~ 
XN xm 

m 
m 

I X 

x· m 

~ 82=0 X 

(b) 

Figure 3-14 Electric gun (a) planar geometry, (b) equivalent electrical circuit and (c) 

approximations for mass density, velocity distribution and magnetic flux density. 

The geometry of the exploding foil driven electric gun is shown in Fig 3-14a. The 

explosion of the metallic foil and the subsequent acceleration of the dielectric flyer are 

described by the Gurney acceleration solution. Using the same two fundamental 

assumptions, the mass density of the foil plasma after the explosion is assume.d to be 

uniform and given by 

p(x) c 
(3-42) 
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Similarly, the velocity profile for the explosion product is assumed to be linear, such 

that 

(3-43) 

The simplification that the thickness of the foil plasma is much less than the magnetic 

diffusion skin-depth leads to a third approximation, that the magnetic flux density varies 

linearly across the foil. Then, as shown in Fig 3-14c, 

(3-44) 

If the position of the return conductor at the base of the tamper is taken as the reference 

x = 0, then at time t = 0 we have 

and (3-45) 

where o, and o 1 are the thickness of the tamper and the metallic foil respectively. · 

The equivalent electrical circuit for the exploding foil driven planar electric gun is given 

in Fig 3-14b. The initial foil resistance is 

l 
R =7J_f_ 

fo <' 
Wfuf 

(3-46) 

As the foil plasma may expand rapidly after the explosion, the foil inductance is 

separated into L1 = L1 + L1, where L1 is associated with the tamper and L1 with the foil 

plasma. These inductances have the following defintions 

(3-47) 
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and 

The equations for the electrical circuit are now 

and 

c av. =I 
h dt h 

R•I• +L• dl• +~[(L, +L.)I.]+R1Ih = V• 
dt dt 

R1(e)=R1J(e) 

Electric Gun 

(3-48) 

(3-49) 

(3-50) 

(3-51) 

where & is the specific energy density deposited in the metallic foil and J(e) is the 

resistance increase as a function of this energy. 

The time of foil burst t •• , is determined by the criterion dlh = 0, where the energy 
dt 

density deposited in the foil and defined as 

(3-52) 

is instantaneously released as explosive pressure to accelerate the flyer. 

At a time before burst (t :5: t •• ,, }, both the flyer and the tamper ideally remain at rest. 

However, a large magnetic pressure is exerted by the current, which tends to increase 

their separation. Due to the small thickness of the foil, it can be ruptured by the 

magnetic pressure P8 even before it has reached the point of explosion. After the foil 

has burst (t > t •• ,,) the flyer is accelerated by both the foil explosion pressure P., and 

the magnetic pressure P8 • The equations of the motion for the flyer are 

dxm --=v 
dt m 

(3-53) 
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if f ~!burst 
and (3-54) 

t >!burst 

where P8 is the magnetic pressure, given by 

(3-55) 

and P"' is the explosion pressure given by the Gurney acceleration solution as 

and B=M +N A'+ l+A
3 

C C 3(l+A) 

The equations for the motion of the tamper are 

and 

dx _N=v 
dt N 

dvN =-A dvm 
dt dt 

(3-56) 

(3-57) 

(3-58) 

(3-59) 

(3-60) 

By integrating the velocity profile in equation (3-43), the kinetic energy of the foil 

plasma, tamper and flyer together can be obtained as 

(3-61) 
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Similarly, by integrating the magnetic flux density equation (3-44), the magnetic energy 

within the foil plasma is obtained as 

(3-62) 

The electrical energy deposited in the foil can appear as kinetic energy, magnetic energy 

or foil internal energy. Conservation of the energy [ 65] requires that 

(3-63) 

The first term on the right hand side of equation (3-63) represents Ohmic heating and 

the second term the work done by the magnetic field on the foil. The last term on the 

left hand side is required because of non-zero current density in the foil [65]. 

Introducing a new variable, W, =m 1& + W8 + WK enables equation (3-63) to be simplied 

as 

(3-64) 

Equations (3-49), (3-50), (3-53), (3-54), (3-59), (3-60) and (3-64) together form a set of 

seven ordinary differential equations, with time as the independent variable. The seven 

principal dependent variables are vb' Ib' X m' V m' XN' VN and w,' and other quantities 

of importance include 

(3-65) 

(3-66) 
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3.4.2 Numerical Solution 

The system of seven equations describes the temporal evolution of the exploding foil 

plasma, the flyer and the tamper and forms a complete set of highly non-linear coupled 

ordinary differential equations. The solution cannot be obtained analytically and 

among the numerical techniques that have been successfully applied [67] is the Newton 

iterative process. In the present research, a computer program is implemented in 

Mat/ab© to provide all the information needed for comparison with experimental data. 

3.4.3 Foil Plasma Properties 

The assumption of a uniformly distributed foil plasma allows the approximate 

determination of the foil plasma properties after the explosion (e.g. mass density, 

pressure, temperature). The temporal evolution of the flyer and tamper trajectories can 

be used to estimate the expansion of the foil plasma volume and when this is combined 

with the ideal gas law EOS, the foil plasma temperature can be estimated. 

3.4.4 Explosion Quality Factor 

Ideally, all the energy deposited in the metallic foil is released at the instant of the foil 

explosion. Numerous experiments have shown however that the quality of the foil 

explosion varies from shot to shot and that it is dependent on the care and precision 

taken during preparation of the foil/flyer package. Thus 

(3-67) 

To account for situations in which the foil explosion is non-ideal, resulting in a lower 

than predicted flyer velocity, the correction factor k,., is introduced to adjust the 

amount of energy that is instantaneously released and contributes to the explosive 

acceleration of the flyer package. The factor can be understood as a explosion quality 

factor, with k,., --7 1.0 as the experimental processes approach ideal conditions. 
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Conversely, when the experimental process is non-ideal, k,." takes on a reduced value 

to enable the model calculations to reproduce the experimental results. 

3.5 Flyer Velocity Measurements 

3.5.1 Fibre-Optic Probes 

Fibre-optics is a useful tool in characterising shockwave and detonation events in 

hostile enviromnent, because it is inherent safe and unaffected by electromagnetic 

transients and noise. Lu [68] reports the use of open-ended fibre-optic cables to measure 

the detonation velocity of shaped charges, and Caird [69] and Benjamin [70] used fibre

optics cables with xenon gas-filled microshell tips (to increase the light-output) for 

diagnostics purposes in explosive flux compressor research. 

The light source for the fibre-optic probe is either the intense light produced by the 

detonation event itself, or that created externally by the shock compression of xenon 

gas. Since the flyer in an electric gun is propelled and accompanied by a conductive 

plasma layer, which radiates an intense flash of light, the high-temperature plasma 

behind the flyer can be used to as a source of light to determine its TOA. 

The fibre-optic probes used in the present experiments are low-cost plastic fibre-optic 

cables (FOC) and they are placed in the path of the Mylar flyer. The free-ends of the 

cable are usually sealed with a non-transparent material (blue tac ). Passage of the flyer 

over the cable cuts through the black jacket that protects against stray light and rough 

handling, and light from the conducting plasma is detected by an opto-electric converter 

connected to an oscilloscope. The diameter of the fibre core is 1.0 mm, and that of the 

outside of the black plastic jacket is 2.16 mm. 

High-grade glass or quartz fibre was not used because of the difficulty in preparing its 

ends in the way needed for the present applications. On the other hand, plastic fibre can 

be cut easily with a heated knife blade to produce a reasonably smooth and flat surface 

that does not require end polishing. This greatly simplifies the process and reduces the 

time and cost of fibre-optics preparation or repair, which is necessary after each test. 
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3.5.2 Experimental Arrangement 

Fig 3-15 shows the arrangement in which a fibre-optic probe (with sealed end) is placed 

6.0 mm away from the initial location of the exploding foil/Mylar flyer (Fig 3-16) with 

another open-end probe used to measure the time to foil burst so that the mean velocity 

can be calculated. Important parameters for the experiment are summarised in Table 3-

4. 

Flyer 

Jf 

Fibre
optic 
cable".... 

~sealed end 

Opto-electric 
converters 

Electric gun Exploding foil 

Figure 3-15 Experimental scheme for flyer velocity measurement. 

Fibre-optic cable 
Mylar Barrel (2.16 mm diameter) 

flyer \ I 
~I , 

6.0mm 

* 

~ Exploding foil 

Figure 3-16 Fibre-optic probes for TOA measurement. 
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Table 3-4 Electric gun parameters for test no. 03. 

Capacitor Aluminium Barrel Mylar 

bank exploding foil flyer 

cb =248 J.LF 8 f = 25.4 Jl11l length= 55.0mm 55.0mm x 

Vb=20 kV 11 = 60.0mm width= 55.0 mm 55.0mm x 

Lb= 39nH w1 = 60.0mm 
height= 6.0 mm 75J1111 

Rb = 5.5 mO. 

3.5.3 Experimental Results 

The measured results in Fig 3-17 show a time interval of about 3 J.lS between foil burst 

and arrival at the second FOC probe. With a distance of 7.08 mm separating these two 

events, an average flyer speed in excess of 2 kmls was obtained. 

Figs 3-18 and 3-19 show reasonable agreement between measured and computed results 

for the current and the dl signals, although the measured data is slightly corrupted by 
dt 

high-frequency noise after foil burst at 1.23 J.lS. The current at foil burst was 

529.5 kA. 

Fig 3-20 shows the flyer trajectory predicted by the computer model, with the 

corresponding flyer velocity being given in Fig 3-21. The Gurney terminal velocity 

estimated by the computer model of 1.89 kmls is reached in less than 1 J.lS after a 

travel of less than 2 mm. After reaching the terminal velocity, the Mylar flyer 

continues to accelerate as a result of magnetic pressure. 

Fig 3-22 shows the division of the deposited energy between kinetic, magnetic and 

Joule heating and Fig 3-23 shows the foil burst pressure estimated by the model to be 

about 7GPa. 

The properties of the exploded foil plasma calculated by the model in Fig 3-24 indicate 

that the foil plasma has expanded by about 50 times when the Gurney terminal velocity 
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is reached. The maximum temperature reached by the foil plasma is in the 3 to 6 eV 

range. 
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Figure 3-17 Fibre-optic probe data. 
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Figure 3-19 Measured current and computed result. 
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Figure 3-20 Measured TOA data and flyer trajectory. 

58 

5 



Chapter 3 

Flyer 
velocity 

Electric Gun 

Test No. 03 

3.5 

3 

2.5 

(kmls) 2 

Energy 
(kJ) 

l.5 

0.5 

0.5 1.5 2 

Gurney tem1inaJ velocity = 1.89 km/s 

2.5 
Time (IJS) 

3 3.5 4 4 .5 

Figure 3-21 Flyer velocity according to computer model. 
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Figure 3-22 Partition of energy between kinetic, magnetic and Joule heating. 
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Foil Explosion Pressure 
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Figure 3-23 Estimated foil explosion pressure according to computer model. 
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Figure 3-24 Foi l plasma properties, (a) plasma expansion, (b) mass density, 

(c) specific energy deposited in foil and (d) foi l p lasma temperature. 
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In other experiments, three fibre-optic probes were placed at increasing distances from 

the exploding foi l (Fig 3-25). The dimensions of the aluminium foil are unchanged but 

the flyer package now includes a copper foil (Table 3-5). The measured probe outputs in 

Fig 3-26 suggest that only two out of the three fibre-optic cables were cut by the Mylar 

nyer, allowing the intense light of the fo il plasma to be detected by the opto-electric 

conve1ter. The shape of the s ignal in FOC-2 and FOC-3 indicates a weak impact due to 

a low flyer velocity. 

Fibre-optic cables 
Barrel (2 .16 mm diameter) 

I 6.0mm 

~:::er to:~ • .., e-+-l---t-_ --3~.0:m-=m----.!-
. : ! 

My?nyer ~ 
Exploding foil 

Figure 3-25 F ibre-optic probes for TOA measurement. 

Table 3-5 Electric gun parameters for test no. 04. 

Capacitor Aluminium Barre l Flyer 

bank exploding foil 

cb = 248 jiF 0 I= 25.4 J.llll length = 55.0 mm 250 J.111l thjck 

vb = 20 kV 11 = 60.0 mm width = 55.0 mm Mylar and 

Lb= 39 nH w1 = 60.0mm 
height = 6.0 mm I 7 f.JIIl thick 

Rb = 5.5 mD 
copper foi l 
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Figure 3-26 Fibre-optic probe data. 

Comparison of the measured dl and current with the computed results in Figs 3-27 and 
dt 

3-28 confirms that the empirical model for the exploding foil is able to reproduce fairly 

accurately the experimental results. The burst current of 521.9 kA and the burst time of 

L.27 f.JS (Fig 3-28) are consistent with the previous result in Fig 3-19, which would 

suggest that roughly the same amount of electrical energy has been deposited in the 

aluminium foil and that a higher flyer velocity is expected. In contrast to the previous 

experiment, the measured TOA data in Fig 3-29 agrees reasonably well with a velocity 

profile that does not include magnetic acceleration (Fig 3-30). The Gurney terminal 

velocity of about 0.3 kmls indicates a rather low foil burst pressure of only 0.6 GPa 

(Fig 3-32). Fig 3-31 shows that almost aJl the energy in the capacitor bank has been 

deposited in the exploding foil as Joule heating. It is therefore reasonable to conclude, 

based on the computed results, that the foil may not have exploded properly. The 

presence of a copper foil in close proximity to the parallel transmission line may have 

led to electrical breakdown and malfunction of the electric gun. 
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Figure 3-28 Measured current and computed result. 
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Figure 3-32 Estimated foi l explosion pressure. 
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(c) Specific Energy Deposited in Foil 
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Figure 3-33 Foil plasma properties, (a) plasma expansion, (b) mass density, 

(c) specific energy deposited in foi l and (d) foi l plasma temperature. 

3.6 Conclusions 

In this chapter, a new mathematical model for the planar electri c gun has been 

developed with the fl yer acceleration process described by the Gurney model. The 

combination of an ideal gas law EOS with the Gurney equations makes the new model 

conceptually much simpler than the CONFUSE code developed by Lindemuth [65] for 

exploding foi l opening switch and adapted for electrical gun applications [50]. In 

essence, the new model represents a simple extension of the empi rical model for 

exploding foi l opening switches already developed at Loughborough University [26], by 

monitoring the specific energy density and using the burst energy density to provide 

information on the fl yer acceleration process. Dedicated flyer velocity measurements 

using fibre-optic probes described in this chapter are in good agreement with the 

computer predictions. The validi ty of the new model has also been verified using TOA 

data obtained by other measurement techniques in a series of exploding foil driven 

experiments that forms part of the present research. 
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CHAPTER 

FOUR 

HYDRODYNAMIC MODEL AND EOS 

This chapter describes the development of a hydrodynamic model and the EOS for 

powder material, both of which are necessary for modelling the shock compression of 

aluminium powder. The governing equations for hydrodynamic flow and the finite

difference computational scheme are described in detail. One-dimensional test cases, in 

the form of (1) steady shock propagation and (2) shock reflection in aluminium powder 

are used as functional tests to verify the working of the hydrodynamic computer model. 

A simple switch model is described to simulate the insulator-to-conductor phase 

transition in shock compressed aluminium powder. The contribution of the imploding 

foil plasma (driving the Mylar flyer) to the flux compression process is assessed, based 

on the Spitzer equation for the electrical conductivity of an ionised gas. 

4.1 Hydrodvnamic Model in One Dimension 

Hydrodynamic codes (or Hydrocodes in short) are computer programs that handle the 

propagation of shockwaves and compute velocities, strains, stress etc. as a function of 

time and position. They are essential numerical tools for the study of the dynamic 

response of material to various impact and penetration phenomena, cracks and fracture 

formation. Early code formulations did not include material strength effects, and metals 

were treated as a fluid with no viscosity. This enabled the approximate response of a 

material object to be calculated, providing that the pressures were sufficiently high and 

that strength effect could be ignored. Because of this, the expression hydrodynamic 

calculation was commonly used to refer to a calculation that did not include material 

strength effects. However, over time, modem hydrodynamic codes have become very 

much more complex, with the inclusion of better constitutive equations for material 

modelling. 
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4.1.1 Governing Equations 

The behaviour of fluid flow is governed by three basic conservation equations. If 

; = [ ~] doo~~ • P"'itioo 'oc"' io ' Cru"rum w~nlimffi ''""' tl.o proporti~ of 

the fluid medium are characterised by the density p = p(;, t), the pressure P = P(;, t ), 
the internal energy density per unit mass e = e(;, t) and the fluid velocity 

vector~=[::]. If it is assumed that viscous forces, body forces (like gravity), heat 

. v, 

conduction and energy sources are all absent, the equation for the conservation of mass 

(sometimes called the equation of continuity) is 

ap r- ) --+\v·Vp=-pV·v at (4-1) 

the equation for the conservation of momentum (sometimes called the equation of 

motion) is 

(4-2) 

and the equation for the conservation of energy is 

(4-3) 

4.1.2 Eulerian Description 

The above equations may be expressed in either Eulerian and Lagrangian form. The 

Eularian equations describe conditions at a point fixed in space and the variation with 

time t of these conditions and the Eulerian co-ordinate of the particle becomes one of 
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the dependent variables. The Lagrangian form describes the motion of individual 

particles of the fluid and the Lagrangian co-ordinate system is fixed in the fluid and 

moves with it. The two forms of the differential equations are formally equivalent. 

U•i"ll 1ho •implifi"tioo fm <mo-dimro•ioo" •ymmotty 1hru ; = [ ::] = [:] md nnting 

that ~ = ~ = 0, because all variables depend only on the x-co-ordinate and on time, 
cy oz 

leads to the Euler equations 

ap op av 
-+v-=-p
ot ox ax 

av av 1 oP 
-+v-=---
ot ox pox 

08 08 p Ov 
-+v-=--
ot OX pox 

4.1.3 Lagrangian Description 

(4-4) 

(4-5) 

(4-6) 

The corresponding equations in Lagrangian form depend on the definition of the 

Lagrangian variable s . The initial position of the particle at time zero has been used for 

this, but it is physically more intuitive t() associate the Lagrangian co-ordinate with a 

mass rather than a length. Thus 

X 

s = fp(x,t )dx, OS=pOX, 
0 

the specific volume V is equal to .!._, and the total derivative is 
p 

d a a 
-=-+v-
dt ot ox' 

The equations corresponding to ( 4-4 )-( 4-6) now take the form 
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dV av 
-=-
dt os 
dv oP 
-=--
dt os 

de =-Pav 
dt os 

which are used together with 

dx 
-=v 
dt 

and theEOS 

P=P(p,e) 

Hydrodynamic Model and EOS 

(4-9) 

(4-10) 

(4-11) 

(4-12) 

(4-13) 

In the Lagrangian description, the grid points are attached to the material and move with 

its local velocity. Velocity, pressure, density, temperature, etc. are all computed as time 

progresses, for each discrete point in the continuum. Adjacent points can be stretched 

or moved closer together, depending upon the forces (or pressures) applied. Mass, 

momentum and energy are transported by material flow, so that the grid points move 

relative to a fixed spatial co-ordinate system. In this formulation the mass ia a cell is 

invariant, although its volume may change with time because of expansion or 

compression of the material. 

In Lagrangian calculations, the mesh is generated to approximate to the material of 

interest by points placed along exterior boundaries (free surfaces) and material 

boundaries. The boundary conditions at free surfaces and contact surfaces between 

different materials are straight-forward, with the positions of these surfaces being 

automatically determined in the computation. 

An important feature of the Lagrangian description is its ability to follow the history of 

a material particle, so that a material whose properties depend upon its previous history 

can be modelled. Thus the Lagrangian description allows treatment of material strength, 
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work hardening, yield and other effects using constitutive equations. However, because 

each cell in a Lagrangian description is of one material only, and any flow across cell 

boundaries is not allowed, diffusion and mixing problem cannot be analyzed by a 

Lagrangian code. 

In Lagrangian calculations, the grid mesh is required whenever there is a material, but 

the mesh may be placed such that maximum resolution is obtained for a specific number 

of zones. A Lagrangian mesh can be severely compressed and distorted, which causes 

the time step to become extremely small and effectively terminates the problem. In 

areas of severe mesh distortion, the Lagrangian mesh can be rezoned. 

In view of the above considerations, the Lagrangian description was used m the 

development of the present hydrodynamic code. 

4.1.4 Artificial Viscosity 

V on Neumann and Richtmyer [71] were the first to devise a method for handling shocks 

by the introduction of an artificial dissipative mechanism that causes the shock to be 

spread smoothly over several mesh intervals. The mechanism used is viscosity, which 

has the dissipative effect required and appears to be more appropriate than a heat 

conduction term. In the original formulation the authors were concerned that the 

thickness of the shock should be independent of the shock strength, and the form of 

artificial viscosity term chosen was 

(4-14) 

where fu: is the mesh size, v is the particle velocity, V is the volume and c
1 

is an 

integer constant greater than one. It was later found [72] that a more appropriate 

expressiOn was 
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(c,& )
2 

( av )
2 

Q= V dX 
0 

dV <O 
dX 
dV >O 
dX 

Hydrodynamic Model and EOS 

(4-15) 

implying that the artificial viscosity term needs only to be present during material 

compression. The artificial viscosity term is extremely small, except at the shock front. 

Landshoff [73] added a linear term to the artificial viscosity, to give a further form of 

artificial viscosity for one-dimensional hydrocodes 

(4-16) 

where ll.v is the difference in particle velocity across the mesh, c1 and c2 are integer 

constants greater than one and c, is the local speed of sound. The linear term in the 

artificial viscosity is effective in damping out non-physical oscillations as the shock 

propagates through the medium, and for this reason it is an improvement over the Von

Neumann type (or quadratic form) artificial viscosity. 

4.1.5 Finite Difference Implementation 

Computational Grid 

From Fig 4-1, the mesh points x;+' are seen to be the boundaries between elements and 

the particle velocities are defined at the cell-boundaries as v;+' . The index j denotes 

the spatial position of the elements, and integer superscripts n and n + 1 are element 

properties at integer multiples of the time step, e.g. vj s vi (nll.t ), v;+' s vAn+ 1)ll.t ). 

For time-centering, the average values (over time) of the cell boundaries and particle 

velocities are denoted by superscript n + 0.5 , e.g. x~+o.s = 0.5(x~ + x~+l} and 
J J J 

V~+O.S = 0.5(v~ + V~+l) 
J J J 
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m, mi m. 
p, pi P. 
e, ei e. ... . .. 
P, pi P. 

a, 
(}';; 

a. X 

X; X;+t 

Vi V j+l vn vn+l 

Figure 4-1 Computational domain. 

The cell boundaries divide the material into mass element defined as cell-centred 

values. Using the definition of the Lagrangian co-ordinate for a one-dimensional slab, 

we get 

(4-17) 

In the momentum equation, as is replaced by the average value of the two adjacent 

mass elements 0.5(m i +m i-J In the energy equation, which by definition is already 

cell-centred, as is replaced simply by the corresponding mass element m i . 

Finite Difference Equations 

The finite difference equations implemented using Matlab© in the present 

hydrodynamic code are listed below in the order of their computation, which follows a 

form similar to that adopted by Wilkins [74). 

a) Momentum Equation 

v~+t- v~ 
1 1 

M 

or (4-18) 
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V~+O.S = 0.5(v~ + V~+l) 
J J J 

(4-19) 

Boundary conditions v;+' and v~:', are considered in the solution of the equation of 

motion. Once these are determined, the new cell boundaries and mass densities can be 

updated. 

x~+t- x~ 
J J 

/:,.t 
or x~+l =X~ + vln+O.s /:it 

J J 
(4-20) 

(4-21) 

b) Continuity (or conservation of mass) Equation 

The mass within a cell is invariant, but its volume may change with time because of 

expansion or compression of the material. 

x~+t -x~+I 
v~+l = ;+1 1 

J 
(4-22) 

(4-23) 

c) Electrical Conductivity Model 

If a density-dependent model is available to describe the insulator-to-conductor 

transition of shock-loaded metallic powder, a new value of electrical conductivity for 

each mass element is calculated using the updated mass density 

(4-24) 

d) Energy Equation 

The change in internal energy is determined from the work performed by the pressure 

&~+I _ &~ X~+O.SV~+O.S _ Xn+O.SV~+O.S 
1 ; = -P~+O.S J+l ;+l J ; 

J /:,.( 
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or 
( 

X~+O.SV~+O.S _ X~+O.SV~+O.S) 
Ei

n+l _ n _ A( pn+O.S j+l ]+l J J 
. -Ei· '-' . 

J ' J m. 
} 

(4-25) 

e) Equation of State 

The internal energy and mass density give new values for the pressure through the EOS 

p~+l = pf - ~+1 8~+1) 
) \Pi ' J 

(4-26) 

D Artificial Viscosity 

The new velocity flow field is inspected for the calculation of artificial viscosity 

if v~+t < v~+t 
J - j+l (4-27) 

but if vt > v;:: , then in quadratic form 

2 

Q n+l = ~~v~+l + v~+tl(v~+l - v~+l) 
1 v~+l ;+1 1 j+l , 

} 

(4-28) 

or in linear form 

Q n+l -~ ( n+l_Vn+l) 
· - C V. 1 · 1 v~+l s ;+ 1 

} 

(4-29) 

where c, and c2 are constants and c, is the local speed of sound. 

g) Hydrodvnamic Pressure 

A modified two-step method [75] is used to update the pressure field and is used in the 

solution of the equation of motion in the next iteration 

p~·o.s = o 5(r + Q~ + P."•' + Q~·') 
J • J J 1 J (4-30) 

h) Stability Criterion 

The Courant-Friedrichs-Levy (CFL) stability criterion [72] is used to determine the next 

time step dt 

75 



Chapter 4 Hydrodynamic Model and EOS 

min(~~+1 ) 
dt < ~ J 

- max(v;+1
) 

(4-31) 

where ~·~+I = x"+1 - x"+1 
j J j-1 

4.1.6 Conducting Shock Front 

The boundary separating the elements ahead of the shock front (characterised by low 

mass density and low electrical conductivity) from those behind the front (characterised 

by compression to near solid density and high electrical conductivity) is taken as the 

location of the shock front. Due to the discrete nature of the computational grid, the 

motion of the conducting shock front is necessarily 'jerky' and follows the 'stair-case' 

fonn seen in Fig 4-2. 

The speed at which the conducting shock front advances with the shockwave is 

calculated using a simple algorithm, by noting the time and location at which each 

successive step jump occurs. 

Conducting Shock Front in Powder 
9 ~======~==~ --~------~------~~----~ 

-- Position (mm) 
8 Velocity (km/s) 

7 

6 

5 

4 

3 

2 

0 Small delay from t application of pressure 33% TO aluminium 
- 1 ~--------~--- -~--------~------~------~ 

0 0.5 1.5 2 2.5 
Time (J.tS) 

Figure 4-2 Trajectory and velocity of conducting shock front. 
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4.1. 7 Treatment of Material Interface 

To facilitate the calculation of flow involving multiple materials, an algorithm adapted 

from one described by Richtmyer and Morton [72] is included in the one-dimensional 

hydrodynamic model. 

In a computational domain, where an interface exists at the index j = J + 1 between two 

material, the set of finite difference equations in section 4.1.5 may be used as they are, 

with the appropriate EOS on each side of the interface. However, a special method of 

treating the material interface is needed to avoid any large computational error that may 

lead to computational instability. In essence, the method works by ensuring continuity 

of the pressure gradient ap across the interface. as 

r-Material B .I Material A---/ 

El PJ-1 PJ PJ+, PJ+2 P, 
... ... 

Asb as. 

; =1 J-1 J J+l J+2 i=n+l 

t 
interface 

Figure 4-3 Treatment of material interface. 

In Fig 4-3, all the elements to the left of the interface (material B) have the same mass 

lis 6 , although different cell widths are possible due to compression and expansion. 

Similarly, all the elements in material A have the same mass f'..s • • Since pressure has 

been defined as cell-centred, the pressure at the material interface (a cell boundary in 

Fig 4-3) is denoted by PJ"+o.s. 

For material B, we have 
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BP/ ,. P; -PJ" 1 

os J &. 

BP/ ,. PJ:os - P; 
os J+o.s o.5&. 

where PJ:o.s is the pressure at the material interface. 

By extrapolation, 

BP/ 4 BP/ I BP/ 
OS J+l o; 3& J+O.S - Jfu J 

BP/ 4 p;+OS- p; 
os J+l ,. 3 O.SAs b 

Similarly for material A, we have 

BP/ ,. P;.2 - PJ:l 
OS J+2 /'J.s a 

BP/ p;+l -P;+O.S 
OS J+l.S o; 0.5Lls

0 

BP/ ,. 4 PJ:1 - PJ:o.s 
os J+l 3 0.5&. 

Eliminating PJ:o.s , gives 

BP/ 
os J+l 

3(PJ:1 - P; )- j (P;. 2 - PJ"_1 ) 

(As. +As.) 

Hydrodynamic Model and EOS 

(4-32) 

(4-33) 

(4-34) 

(4-35) 

(4-36) 

(4-37) 

(4-38) 

(4-39) 

which at the material interface (j = J +I) is used in the momentum equation to obtain 

new values for the boundary velocity and the new location of the interface. 
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4.2 Equation of State 

4.2.1 Mie-Grtineisen EOS 

Solution of the partial differential equations (4-9) to (4-12) is usually treated as an 

initial-value problem, with the solutions calculated in response to a set of initial 

excitation functions and boundary conditions. It is apparent that specific material 

properties govern the response of the material, and will result in different behaviours for 

nominally the same initial conditions. For the set of flow equations to be solvable, an 

expression is required for the EOS relationship between pressure, volume and internal 

energy. Thermodynamic theory allows a material description to be given by three 

thermodynamic variables, such that one of these can be expressed in terms of the other 

· two, e.g. the pressure in terms of the internal energy density e, and specific volume 

V (p=~} Thus 

P=P(e,V) or P=P(e,p) (4-40) 

Equation ( 4-40) can be thought of as a surface in pressure-energy-volume space. As 

such, a change in the pressure dP can be written in terms of the changes in the other two 

variables by 

dP=(BPJ dV+(BPJ de 
av e Be V 

(4-41) 

where subscripts e and V refer to the derivative being obtained for one variable while 

the other is held constant. Integration of this equation allows the pressure to be 

expressed in terms of the volume and energy relative to the pressure at a reference 

volume and energy v. and e • . 

The Mie-Griineisen parameter is defined as [30] 
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1 = v(aP) 
08 y 

(4-42) 

and if it is assumed that [' is pressure independent, integration of equation ( 4-41) gives 

the Mie-Grlineisen EOS [30], (31] 

(4-43) 

where the reference state is taken as the Hugoniot. The Hugoniot of a material is a 

locus of the final pressure-volume-energy states that can be attained by shock 

compression, and it is neither an isotherm nor an isotrope. The actual thermodynamic 

path followed is a straight line from the initial state to the final state, called the Rayleigh 

line. 

The Mie-Grlineisen parameter is found by evaluating equation (4-43) using various 

thermodynamic identities (76] 

(4-44) 

where f3 is the coefficient of volumetric expansion, K is the adiabatic bulk modulus, 

p is the density and C P is the specific heat at constant pressure. Normally the Mie

GrUneisen parameter is determined from 

(4-45) 

where the subscript refers to the room temperature, ambient pressure values [31]. 

The Mie-Grlineisen EOS has been shown to be valid for solids, and in particular metals, 

as well as liquids. But at very high pressures or distended states (e.g. vaporisation), it 

must be replaced by other formulae. 
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4.2.2 Linear U, -uP Equation of State 

Beside the Mie-Griineisen EOS, an empirically determined relationship between the 

particle and shock velocity has been used in conjunction with the Rankine Hugoniot 

shock-jump equations of section 2.1.1 to obtain solutions to shockwave problems. In 

this the relationship between U, and uP is described initially by a polynomial equation 

with parameters c,, SI' S2 , S3 ••• 

(4-46) 

However, for most solid materials, the relationship between particle and shock 

velocities has been found [77] to be adequately described by a linear function, thus 

giving the linear U, - uP EOS 

U,=c,+SuP (4-47) 

where c, is the speed of sound in the material at ambient pressure and S is a 

dimensionless constant. Values of c, and S are tabulated in the literature [77]. 

4.2.3 Equation of State for Porous Material 

Solids in a distended or porous state require special handling in a hydrodynamic code, 

since they absorb energy upon impact and mitigate the consequences of shock loading. 

This usually results in compaction to a partially or fully compacted state, with heating 

associated with pore compaction. In describing the dynamic response of porous 

materials, it is generally necessary to describe both the compaction behaviour at low 

pressure and the effect of heating at high pressure. 
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4.2.3.1 Porosity and Theoretical Density 

For a porous or powder material, the definition of porosity due to Hermann [78] is 

V porous 
a=--

V, 
(4-48) 

where V,
0

,
0
"' is the specific volume of the porous material and V, is that of the 

corresponding solid material at the same pressure and temperature. a is of course unity 

when the material becomes solid. 

For porous and powder materials, the Hugoniot depends on an additional parameter, 

namely the initial porosity a,, where 

(4-49) 

in which p oo is the initial powder density and p o is the solid density at ambient 

pressure (sometimes termed zero pressure). 

It is common practice to use the solid density (equivalent to full compaction) at zero 

pressure as the reference, called the theoretical density (TD). An 80% TD sample 

would have an initial density equivalent to 80% of the solid density at zero pressure. 

Since it would be impractical to generate experimental data for every possible porosity, 

various methods have been proposed [78], [83], [88], [92], [96] - [98] to calculate the 

Hugoniot curves for porous or powder material. 
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4.2.3.2 The Snow-Plow Model 

Historically, the development of theoretical models for the shock compaction of porous 

material evolved from the assumption of particle re-arrangement, pore collapse and 

compression to solid density. This model is usually referred to as the snow-plow 

model, and the material is assumed to collapse to solid density at infinitesimally small 

loading pressure [76], [31] and thereafter to remain incompressible. 

The model may be illustrated by applying a triangular shock pressure (Fig 4-4a) to a 

porous material to bring it to a pressure P and velocity uP (Fig 4-4b ). Both of these 

quantities will be assumed to be uniform throughout the compacted material. 

Porous material 

p p 00 

p u, poo 

uP ~ uoo==O 

s s 00 

x==O (b) x, 
0::±;:-------'===-i~t 

0 (a) (
0 

X 

Figure 4-4 Shock pressure pulse (a) and geometry (b). 

If at time t, the shock (Fig 4-4b) at location x, is related to the shock velocity U, by 

x, == Ju, (t )dt (4-50) 

the conservation of momentum requires that 

P- P.o == P •• u,u P or (4-51) 

by assuming negligible ambient pressure P.o == 0. 
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The shock velocity U, may be eliminated from equation (4-51) by using the equation 

for the conservation of mass 

P •• u, = p(U, -uP) or U= V •• u 
' V -V p 

00 

By integrating the pressure to get the initial impulse as 

the particle velocity behind the shock front can be written as 

uP =
1
• v •• 

x, 

(4-52) 

(4-53) 

(4-54) 

Substituting equations (4-52) and (4-54) into equation (4-51), and using the assumption 

that the density in the compressed state behind the shock equals the solid density, the 

pressure P may be related to the shock position x, by 

2 2 

P(x,)= \ (a. (• 
x a -1 e 

(4-55) 

The results for a 25 GP a triangular pressure pulse with a base duration of to = 0.5 ps 

are shown in Fig 4-5, which indicates that equation (4-55) over-estimates the peak 

pressure in the first 1.5 mm of shock travel. Thus the snow-plow theory is clearly 

ineffective for the prediction of shock pressure near the impact surface, although it 

describes the pressure decay reasonably well further into the powder. 
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Snow-P1ow Theory 

Applied pressure: 25 GPa, 0.5 J.lS 
25~----~----------------------------------~ 

20 

Peak 
Pressure 
(GPa) 15 

10 

5 

0 

0 2 3 4 5 6 7 8 9 10 
Distance into powder (mm) 

Figure 4-5 Attenuation of pressure in porous or powder material 

according to snow-plow theory. 

4.2.3.3 The Mie-Griineisen Model 

The Mie-Griineisen theory has traditionally been used to describe the Hugoniot 

response of porous material at high shock pressure (above a few tens of GP a ), since it 

uses the known Hugoniot for the fully dense material. 

The procedure for calculating the Hugoniot of porous material [35] is based on the Mie

Griineisen equation, given by 

[' 
P=P.(V)+-(e-e.) 

V 
(4-56) 

where P. and eh are the pressure and specific internal energy along the solid Hugoniot 

curve in thermodynamic space, and are functions of the specific volume. [' is the Mie

Griineisen parameter previously defined in section 4.2.1. 
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Shock wave in solid material 

u,.h 
Po 
PO =0 

uo =0 

e =0 
0 

Hydrodynamic Model and EOS 

Shock wave in porous material 

p Poo 
p u, poo=O 

uP uoo=O 

e eoo=O 

Figure 4-6 Shockwave parameters for (a) solid material with subscript h and (b) 

porous material with subscript oo . 

If the solid material is described by the linear U, -uP EOS of section 4.2.2, its particle 

velocity u ph is linearly related to the shock velocity U ,h by 

(4-57) 

where subscript h denotes a solid material and S is a dimensionless constant. 

Applying the Rankine-Hugoniot shock-jump equations (see section 2.1.1) for the 

conservation of mass, momentum and energy to the solid material of Fig 4-6a gives 

(4-58) 

(4-59) 

(4-60) 

Similarly for the porous material denoted by the subscript oo in Fig 4-6b, the Rankine

Hugoniot shock-jump equations are 

p(U, -uP)= PoP, 
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For the solid, equation (4-57) can be combined with equations (4-58) to (4-59) to yield 

the relationship between pressure and specific volume as 

(4-64) 

Inserting equations (4-64) and (4-60) into equation (4-56) leads to a relationship 

between pressure and specific volume for the porous material 

P(V)= 2V- r(v"-V) Ph(v) 
2V- r(V,"-V) 

(4-65) 

To obtain the relationship between shock and particle velocity for the powder, the 

simplest procedure is to solve equation (4-65) to find P-V pairs, and then to apply the 

following relationships [35) 

U,=Voo~ 
UP =~P(Voo -V) 

(4-66) 

(4-67) 

which are obtained by combining equations (4-61) and (4-62) for the porous material. 

a) Empirical Data for Porous Aluminium 

Experimental shockwave data for porous aluminium [31) has been used to verify the 

theoretical EOSin equations (4-65) to (4-67). The experimental data given in Appendix 

B [31) is for porous aluminium with a relatively high initial powder density at 91%, 

80%, 70% and 59% TD. Material constants for the linear U, -uP EOS for solid 

aluminium are [77) Po = 2.79xl03 kg 1m3
, c, = 5.33 km/ s and S = 1.34. Figs 4-7 to 

4-9 show good agreement between the calculation procedure and McQueen's data [31], 

and confirm that the Mie-Grtineisen model is accurate for porous material with an initial 

density greater than 60% TD . 
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(b) Pressure - Relative Volume 
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Figure 4-7 Pressure- relative volume relationship for porous aluminium 

(a) 91%TD,(b) 80%TD,(c) 70%TDand(d) 59%TD. 
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Figure 4-8 P-uP relationship for porous aluminium 

(a) 91%TD, (b) 80% TD, (c) 70% TD and (d) 59% TD. 
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(a) U,- u, EOS (b) U,- u, EOS 
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Figure .4-9 U, -uP relationship for porous aluminium 

(a) 91%TD,(b) 80%TD,(c) 70%TDand(d) 59%TD. 

b) Anomalous Compression 

The strong heating caused by shock compression of highly porous or powder material 

can lead to anomalous behaviour in the P- V Hugoniot, where the volume increases 

instead of decreasing with increasing pressure (see Fig 4-10). This anomalous 

compressibility was experimentally observed first in the 1960s [76]. Most material 

models fail to give a realistic representation of experimental data when the compression 

leads to anomalous behaviour. An analysis of the Mie-Griineisen EOS for porous 

material in equation ( 4-65) reveals that anomalous compression occurs when the initial 

porous density is less than 

r 
TD<--

2+r 
(4-68) 

Given that the Mie-Griineisen parameter r for most metals lies between 1.8 and 2.0 

[77], anomalous compression occurs when the initial porous or powder density is less 

than 50%TD. 
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Figure 4-10 Anomalous compression. 

4.2.4 The P - a Model 

To overcome the limitation of the Mie-Gruneisen and snow-plow models, Hermann 

[78] developed a set of constitutive equations. These are commonly referred to as the 

P - a mode] and accurately reproduce the experimenta1ly observed low-pressure 

compaction behaviour of porous materials. The P - a model requires, in addition to 

the Hugoniot of the solid, a specification of the initial response in the porous state, as a 

function that describes the compaction behaviour and the pressure at which full 

compaction occurs. 

The central assumption in Hermann's P- a model is that the specific internal energy is 

the same for both the porous material and the solid material under identical conditions 

of pressure and temperature. Thus, if the EOS for a solid material of volume Vs is 

(4-69) 
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that for the porous material of volume VP"'""·' is 

p = f(VP;"' ,e J (4-70) 

where f is the same function in both equations 

In order to complete the description of the porous material, a must be specified as a 

function of the thermodynamic state 

a= g(P,e) (4-71) 

Hermann made the further assumption that along the Hugoniot from normal ambient 

conditions, equation( 4-71) can be simplified and expressed as 

a= g(P) (4-72) 

Equations (4-70) and (4-72) completely specify the EOS of the material. In essence, the 

introduction of a allows a very convenient separation of the volume change of the 

material due to compression from that due to pore collapse. 

If experimental data are available for partially compacted states, consisting of pressure, 

specific volume and internal energy, then a and the function a= g(P) can be 

calculated directly from the definition of porosity in equation (4-48) and the EOS for 

the solid material in equation ( 4-69). 

The constitutive equation in the P-a model is divided into (1) the elastic region (2) 

the plastic region and (3) the solid region (see Fig 4-11). 

In the initial elastic region, defined by 0 ::; P ::; P, and a P ::; a ::; a, , compression of the 

porous material may be expected to be elastic. Here a, is the initial porosity and aP is 
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the porosity at which plastic flow begins. Elastic behaviour is described mathematically 

as a constant gradient connecting the initial porosity (a,,O) and the elastic limit (a P,P,) 

Pressure 

Solid 
region 

TP.---~ (io,P,) 

Plastic 1 
region 1 

JP, ----~-- -=---==---===------~-,.1Pj -: = const 

region I v. 0 . a = .:.J'Erous 

l.O Porosity (orrelative volume) a P a, V, 

Figure 4-11 Theoretical P- a relationship. 

In the plastic region defined by P, < P::; P, and 1.0 <a ::; a P, the permanent volume 

change arising from plastic deformation is described by the general polynomial function 

(4-73) 

Butcher and Karnes [80] found that it is adequate to use a quadratic function for a(P) 

to obtain good agreement with experimental data for porous iron. In the case of porous 

aluminium, Butcher, Caroll and Halt [81] also used a quadratic function to describe the 

compression function. 

The P-a model is completely defined when theconstants a,, aP, P,, P, and the 

function a(P) describing the compression process in the plastic region are available. 

For the case of a quadratic function for the plastic region, the P- a model may be 

expressed as 
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(4-74) 

P(a) = P, + (P, - P, )~( ~ ~\) if 1.0::; a::; a P (4-75) 

and P(a) = Hugoniot of solid material if a > 1.0 (4-76) 

which is shown in Fig 4-12 using P, = 0.08 GPa, a P = 1.275 and P, = 0.7 GPa [81]. 

The Hugoniot for the solid region uses the linear U, -uP relation of section 4.2.1. 

In this model, plastic deformation occurs in the aluminium powder when it is 

compressed to a density above 78.43% TD (equivalent to a P = 1.275) at a low pressure 

of about 0.08 GP a (or 0.8 kbar ). It is reasonable to assume that the transition from 

insulator-to-conductor in aluminium powder is preceeded by the onset of plastic 

deformation. This would suggest that phase transition takes place either at a pressure 

greater than 1.0 kbar or a density greater than 80% TD . 
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Figure 4-12 P-a model for porous aluminium 

defined by equations (4-74) to (4-76). 
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4.2.5 Equation of State for Powder Material 

The complexity of the micro-mechanical behaviour of highly porous material (or low

density powder) has led to a wide variety of semi-empirical and analytical approaches to 

model the EOS for these materials. 

In contrast to porous materials, only a few models have been developed specifically to 

describe powdered materials. The most notable is due to Kawakita [82] - [84], which 

has found widespread application in the fields of powder metallurgy [85] - [89] and 

pharmaceutics. It is an empirical model based on observations of the experimental 

relationship between pressure and volume, and the form in most common usage is 

p = .,..1_+_b,-c~c_ 
Poo I+ abP, 

(4-77) 

where p oo, a and b are experimentally determined constants and ~ IS the 

compression pressure. 

The Kawakita model suffers from the disadvantage of not having a sound physical 

basis, since no clear relationship exists between a and b and the physical properties of 

the powder. In fact, values for a and b determined by one set of experiments may not 

be directly relevant for experiments under different experimental conditions. For 

aluminium powders with particle sizes between 53 f1m and 75 f1m, Page and Warpenus 

reported [90] different values of the constants for dynamic and quasi-static compaction. 

More recently, Boshoff-Mostert and Viljoen [91] carried out a comparative study of 

analytical methods for Hugoniot curves of porous materials, and compared five BOSs 

developed by Dijken and De Hosson [92] - [94], Oh and Persson [95] - [96], Simon 

and Legner [97], Wu and Jing [98] and a new method proposed by Viljoen [91]. 
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Dijken and De Hosson [93] proposed a simple model for predicting the shock 

compaction of low-density powder (or porosity a> 2.0), which assumed that the 

specific volume (or density) behind the shockwave is equal to the zero-pressure solid 

specific volume (or density). Thus 

U=V00 u=
1

u 
' V -V P 1-TD P 

00 

U,uP TD 2 

P=v-= 1-TDpoup 
00 

where TD = -1
- = Vo is theoretical density and a, is the initial porosity. 

ae voo 

(4-78) 

(4-79) 

Oh and Persson [95] showed that the derivation of Hugoniot curves for porous material 

using the Mie-Griineisen EOS is highly sensitive to any error in the Mie-Griineisen 

parameter, and they proposed an alternative empirical EOS for extrapolation from the 

solid Hugoniot. 

Simon and Legner [97] extended the Mie-Griineisen approach to allow for initial 

porosity. Their method gives good agreement with experiments at high shock strength 

and relatively low initial porosity, but is less accurate at low shock strength and high 

initial porosities. 

Wu and Jing [98] derived an alternate EOS having the same form as the Mie-Griineisen 

model, and the method due to Viljoen [91] is an extension of their work. 

Boshoff-Mostert and Viljoen concluded that, while all the methods compare well when 

the material has a low porosity (i.e. a high initial density), only three methods (Dijken 

and De Hosson, Wu and Jing, Viljoen) have the ability to predict accurately the 

Hugoniot when the material has a high porosity. The method of Simon and Legner over

estimates the shock velocity U, at higher values of particle velocity uP , as is illustrated 

in Fig 4-13 for the case of 33% TD (a = 3) porous copper. The method of Oh and 
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Persson is not included in their comparison, probably due to a lack of the material data 

required by it. 

It is evident from Fig 4-13 that the Us -uP relationship for low-dens ity powder is a 

straight line passing through the origin. This is in contrast to the linear Us - u P 

relationshi p for a solid material, which usually intersects the Us axis at the value of the 

local speed of sound. This unique feature can be used as a guide (or benchmark) to 

check different models for low-density powder. 

1 2 rr=====~====~====~------~----~----~ 
... ... Viljoen (I) 

- · Wu and Jing (2) (3~ .. ·· 
...... Simon and Legner (3) 

LO - . Dijken and De Hosson (4) ....... ...-~2) 
....... (1) .... ·~ 

... ·· ............. . 
8 ..... ... ..... ..... (4) 

Shock / .., ...... "" · .. ···· ,,·. ,; . 
velocity ·· . ..- .... ... ·· ... ·"",.. u. 6 ........ ,.,. . 
(km/s) .// ,... · . .;. ... ,; . 

,.;;, ,; . 
~--.>:, · 

4 ,, .... . 
........ . 

·"· ....... 
,...~ · 

~ 
2 ,-·" ..,., 

;- Porous copper 
/,; 33% ID (a = 3) 

o" 
0 2 3 4 5 6 

Particle velocity uP (km/s) 

Figure 4-13 U,, - uP data for 33% TD (a= 3) porous copper 

adapted from Fig 11 of [91]. 

4.2.6 Equation of State for AJuminium Powder 

After careful evaluation, the P - a model was selected to model the aluminium powder 

in the present hydrodynamic code, primarily because it is a physical model based on the 

sound fundamental assumptions in the elastic-plastic model of material while explicitly 

allowing for porosity a . It has also been used successfully to provide accurate 
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prediction for many different powder materials [79] - [81] covering the range of 

material response from very weak to very strong shocks. 

In [78], Hermann verified his P- a model by generating theoretical Hugoniots 

( U, -uP , P-uP and P- V relationships) for a number of porous material with 

porosities in the range from a= 1.0 (a solid) to a= 2.0 (equivalent to 50%TD). He 

showed that there is excellent agreement between prediction by the P- a model and 

the available experimental data. No comparison was made for high porosity material 

with a > 2.0, perhaps due to the unavailability of experimental data for low-density 

powder. 

A series of numerical tests were carried out at Loughborough to verify the behaviour of 

the P- a model in predicting the shock response in low-density powder. It is known 

[91] that for low-density powder material, the relationship between U, and uP is linear 

with zero intercept, and that the simple model for low-density powder proposed by 

Dijken and De Hosson [93] gives a linear relationship between U, and uP. For 

simplicity, the model equations given by Dijken and De Hosson are used as a reference. 

4.2.6.1 One-dimensional Steady Shock Propagation Test 

As a test of the P- a model, the hydrodynamic code was used to model a steady shock 

(U, = const) propagating inside aluminium powder, as shown in Fig 4-14. 

p P,, 
p U, P,, 

A B 
uP ucc= 0 

& &,, 

X 
L----------L------------~~ 

Figure 4-14 Steady shock propagation test case. 
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The aluminium powder is initially at rest U
00 

= 0 and under ambient condition P
00 

= 0. 

Initial powder densities of 33% and 50% TD (corresponding to porosities of a= 3.0 

and a = 2.0) were tested. 

The boundary condition at A in Fig 4-14 is set at a constant shock strength, to cause a 

steady shock to propagate into the aluminium powder. Shock pressures between 5 GPa 

and 25 GPa were used in the test. 

For each computer run, the state ( p, P and uP) behind the steady shock front is noted 

and tabulated in a form similar to an actual shockwave experiment. In essence, each 

computer run produces one data point for the shock Hugoniot. Finally, all the data 

points collected by the numerical shock studies are compared with the theoretical model 

ofDijken and De Hosson. 

Fig 4-15 provides a snap-shot of the detailed shock structure after the shock has 

travelled some distance into the aluminium powder. The U, -uP and P-uP 

relationships shown in Figs 4-16 and 4-17 are in fairly good agreement with the Dijken 

and De Hosson model. 
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Figure 4-15 Typical computed results for steady shock propagation test. 
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Figure 4-16 Vs -uP relationship for aluminium powder. 
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Figure 4-17 P - u P relationship for aluminium powder. 

4.2.6.2 One dimensional Shock Reflection Test 

The P- a model has also been verified in a one-dimensional shock reflection test 

problem (Fig 4-18). Aluminium powder with no porosity was tested (Figs 4-19 to 4-20) 

and compared with computation using the SESAME EOS for aluminium (Figs 4-21 to 

4-22). The results are in good agreement. 

p Poo 1,• 

A 
p us poo 1·.· 

~ u =0 
B 

uP 00 

& &00 

X . 
~ 

Figure 4-18 Shock reflection test case. 
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Figure 4-19 Right-going shock using P - a model with TD = 100%. 
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Figure 4-20 Left-going shock after reflection, using P- a model with TD = 100%. 
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Figure 4-21 Right-going shock using SESAME table AL3715. 
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Figure 4-22 Left-going shock after reflection, using SESAME table AL3715. 
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4.2.7 EOS for Mylar Polyester 

The hockwave properties for Mylar polye ter fi lm i available in tabular form [99] and 

ha been proce sed by a linear least square fi t to obtain the linear u_, - u " relationship 

(see secti on 4.2.2) shown in Fig 4-23. The speed of sound c, for M ylar is found to be 

2.75 km Is and the constant S has the value 1.29. 

Using the linear V ,-uP relationship and the equation for the conservation of 

momentum P = p
0
V ,u 

1
,, the P - u P relationsh ip can be ex pressed as 

(4-80) 

which is plotted in Fig 4-24. This will be used with the impedance matching method to 

calcu late the impact pressure and particle velocity in chapter 5. It is evident that the 

linear Us - uP relationshi p is in good agreement with the empirical data provided in 

[99]. 

7 

6 

5 

Shock 
velocity 4 

u. 
(km/s) 

EOS for Polyester 

Los A lamos data 

0 ~--~--~--~--~----~--~--~--~--~--~ 

0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 

Panicle veloc ity uP (kmls) 

Figure 4-23 V, - u" re lationship for polyester [99]. 
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Figure 4-24 P - u P relationship for polyester (99]. 

4.3 Electrical Conductivity for Shock-loaded Aluminiwn Powder 

4.3.1 Simple Switch Model 

5 

The increase in electrical conductivity in shock-loaded aluminiwn powder is modelled 

as the density-dependent function 

( 4-81) 

where k 5 1.0 is a constant, 0"01 is the electri cal conductivity of solid al uminium and 

p,, is the threshold density at which the powder changes from an electrjcal insulator to 

an electrical conductor (see Fig 4-25). 
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Figure 4-25 Electrical conductivity for aluminium powder- simple switch model. 

While simple, this model is nevertheless consistent with the actua l transition behaviour 

of the a luminium powder, which indicates that the thin insulating oxide layer between 

individual particles of the aluminium powder is destroyed under the action of shock 

pressure. In thi s model, the transition is assumed to be instantaneous when the shock 

compressed powder reaches a threshold density near the theoretical so lid density. In 

the model calculation, the threshold density p,, is set at a value of 80% TD (a = 1.25) 

con·esponding to the onset of plastic deformation in the P- a model of section (4.3 .2) 

and a threshold pressure of about 1 kbar. Computer calculations using this value of 

threshold density have consistently produced results that agree better with experimental 

data than those calculated using p1, = 100% TD . 

This simple model has the effect of dividing the computational domain into regions of 

high and low electrica l conductivity, with the material behind the conducting shock 

front hav ing a uniform but high electrical conductivity. Any spatial variation of 

electrical conduct ivity within the shock-compressed material is avoided , leading to a 

simplification of the computational a lgorithm. 
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4.3.2 Almstrom's Model 

Almstrom et al [ 1 00) used a similar density-dependent conductivity model for a 

material with variable conductivity in their MHD calculations. The model has a 

complicated functional form that gives a smoother transition between the insulating and 

the conducting phases 

a(p) = (J'IlUIX ( p J N" 

0';+ - -p(J' 
Po 

(;, -p. r 
where O'max > 0';, Pa , Na areconstants 

(4-82) 

In this model, 0'; is the electrical conductivity in the insulation phase and a n•1X is the 

maximum electrical conductivity that the shock-loaded powder can attain in the 

conductor phase. Pu controls the density ratio at the phase transition and Na the slope 

of the transition (Fig 4-26). Almstrom et al reportedly used Na = 16 and 

0'; = 10-5 (am t in most of their ca lculation. 

By usmg typical values for solid aluminium of Po =2.77 xl03 kg / m 3 and 

1 
0' = a = the calculated form of the variable conductivity as a 

n1ax a! 2.77 X 10-8 Om ' 

fimction of the free parameter is shown in Fig 4-26. 

While this model undoubtedly gives a smoother h·ansition between the insulating and 

the conducting phases, it is, in essence, similar to the present simple model in defining 

two conductivity limits. The difference in the smoothness of the transition is not 

expected to have any major effect on the computational accuracy. 
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Figure 4-26 Electrical conductivity- Almstrom's model. 

4.4 Electrical Conductivity for Ionised Gas 

4.4. 1 Spitzer's Equation 

The Spitzer equation for the electrical conductivity of fully ionised gases [101], [1 02] is 

widely recognised and sufficiently simple for use as a basis for estimating the electrica l 

conductivities of fuJly ionised plasma. Although a number of papers have appeared in 

the literature for the calculation of conductivities of non-ideal plasma (103]- (106], the 

plasma produced by the exploding foi l will for simplicity be treated he re as a fully 

ionised gas. 

The Spitzer equation for the conductivity of a fully ionised ideal plasma in SI units 

without a magnetic field can be written [ I 0 l] 

3 

YE (T)2 
(j = -----''-"---

3.80 Z lnA 
(nmt (4-83) 
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where T is the absolute temperature in K and Z is the mean ionic charge. rE is a 

factor that takes into account electron-electron scattering and has the values given in 

Table 8-1. 

Table 8-1 Values of YE 

Ionic Charge, Z 1 2 4 16 00 

YE 0.582 0.683 0.785 0.923 1.000 

ln A in equation ( 4-83) is the Coulomb logaritlmlic term, which can be written [I 07] 

or 

where ne is the charge density per unit volume, &
0 

= 8.854 x 10-12 F I m is the 

permittivity of free-space, k is Boltzmann's constant and e is the charge of an electron. 

Fig 4-27 compares the electrical conductivity for a hydrogen plasma, calculated using 

equations (4-83)- (4-84) and Z = 1, with that for so lid copper and aluminium at STP. 

From equation (4-83), it can be seen that the conductivity is directly proportional to the 

three-half power of temperature for a fully ionised gas. Fig 4-27 shows that the 

conductivity rising rapidly with temperature with, for example, the conductivi ty of fully 

ionised hydrogen becoming equal to that of copper at a temperature of about 10 7 K 

( ~ 1 keV ). Calculations using different values for ne show that the conductivity is 

practically independent of the charge density. 
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Figure 4-27 Electrical conductivity of ionised gas according to Spitzer's equation 

The most significant results from a brief review of the Spitzer equations are 

(1) the e lectrical conductivity for plasma approaches that of a solid metal conductor 

(e.g. copper or aluminium) at a temperature ofaboutl0 7 K and 

(2) at the temperature attained by the exploding foil plasma (between 1 eV to 10 

e V , chapter 3), the electrical conductivity is several orders of magnitude less 

than that of a solid metal conductor (see Fig 4-27). 

It follows from (1) and (2) that, in the initial phase of the flyer acceleration, the 

aluminium plasma behind the Mylar flyer will need to converge towards the axis at a 

speed faster than the rate at which magnetic flux diffuses through it, in order to provide 

significant contribution to the magnetic flux compression process. 
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4.5 Conclusion 

In this chapter, the basic conservation equations for fluid flow, the hydrodynamic 

equations for flow calculation including shockwave and the description of material 

properties through the use of EOS have all been introduced. Numerical studies at 

Loughborough University have shown that the P- a model can represent fai rly 

accurately materials with high porosity, such as the low-density aluminium powder 

which will be used in a shock compression experiment. The shock Hugoniots produced 

by numerical impact studies using the P- a model are in reasonable agreement with 

published resu lts obtained from theoretical studies of porous and low-density powder 

material, in particular, with the novel EOS for low-density powder due to Dijken and 

De Hosson that provides an important li nk between material porosity and shockwave 

properties. A simple density-dependent model that is consistent with actual transition 

behaviow· has been developed to represent the transition from insulator to conductor in 

a shock- loaded a luminium powder. 
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CHAPTER 

FIVE 

SHOCK COMPRESSION OF ALUMINIUM POWDER 

Tllis chapter describes application of the planar electric gun to the shock compression 

study of aluminium powder. The conducting shockwave thereby generated in the 

aluminium powder sample is characterised by two types of sensors (1) coaxial contact

pin probes to obtain the TOA data of the conducting shock front at discrete di stances in 

the alumulium powder and (2) spiral resistance probes for continuous morutoring of the 

shockwave velocity. The experimental programme is followed by a systematic analysis 

of the results to validate the hydrodynamic code and EOS models of chapter 4. 

5. 1 Aluminium Powder 

The alumiruum powder selected for this study has a maximum particle size of 25 11m 

with a purity of 99% and is supplied by Goodfellow Cambridge Ltd (UK). 

For the experimental programme an initial powder density was required as low as is 

practically possible. However, when the irutial powder density is small , it is extTemely 

difficult to determine accurately the initial powder density, and accordingly this was 

measured by means of a high-precision scale when the powder was (1) loosely packed 

(2) normally packed and (3) tightly packed. The values obtained were 510 kg I m3
, 740 

kg I m3 and 970 kg I m3 respectively. Using the theoretical density (TD) for aluminium 

of 2770 kg I m 3
, these results correspond to initial power densities of 18%, 25% and 

33% TD. The loosely packed configuration at 18% TD is found to contain numerous 

air gaps, and since these could cause problems during the compression process the 

initia l density of the powder san1ples that were used experimentally all li e within the 

25% to 33% TD range. 
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5.2 Shock Compression Experiments 

5.2.1 Small-Scale Electric Gun 

A small-scale electric gun based on a single, low-inductance capacitor ( 26.9 jJF, 8 kJ) 

was developed specifically for use in the shock compression study of aluminium 

powder, because of the ease it provided for frequent experimentation. Discharge of the 

capacitor is initiated by a simple nail-switch, operated by an electromagneticall y

controlled striker and which punches a hole through the Mylar-insulated paralle l-strip 

transmission line. After each experiment the transmission line is repaired and a new 

Mylar sheet is inserted between the conductors. The arrangement is similar to that used 

in oth er exploding foil opening-switch experiments, but with the addition of a massive 

tamper plate under the transmission line and directly below the exploding foil, to absorb 

pressure from the foil explosion. 

At the start of the exper imental programme, the gun model described in chapter 3 was 

stil l undeveloped, so that the design, and in particular the dimensions of the exploding 

fo il , was guided by the empirical model for aluminium foil published by Lindemuth et 

al [65] and the flyer velocity was estimated by Osher's method of energy balance [50]. 

Thus dimensions of 15mm x 15 mm x 25.4 pm (see F ig 5-l) were chosen with the 

aim of achieving an estimated flyer velocity of about 3 km Is. 
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Figure 5- l Aluminium exploding foil (EF). 

5.2.2 Flyer Plate-Target Stand-off Distance 

Due to an initial lack of information on the flyer acceleration process, a flyer stand-off 

distance (or air gap) of 3.0 mm was used to allow sufficient time (1.0 ps at 3 km / s) for 

the Mylar flyer to reach terminal velocity. The gap was maintained at 3.0 mm for all 

experiments with TOA measurement, for ease of data analysis. 

With the development of the new gun mode l in chapter 3, it became possible to obtain a 

more accurate estimate of the necessary flyer stand-off distance, by integrating the fl yer 

velocity function from burst to the time when the Gurney terminal velocity is reached. 

Mathematically, the exact Gurney terminal velocity is reached only asymptotically at an 

infinite time after foi l burst, and it is therefore common to use 95% of the terminal 

velocity when calculating the acceleration time and acceleration distance. The velocity 

profiles of Fig 3-4 was used in producing the va lues given in Table 5-l. 
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Table 5-1 Acceleration time and Stand-off distance 

250 /-llll Mylar flyer 

Ec Acceleration time Acceleration distance 

(MJ I kg) ( ns) ( /-lln) 

1 318 208.07 

5 142 207.74 

10 101 209.04 

15 82 207.78 

20 71 207.74 

It is clear from the table that the acceleration time decreases as a higher energy density 

is released at burst, but that the corresponding di stance is fairly insensitive to changes in 

the energy density. A similar calculation for a 75 11m Mylar flyer produced identica.l 

values of acceleration time and distance for the same energy density, which indicated 

that the stand-off di stance is independent of the fl yer thickness. 

The table above shows that simi lar experiments wi th exploding foils can be conducted 

at a stand-off distance as small as 0.2 mm . However, for practical reasons a minimum 

stand-off distance of 1.0 mm is chosen for the design calculations in chapter 8, where a 

small stand-off distance is necessary to optimise system performance. 

5.2.3 Determination of Flyer Velocity by TOA Measurement 

The velocity of the fl yer was determined by measuring the time taken for it to impact on 

an electrical contact-pin probe situated a known distance from the exploding foil. 

5.2.3. 1 Coaxial Contact-Pin Probe for Single TOA 

The electri cal contact-pin probes of Fig 5-2 were made by modifying coaxial BNC 

connectors, as their diameters are close to the size of the exploding foil. They can be 

used to determine the flyer velocity when the internal vo lume is left empty or that of the 

conducting shock front when it is filled wi th aluminium powder. The distance of the 
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contact-pin from the exploding foil can be determined precisely, by measuring the 

distance between the base of the PVC holder (see Fig 5-2) and the contact-pin, and 

adding the length of the barreL Different probe position can be obtained by using PVC 

holder of a clifferent thickness, since a constant air gap (defined by the length of the 

barrel) is desired. 

Coaxial 
contact-pin 
probe 

~Modffied BNC 

~Barrel 

"""'Exploding foil 

Figure 5-2 Coaxial contact-pin probe for single TOA 

Coaxial pin 
contact probe 

Mylar flyer 

~ 
Exploding foil 

Air gap or 
aluminium powder 

To oscilloscope 

Auxiliary circuit 

Main capacitor 
bank circuit 

c.ux 

Figure 5-3 TOA measurement scheme with single coaxiaJ contact-pin probe. 
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5.2.3.2 Experimental Arrangements 

In the experimental arrangement of Fig 5-3 the probe is connected to an aux iliary circuit 

containing a capacitor charged to about 1.0 kV. Arrival of the conducting shock front 

causes the probe to act as a closing swi tch that discharges the auxiliary capacitor, with 

the current probe detecting the discharge to give the TOA of the conducting shock front. 

The nickel-chrome resistance wire fuse in the auxiliary circuit prevents reverse voltage 

damage to the high-voltage capacitor. 

The arrangement of Fig 5-3, while simple, is immune to any electromagnetic noise 

generated by the exploding foi l, as the high pulsed current from the capacitor produces a 

signal significantly higher than the electrical transients from the exploding foil. 

Maintenance of the 1.0 kV voltage at the tip of the contact-pin probe serves also to 

confirm that under n01mal unstressed conditions the aluminium powder remains an 

insulating medium. The high-precision digital oscilloscope used to record the output 

from the current probe is electrically isolated from the auxil iary circuit and it is 

therefore immune to damage from the high pulsed current in the main capacitor bank 

circuit. 

5.2.3.3 Experimental Results 

Figs 5-4 and 5-5 compare results from one of the many experiments undertaken, 

together with corresponding results from the new electric gun model described in 

chapter 3. In this particular experiment, the contact-pin probe was 5.29 mm (Fig 5-5b) 

from the exploding foil and the time to probe impact by the flyer was 1.68 JlS (2.87 flS -

1.19 JlS ), leading to an average fl yer velocity of 3. 15 km Is. 

Figs 5-4a and 5-4b show that the computer model is ab le to reproduce with reasonable 

accuracy the cun·ent and d!b in the gun circuit, which is an indication of the quality of 
dt 

the empirical model used for the exploding foi l in the calculation. The energy den sity at 

burst is calculated at 15.02 MJ I kg (Fig 5-4c), giving an explosion pressure of 14 GPa 
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(Fig 5-5a), while the magnetic pressure exerted by the current in the gun circuit on the 

Mylar flyer has a maximwn of 0.1 GPa (Fig 5-5c). 

X IQ 
11 (a) Electric Gun df.,ldt (b) Specific Energy Deposited in Foil 

2 LOO 
Measured 
Computed 80 

60 

Ns 0 
MJ/kg 

40 

-I 20 

0 
-2 

0 2 3 4 5 0 2 3 4 5 

(c) Electric Gun Current (d) Current in Auxiliary Circuit 
300 

1..19us TOA = 2.87 us 
173.6 kA 

I 200 kA 

kA 0.5 

~~\~/ 100 

I Measured 0 
0 

. - Computed 

0 2 3 4 5 0 2 3 4 5 

Time (1-15) Time (1-15) 

Figure 5-4 Experimental results (test no. 08). 
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Figure 5-5 Experimental results (test no. 08). 
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5.2.4 Determination of Shock Velocity by TOA Measurement 

5.2.4.1 Coaxial Contact-Pin Probes for Multiple TOAs 

Although the coaxial contact-pin probe only provides one data point from each test, the 

size of the exploding foil in Fig 5-l allows up to three chambers to be bored in a PVC 

holder (Fig 5-6) to provide multiple TOA measurement of the conducting shock front. 

To achieve this, the modified BNC contact-pin probe is replaced by miniature coaxial 

cables, with their open end placed in the aluminiwn powder. 

Figure 5-6 Coaxial contact-pin probes for multiple TOA measurements. 
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3 chambers 
for three 
coaxial probes 

3 coaxial 
probes 

Mylar 
flyer 

Shock Compression of Aluminium Powder 

Aluminium 
powder 

3 auxiliary 
circuits 

To .--------.. 
oscilloscope 

~ L, 

Main capacitor 1 
bank circuit 

Exploding foil 

Figure 5-7 TOA measurement scheme with multiple coaxial contact-pin probes. 

5.2.4.2 Experimental Arrangements 

The experimental arrangement of Fig 5-7 is similar to that of Fig 5-3, except for the 

multiple auxiliary circuits. 

5.2.4.3 Experimental Results 

Results from a series of measurements using both types of probes to detect the TOA of 

the conducting shock front in the aluminium powder are tabulated in Table 5-2. 

From the foil burst data in the table, it can be seen that the performance of the electric 

gun is reasonably repeatable, although there is a small time jitter of about 1.0 JlS. 

Within experimental toJerance, the test data can be plotted as in Fig 5-8, together wi th 

the fl yer trajectory obtained from the previous fl yer velocity measurement. 

119 



Chapter 5 

Table 5.2 

Test 

no. 

10 

11 

17 

39 

Distance 
(mm) 

Figure 5-8 

Shock Compression of Aluminium Powder 

TOA data for electrically conducting shock front in aluminium powder. 

Probe Probe 

type no. 

single --
single --
multiple I 

II 

Ill 

multiple I 

II 

10 

5 

Foil Probe location Capacitor 

burst in alwninium discharge 

time powder time 

( J-lS) (mm) {11s) 

1.18 2.29 2.94 

1.24 10.5 12.76 

1.20 1.30 noisy (discarded) 

2.03 noisy (discarded) 

3.40 3.95 

1.13 3.58 4.81 

5.90 6.23 

TOA Dala 

Aluminium powder 
0 Test no. 10 

Testno. Ll 

Air gap Test no. 17 
+ Test no. 39 

o t:~~========~============~-=-==M=oo=e=l (=n=o~po=w=de=Q~ 
0 5 JO 15 

Time from closure of switch (IJS) 

Measured TOA data and Mylar flyer trajectory (no aluminium powder). 
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It is apparent from Fig 5-8 that the velocity of the conducting shock front is rapidly 

attenuated as it moves further into the aluminiwn powder. Tbe time to impact t1mp can 

be estimated by noting the intercept of the flyer trajectory with the boundary of the 

aluminium at 3.0 mm , and it is possible to fit a curve through these data points 

(including the time of impact t imp ) to obtain a mathematical description of the shock 

velocity in the powder. 

Fig 5-9 shows a second-order polynomial function fitted to the data points while Fig 5-

I 0 shows the same for a third-order function. The shock velocities obtained by 

differentiating the shock trajectories provide the linear and a quadratic velocity 

functions seen in Fig 5-11. Despite the small number of data points and possibly a large 

amount of scatter in the data, it is still possible to conclude that experimental evidence 

exists for the rapid attenuation of the shock velocity (and with H the shock pressure) 

within the powder. 

Distance 
(mm) 

Figure 5-9 

10 

5 

TOA Data 

Aluminium powder 

Air gap 

Test no. LO 
Test no. 11 
Test no. 17 

... Test no. 39 
- Flyer (no powder) 

0 t=~:=F=oil=b=~=s=t ==============~==~P=o~l~=o=m=ia=l =fi~=n===2==~ 
0 5 10 15 

Time from clo~e of switch {}.Is) 

Shock trajectory obtained by fitting a second-order polynomial function 

to the measured TOA data. 
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Air gap - Flyer (no powder) 

Polynomial fit, n=3 
o e=~==================~~~======~ 

0 5 JO 15 
Time from closure of switch (J.IS) 

Figure 5-10 Shock trajectory obtained by fitting a third-order polynomial function to 

the measured TOA data. 
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Time from closure of switch (J.IS) 

15 

Figure 5-ll Shock velocity profiles from composite TOA measurement. 
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5.2.5 Continuous Monitoring of Shock Ve locity 

Although a series ofTOA mea urement can be combined to provide information on the 

shock velocity, confidence in the result is low due to variation in the fo il burst time 

and the powder density from test to test. ll is desirable therefore to have a method of 

measure ment that provides continuous monitoring of the shock velocity in the 

alu minium powder in a single experiment. 

In methods for continuou monitoring of the hock velocity in olid cast explo ive 

[ 108] and [ l 09] , a resistance probe with a constant re istance per unit length i cast 

within the explosive and the continuous removal of resistance by the ionising shock or 

detonation front prov ides time-re solved shock velocity information. The probe is either 

a straight wire resi tance element o r a spiral coil wound on an insulator support, to 

achieve constant resistance per unit length. 

5.2.5. 1 Spiral Resistance Probe 

Fig 5- 12 show the spiral re i tance probe u ed in the present experiments . Nicke l

Chrome re i tance wire i coi led around an insulator support and ituated in the 

aluminium powder along the direction of the fl yer impact. The co il is progre sively 

shorted as the hock front destroys the thin insulation on the aluminium powder and 

produce a good connection to the coil. The continuous horting of the coil (between 

turns) behind the shock front is illustrated in Figs 5-13a and 5- 13b. Photographs for the 

probe construc tion and test preparation are given in Appendix A. 

A spira l wound probe was chosen rather than a traight wire resistance probe, primarily 

because of the greater resistance per unit length that can be ach ieved. This prov ides a 

greater voltage variation (and con equently a better ignal-to-noise ratio) than i 

obtained in a linear probe circuit. A bifilar winding is also u ed to minimise any 

coupling of electrical noise from the exploding foi l into the probe circu it. 
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Spiral resistance probe 

Figure 5-1 2 Spiral resistance probe before assembly in PVC holder. 

5.2.5.2 Circuit Analysis 

Normally, a constant-current source is used with the probe and the voltage across the 

time-varying resistance provides velocity information. Alternatively, batteries could 

also be assumed to provide a constant-voltage source, if the duration of the shock 

compaction event is only about 10 1-1s . Monitoring of the battery voltage duri ng 

experimentation justified this assumption and the use of batteries provided a convenient 

and low-cost source for quick and repeated experimentation. 

In the equivalent ~ircuit of Fig 5- l3a, the spiral probe is represented by a variable 

resistor whose resistance is determined by the location of the conducting shock front. 

The tip of the probe positioned at the boundary of the aluminium powder provides the 

reference plane, X0 is the initial length of the probe and x(!) is the length behind the 

conducting shock front and removed from the circuit. The length of the probe that 

remains in the unshocked powder is therefore 

( 

X0 -x{t) = X0 - fus(r}h (5- 1) 
0 
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where Us (t) is the shock velocity to be measured. 

Bifilar helical 
Oscilloscope windings 

Rogowski Pneumatic 
coil ~ switch 

I, (t) 

Vbat -=- Battery 

(a) 

... 

Aluminium 
powder 

Mylar fl yer 

(b) 

Figure 5-1 3 Spiral resistance probe, (a) measuring c ircuit and (b) impact geom etry. 

If r
0 

is the radius of the helix, p is the pitch of the bifilar spiral, A is the cross 

sectiona l area of the resistance wire and 7J = _!__ is the electrical resistivity of the wire, 
() 

the probe resistance before impact by the Mylar fl yer is 

(5-2) 

The resistance Rm in Fig 5-13a is the sum of the resistances due to the pneumatic switch 

and th e connecting wires and is assumed to be negligibly small. A pneumatic switch is 

used to minimise electromagnetic interference and it is closed very shortly before 

experimentation to prevent excessive heating of the spiral probe. 

After impact, the instantaneous resistance of the probe is 
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(5-3) 

If Vbm is the battery voltage and R,P (t) is the instantaneous resistance of the spira l 

probe, the instantaneous current in the probe circuit is 

The veloci ty of the conducting shock front can be obtained from the derivative of this 

current and si nee d V bnt = 0 it fo llows that 
dt 

(5-5) 

The rather complicated relationship between the shock velocity and the measured 

current in equation (5-5) is the main drawback to using a constant-voltage rather than a 

constant-current source. To understand how the shock velocity affects the current in the 

probe circuit, it is necessary to develop a computer solution for equations (5-1) to (5-5). 

Fig 5-14 shows the current in the probe ci rcu it provided by such a solution, and 

calculated for a constant shock velocity of Us = 3 km I s . The current shows an 

exponential increase similar to that produced by magnetic flux compression devices. 

A similar calculation for a shock velocity that begins with Us = 5 km Is and decays 

exponentially with a time constant of 1.465 f.1S is shown in Fig 5-15. Despite the 

increased initial velocity, the current has a slower rate of growth and settles at a steady 

value when the shock velocity falls to zero and the shock front fails to reach the end of 

the spiral probe. From the numerical analysis, it is clear that the shock front has to 

travel to the end of the probe in order to produce an exponentially increasing current 

waveform. 
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Figure 5-14 Results from computer model for constant shock velocity of 3 km Is. 
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Figure 5- 15 Results :fi'om computer model for 5 km I s shock velocity decaying 

exponentially with 1.465 f.1S time constant. 
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5.2.5.3 Experimental Arrangement 

Fig 5-16 shows the experimental arrangement, with a Rogowski coil used to measure 

the current variation for monitoring the shock velocity as the probe resistance is 

removed. The arrangement shown protects the high-speed digital oscilloscope used for 

recording purposes, by decoupling the auxiliary and main capacitor bank circuits. The 

pnellfnatically controlled switch closes the circuit very shortly before discharge of the 

capacitor for the electric gun. 

The low-voltage probe circuit is extremely sensitive to electromagnetic transients from 

the exploding foil, and nwnerous experiments were performed to quantify and remove 

this noise. The final solution adopted was to shield and screen the auxiliary circuit 

inside a meta ll ic box and to place all measurement cables inside metallic conduits. 

To 
oscilloscope 

2 X 12V 
Batteries 

Compressed 
air system 

Pneumatic 
switch 

Shielded box 

Spiral probe 

Figure 5-16 Experimental arrangement for continuous monitoring of shock velocity 

in shock-compressed aluminium powder. 
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5.2 .5.4 Measurements Results 

Several spiral resistance probes were constructed for use in the experiments. Two of the 

best results from a seties of experiments are shown in Figs 5-17 and 5-18. The measured 

battery vo ltages and the rate of change of current in the gun circuit are almost identica l 

in these tests, which is an indication of reliable and repeatable gun operation. The 

measured currents show distincti ve oscillations at the point of impact, whjch are 

believed to be caused by the initial shorting of the spiral probe and ringing in the circuit 

due to stray inductance and capacitance. Trus effect in a charged coaxial cable has been 

previously exploited by Ingram [ 11 0] to determine the time when the projectile impacts 

with a stationary sample in a compressed gas gun. Wrule the effect was not initially 

anticipated, it has the benefit of indicating the ti me of impact of th e flyer on the 

alumiruum powder. In the absence oflhi s noise (see Figs 5-17d and 5-18d), it would be 

difficult to determine accurately the impact time, due to the small injtial current 

variation. 

X 10 
11 (a) Electric Gun dlt/dt (b) Battery Voltage 

3 30 
Test no.216 

2 

I 
20 

Als V 

0 
10 

-I 

-2 0 
0 2 4 0 5 10 15 

(c) Electric Gun Current {d) Current in Probe Circuit 
400 6 

300 
4 

kA 200 
A 

100 2 

0 
0 

-lOO 
0 2 4 0 5 10 15 

Time (IJS) Time (J.lS) 

Figure 5-17 Experimental results, (a) electric gun d~b , (b) battery voltage Vbat, 

(c) e lectric gun current Jb and (d) current !"' in probe circuj t. 
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Figure 5-18 Experimental results, (a) electric gun dl b , (b) battery vo ltage Vbnt, 
dt 

(c) electric gun current Jb and (d) current 1
111 

in probe circuit. 

However, application of equation (5-5) to determine the shock velocity function from 

the measured current is severely limited by the presence of the noise, which tends to be 

amplified in any mathematical procedure used to ca lculate dl"' . As an alternative, the 
dt 

shock trajectories (and velocities) obtained by previous TOA measurements could be 

used as tria l input functions for the computer program to calculate the probe current. 

Fig 5-1 9 shows that the quadratic velocity function gives a better fi t to the experimental 

data than the linear velocity function . The comparison with the second set of 

experimental data in Fig 5-20 using the quadratic velocity function shows a reasonable 

match with experiment, until instability sets in . These preliminary results ind icate that 

the shock velocity did not fall completely to zero and that the shock front did not slow 

to a stand-still but continued to move into the powder with a slow but steady speed. 
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Figure 5-19 Comparison of experimental data with computer model 

using shock velocity profiles of Fig 5-ll . 
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Figure 5-20 Results from computer model using quadratic shock velocity profile of 

Fig 5-ll. 
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5.3 Nwnerical Analysis of Experimental Results 

Continuous monitoring of the shock velocity in a single experiment provided by the 

spiral probe data makes it suitable for validating the hydrodynamic code and the EOS 

for the powder material described in chapter 4. For a complex system in which a chain 

of physical events separates the initial conditions from the measured data, two methods 

are available to aid development and va lidation of mathematical models, namely the 

stimulation and simulation methods, which are explained in the following sections. 

5.3. 1 Stimulation Method 

ln the stimulation method, inputs functions are normally avai lable (e.g. in the form of 

initial conditions) that can be provided to a mathematical model to calculate and predict 

the output response. 

If the exploding foil flyer impact experiment is to be analysed by the stimulation 

method, it is necessary to partition the physical processes into the four major parts 

shown in Fig 5-21, with a separate mathematical model being required for each of the 

individual processes. 

In Fig 5-21 , the electrc gun model produces the fo il burst pressure P burst (t) for the flyer 

acceleration and impact model, which then calculates the impact pressure P;mpnct (t). The 

shock propagation model, in turn , takes P;mpnct ~) as an input function and ca lculates the 

shock veloci ty function Us(t). This is integrated by the circuit model for the spiral 

probe to obtain the shock position, and to calculate the variation of the current !Jt) 

due to the continuous removal of probe resistance. Comparison of the predicted with 

the measured cutTent will then provide information on the quality of the mathematical 

model. 
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Figure 5-21 Stimulation method . 

5.3.2 Simulation Method 

In the simulation method, the focus is on estimation of the unknown input fu nction that 

causes a physical process to produce a particular set of measured outputs. Taking the 

same four models as for the shock compression experiment, the analysis of Fig 5-22 

starts with the measured current / , (t) to find the shock velocity function that has 

caused it. Additional inputs, e.g. the velocity function u_, (t) deri ved by the set of TOA 

measurements, provide important clues that nruTow the search to find the impact 

pressure P;m,act (t) that has generated the particuJru· velocity function. Information on the 

characteristics of the impact pressure from previous explosive driven experiments could 

be used to guide the search for P;m,act (t ). The process continues until the burst pressure 

~JUm (t) obtained by the fl yer acceleration model is compcuable with that produced by 

the electric gun model. One advantage of the simulation method is the identification of 

key parameters in the input functions that directly affect the measured output response, 

while ignoring fine detail that does not affect the output response in any significant way. 
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Figure 5-22 Simulation method. 

5.3.3 Solution Approach 

Analysis of data produced by a chain of physical processes by either the stimulation or 

the simulation method poses no difficulty, if validated models are avai lable in each 

case. In the present research however, the circuit model for the spiral probe is the only 

well-defined model, while in order to gain insight into the physical process, the other 

three models have to be developed from data collected during the experimental 

programme. 

A systematic divide-and-conquer approach was taken to validating the hydrodynamic 

code and obtaining an estimate for the impact pressure. The new electric gun model of 

chapter 3 and the circuit model for the spiral probe were used to limit the problem areas 

to the hydrodynamic code and the EOS for the powder, allowing the problem to be 

tackled from two directions. Extensive functional tests were carried out to validate the 

hydrodynamic code and the EOS for the powder, as previously described in chapter 4. 

When the hydrodynamic code was developed, a combination of both the stimulation and 

the simulation method was used over numerous iterations to gain useful insight into the 
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relationship between the important parameters connecting the models and the 

limitations of the hydrodynamic model. 

The inability of a Lagrangian description to handle mixing of the mesh elements for air 

and aluminium powder after fl yer impact is solved by dividing the hydrodynamic model 

into two parts, namely the flyer acceleration and impact model and the shock 

propagation model. This arrangement implies that the calculation has to be carried out 

in two passes, with the impact pressure estimated in the first pass. In the second pass, 

the mesh elements for the air are removed from the calculation upon impact, and the 

impact pressure calculated in the first pass is used to continue the shock propagation 

calculation. The removal of the elements for the air is used to simulate the penetration 

of air into and mixing with the powder elements, and to avoid any small time-step 

problem associated wi th the severely distorted grid fo r the air. This method of solution 

achieves the effect of preventing the air, which is highly compressed and at a high 

pressure on impact, from further expansion after impact. Finally, this solution has been 

found to be effective in overcoming the limitation of a Lagrangian description, by 

producing results consistent with that from experiments. 

5.3.4 Tuning Factors 

The set of models contains a small number of tuning factor that are chosen to match 

experimental conditions, both in terms of the shape of the output functions and the TOA 

data of important events that can be deduced from the measured output. The foil burst 

time, the time of fl yer impact on the powder and the time at which the conducting shock 

front reaches the end of the sp iral probe must all be reproduced faithfulJy by the set of 

models. 

In the new electric gun model of chapter 3, the correction factor k corr acts as a tuning 

factor to produce a fl yer trajectory that is a good match with the measured TOA data for 

foi l burst and flyer impact. The main purpose of this factor is to account for any 

uncertainty in the quality of the foi l explosions, and its use has been demonstrated in 

chapter 3. 
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The hydrodynamic code for the flyer acce leration and impact model does not contai n 

any tuning factor. Agreement w ith the measured TOA data is achieved by adjusting the 

amplitude and shape of the fo il burst pressure, with the resulting pressure pu lse 

compared with that prov ided by the Gurney solution of the e lectric gun model. Fairly 

good agreement between these two calculated values will be illus trated in the next 

section. The constant for the arti fic ia l viscosity is set at 3 in all calcu lations, to spread 

the shock front over a maxi mum of three ce ll eleme nts. 

In the shock propagation mode l, fi ne-tuning of the hydrodynamic code is achieved by 

setting the density threshold p,1, in the electrical conductivity model. Setting the density 

threshold at p,,, = 80%TD , a t which the insulator-to-conductor phase change takes 

place, is consistent with the onset of plastic deformation as defined by the plastic 

compression fu nction a(P) in the P- a model of chapter 4. Becau e of the phys ical 

basis for the P - a model, the parameters needed to define it are viewed as material 

constants, rather than as empirica lly determined cons tants (or tuning facto rs). Due to 

the uncertainty in the determination of the initi al powder de nsity in the experime nta l 

programme, the initia l poros ity ae is set at an average value of 33% TD in all 

calculations, primarily to minirn.ise the number of free parame ters and to al low 

compari son of one set of computer results w ith several sets of experi mental data. 

T he circuit model for the spiral probe is s imple and does not contai n any tuning factor. 

A small value of R, = 0. 1 Q is included in the compu ter program to avo id any 

singularity problems when the shockwave reaches the end of the probe and its resistance 

is removed from the circuit. T hi s value represents fairly accurately the resistance due 

to the pneumatic switch and the connecting wires, and it does not influence the circuit 

calculation until the length of the spi ral probe has fa llen to 0. 1 mm. Another 

requ irement for the computer program is of course that the length of the remaining 

sp iral probe should always be greater than zero. 
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5.3.5 Numerical Results 

In this section, a numerical calculation is described in phases from the fl yer acceleration 

and impact model to the shock propagation and then to the circuit model for the spiral 

probe, to demonstrate the salient features of the physical processes in the shock 

compression experiments. 

5.3.5.1 Flyer Acceleration and Impact Model 

As mentioned earlier, the fl yer acceleration and impact model is designed with the aim 

of providing the pressure upon impact with the aluminium powder. Since the presence 

of air is included in the model, its effect on the fl yer acceleration and impact process 

can also be assessed using this code. 

The calculation is started by specifying the foil burst pressure, consisting of the foil 

explosion pressure ofFig 5-5a and the magnetic pressure ofFig 5-5c, as initia l values as 

shown in Fig 5-23. The fo il explosion pressure is a short duration impulse while the 

magnetic pressure takes the fom1 of a low-pressure pulse acting over a longer period of 

time, including after the fl yer impact with th e aluminium powder. 
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The trajectory of the My1ar flyer shown as the Lagrangian computational grid of Fig 5-

24 is similar to that produced by the electric gun model (see Figs 5-8 to 5-10). The 

pressure acting at the back of the Mylar flyer causes e lements at the back surface to be 

compressed while those on the front surface show a slight expansion. Compression of 

the air elements ahead of the Mylar fl yer is evident in Fig 5-25 

Fig 5-26 shows the impact pressure at the aluminium powder calculated by the flyer 

acceleration and impact model for the first el.ement of aluminium powder at the air gap 

boundary. The main pressure pulse has a 'double-spike' structure due to the complex 

interaction between the shockwave and multiple reflection from the back of the Mylar 

flyer. The effect of the air shockwave appears in Fig 5-26 as a small pressure pulse of 

about 0.1 GP a before the main impact. The effect of the magnetic pressure defined in 

Fig 5-23 appears in Fig 5-26 as a low-pressure with an average value0.2 GPa . 
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Figure 5-24 Computational grid for Mylar flyer showing acceleration after foi l burst 

and impact with aluminium powder. 
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Computation Grid (Air Gap) 
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Figure 5-25 Computational grid for air gap showing the air shockwave ahead of the 

Mylar flyer and impact with aluminium powder. 
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Figure 5-26 Pressure on impact with aluminium powder calculated by the flyer 

acceleration and impact model. 
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5.3.5.2 Shock Propagation Model 

The shock propagation model takes the impact pressure pulse as an input and calculates 

the propagation and attenuation of the shock pressure in the powder to provide 

information on the location and velocity of the conducting shock front. The impact 

pressure of F ig 5-26 may be approximated by 

2 .5GPa x exp(- -
1 

-_l_i"'.:.._P J 
60ns 

P= 7.5GPa 

( 

l- limp -130ns] 
0.2GPa + 7 .3GPa x exp - -----'---

60ns 

l imp < t $;limp+ l OOns 

l imp + 1 OOns < t $;limp + 130ns 

t > timp + 130ns 

(5-6) 

which is combined in Fig 5-27 with the original pressure pulse of Fig 5-26. 

A functional description is not only computationally convenient, but it also helps to 

uncover the salient feature of the physical process by temporarily removing some fine 

details in the input function and determining the sensi tivity of the mathematical model 

to these variations. It was found computationally that a separation of the main pressure 

into a constant tem1 and an exponentiall y decaying tenn does not significantly alter the 

results, as long as the impulse defined as the area under the pressure-time curve given 

by 

(5-7) 
0 

remains unaltered. 

Fig 5-28 shows the Lagrangian computational grid for the Mylar flyer, air gap and 

aluminium powder. The motion of the Mylar Oyer in F ig 5-28a is a continuation of Fig 

5-23. After impact, the computational grid for the air gap in Fig 5-28c remains as a 

single line, implyi ng that the air elements are no longer present to interact with the other 

computational elements. The distortion of the computational grid for the powder in Fig 

5-28b is a clear and intuitive representation of the shock compression of the aluminium 

powder. T he trajectory of the conducting front is displayed in Fig 5-28d and a summary 

of the main physica l processes is shown in Fig 5-29. 
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Pressure on Impact with Aluminium Powder 
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Figure 5-27 Approximate analytic pressure pulse used in the shock propagation 

model. 
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Figure 5-28 Results for the computational grids and shock trajectory obtained by the 

shock propagation model. 
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Figure 5-29 Summary of results from shock propagation model. 

Fig 5-30 shows the characteristics of the shock velocity in the powder, which is in some 

ways similar to the quadratic velocity function found from multiple TOA 

measurements. The shock velocity starts at a peak of 2.5 km I s, decays rapidJy to a 

steady velocity of about 0.6 km / s and rises again at the end of the spiral probe to a 

second peak of 2.5 km I s . The steady velocity is associated with the smaU but steady 

magnetic pressure in the input function of Fig 5-27, and the increase in the shock 

velocity near the end of the spiral probe with an elastic precursor travelling ahead of the 

shock front. A more thorough discussion of this precursor is given in the next section. 

Tt is clear from Fig 5-30 that a general form of the shock velocity function, which 

contajns the key parameters assocjated with actual physical processes, can be written as 

(5-8) 

where the constants usl ' u s2 and us3 have the dimension of speed. 'fl and 'f2 are time 

constants for the exponential functions. I '"'P is the time of impact and I dur is the time 
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taken by the shock front to travel the length of the spiral probe. The definition for these 

parameters is shown in the graph ofFig 5-31. 

Hyddrodynamic Calculation (Test No. 216) 
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Figure 5-30 Shock velocity in alumin ium powder obtained by the shock propagation 

model. 
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Figure 5-3 1 Shock velocity function of equation (5-8). 
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The constant term Us1 in equation (5-8) represents that part of the shock velocity 

arising from the magnetic pressure behind the Mylar flyer which continues to act on the 

powder sample, even after flyer impact. 

The second term represents the exponentially decaying shock velocity imparted to the 

powder by the shock pressure produced by the Mylar fl yer impact. 

The final term represents the exponentially growing shock velocity due to the effect of 

the elastic precursor at a rigid wall. 

Fig 5-32 shows a best fit to the hydrodynamic calculation, obtained usmg the 

parameterS (dur = 2.13 ,US , U31 = 0.8 knVS, U32 = l.7 kmfs, l'1 = 0.5 ,US, U 33 = 0.85 km/S 

and l'2 = 0.2 ,us. The importance of a simplified mathematical description is 

demonstrated in section 5.3.5.4 for a simulation calculation and again in chapter 8 for 

the analysis and design of dynamic powder transfonners. 
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Figure 5-32 Best-fit analytic velocity function for used with the circuit modeJ for 

spiral probe. 
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5.3.5.3 Elastic Precursor 

The existence of a precursor (see Fig 5-33) travelling faster and appearing ahead of the 

shock front at the free-surface in powder compression experiments has been observed 

and reported by McQueen et al [3 1] and Butcher and Kames (80]. The free-surface 

velocity in Fig 5-33 is usually the measured quanti ty in shockwave experiments and it is 

manipulated to produce information on the shock pressure. Thus the ex istence of a 

precursor is also manifested in a pressure profi le of a similar shape. 
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Figure 5-33 Free-surface velocity reproduced from Fig 26 of (31 ]. 

Due to its physical existence, the reproduction of the precursor (because of its 

occurrence in the low-pressure elastic region the term elastic precursor is sometimes 

used) in a hydrodynamic calculation for a powder material would be a desirable featu re. 

Partitioning of the P- a model in section 4.2.3 into (1) elastic (2) plastic and (3) solid 

(or fully compacted) regions, each with a separate functional definition, suggests that 

the dynam ic behaviour of the powder material in all three regions should be calculated. 
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Figs 5-34 shows the material states throughout the powder, when the conducting shock 

front has travelled about 3.0 mm from the impact surface (The conducting region in the 

powder is shown in red in all the plots, to indjcate the position of the shock front). Fig 

5-34b shows that the powder e lements less than about 2.0 mm ahead of the shock front 

are moving with a velocity smaJler than the particle velocity in the shock-compressed 

region. Since the introduction of artificial viscosity (see equations 4-14 to 4-16) is only 

expected to spread the shock front across the number of cells defined by the constant (in 

this case c1 = 3 ), smearing of the pressure front in Fig 5-34c over more than 2.0 mm 

(correspondjng to more than 20 ceJI elements) is therefore not due to artificial viscosity 

but to the elastic response calculated by the P- a model. 
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Figure 5-34 States of powder material at time t = 4.46 f.JS showing precursor ahead of 

shock front. 

Fig 5-35 shows the material state when the conducting shock front is near the end of the 

probe, which is modelled as a rigid wal l boundary. It is clear from Fig 5-35 that the 

precursor (which is in the material preceeding the shock front) is responsible for a sharp 

increase in particle velocity due to a phenomenon akin to the snow-plow effect. Finally 

the elastic precursor is evident in Fig 5-36, which shows the pressure in a powder 

element at the end of the spiral probe. 
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Figure 5-35 States of powder material a t time t = 10.67 ps showing precursor before 

shock reflection from a rigid wall boundary. 
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5.3.5.4 Three-Dimens ional Graphs 

The three-dimen ional plots in Fig 5-37 to 5-40 provide an overview of the entire 

powder compression proce . Initial conditions for the calculation are di played along 

the space axis at time 1 = 0 . In Fig 5-37, the Mylar flyer next to the origin (0,0) is 

separated from the aluminium powder (of about I g I cc density) by an air gap (with 

near zero density). In Fig 5-38, a bur t pressure of about 15 GPa representing the foi l 

bur l i hown at the origin (0,0), while the air gap and aluminium powder are ini tiaiJy 

at low ambient pressure. In Fig 5-39, the Mylar fl yer tarts to move at a velocity of 

about 3 km Is while the air gap and aluminium powder are initially at rest. In Fig 5-40, 

the electrical conductivity everywhere (including the aluminium powder) is initially 

zero. 

Computation is stopped very shorty after the shockwave reaches the end of the spiral 

resi tance probe, with the resulting increase in mas density (Fig 5-37), pressure (Fig 5-

38) and change in direction for the particle velocity (Fig 5-39) all being due to refl ection 

at the rigid wall boundary. The electrical conducti vity in Fig 5-40 does not how any 

change at the reflection, because the po wder i now in a highly compre ed tate 

corresponding to a high electrical conductivity. 

The insulator-to-conductor pha e change indicated in Fig 5-40 corresponds to locations 

along the yellow band in Fig 5-37 where the threshold dens ity is exceeded. Comparison 

with the pressure profile in Fig 5-38 shows that the phase transition occurred along the 

edge of a low-pre ure plateau of the same shape. The particle velocity plot in Fig 5-39 

shows a low-velocity plateau with a slightly different shape, which is indicative of the 

elastic precursor moving faster and ahead of the shock front. 
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5.3.5.5 Circuit Model for Spiral Probe 

When the shock velocity provided by the hydrodynamic code and shown in Fig 5-30 

was used as an input to the c ircuit model for the spiral probe of section 5.2.5.2, the 

results in Figs 5-41 and 5-42 were obtained. Comparison of computed and measured 

results shows fa irly good agreement, especially in the initial 5 f.1S of shock travel. 

The poorer match with the later part of the experimental data is traceable to the constant 

term ( 0.2 GPa) used in equation (5-6) to represent the magnetic pressure. A better 

match can be obtained by using a smaller value fo r magnetic pressure in equation (5-6). 

Alternatively, equation (5-8) fo r the characteristi c velocity could be used as the starti ng 

point in a calculation to find a shock velocity function that agrees better with the 

experimental data, in particular with the TOA at the end of the spiral probe. Such a 

calculation can also test the existence of the elasti c precursor at the end of the spiral 

probe, as suggested by the hydrodynamic calculation. 

Figs 5-34 and 5-35 show calculations givin g the best fi t with the experimental data 

using the parameter values of Table 5-3 in equation (5-8), to simulate a velocity 

function with and without the precursor at the end of the spiral probe. 

Table 5-3 Parameters for shock velocity equation 

u,, u,2 r, u,) r2 l dur 

Case I 0.5 km!s 2.5 km!s 1.53 f.1S -- -- --

without precursor 

Case II 0.5km!s 2.5 km/s 1.53 f.1S 1.25 kmls 0.153 )JS 12.0 f.1S 

with precursor 

Due to the nature of the spiral probe data, which becomes inaccurate towards the end of 

the probe, the existence of the elastic precursor predicted by the hydrodynamic code 

could not be confi rmed experimentally by the present shock compression experiments. 

However, the presence of the elastic precursor is more evident in the dynamic powder 

transfom1er experiments described in chapter 8. 
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Figure 5-41 Comparison of experimental data with result from computer model 

using impact pressure of equation (5-6). 
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Figure 5-42 Comparison of experimental data with result from computer model 

using impact pressure of equation (5-6). 
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with precursor (CaseD in Table 5-3). 
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5.3.6 Comparison with Theory 

5.3.6.1 Impedance Matching Method 

In flyer-impact studies, the impedance matching method is normally used to calculate 

the pressure generated in the target material by the impact of a fl yer plate at a velocity 

v P. The physical basis for the technique is the requirement that the particle velocity and 

pressure should be continuous across the impact interface, and it uses the simple 

graphical solution shown in Fig 5-45 . Curves relating the pressure P to the particle 

velocity u P are shown starting at the origin for both target and fl yer. If the curve for the 

flyer plate is rotated through 180° and passed through the coordinates {v P ,0) , the 

reflection curve is obtained. This will intersect the target curve at ~~ P, P), at which 

point the continuity conditions 

11 p,l ~et + ll p,jlytr = V p 

are satisfied. 
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5.3.6.2 Pressure and Particle Velocity at Impact 

The impact pressure calculated by the impedance matching method using the P-uP 

curve for aluminiLtm powder with 33% TD (see Fig 4-17) and that for Mylar polyester 

(see Fig 4-24) is shown in F ig 5-46 for impact velocities in the range of 1 to 8 km I s. 

Fig 5-47 shows the corresponding particle velocities obtained by the same method. It is 

interesting to note that the impact pressure predicted by this method is about 5 GPa for 

an impact at a velocity of 3 km I s, while the hydrodynamic code predicted a pressure 

pulse with two 'spikes' of 2.5 GPa and 7.5 GPa in Fig 5-26. 

5.3.6.3 Shock Velocity at Impact 

Fig 5-47 shows the shock velocity at impact calculated by equation (4-78) for the EOS 

of alwninium powder with 33% TD. For an impact at a velocity of 3 km I s , sin'lilar to 

the conditions in the present shock compression experiments, a shock velocity of 

3/an I s is predicted by this method, which is consistent with the simulation calculation 

of Figs 5-43 and 5-44 but is slightly higher than the 2.5 km I s predicted by the shock 

propagation model in Fig 5-30. 
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F igure 5-46 Variation of impact pressure with impact velocity. 
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5.3.6.4 Shape oflmpact Pressure Pulse 

It is known from explosive driven shockwave studies [111]-[113] that the normal 

impact of a flyer on a target generates a pressure pulse characterised by a sharp pressure 

rise, a region in which the pressure is constant and finally an exponential decay of the 

pressure to zero, as shown in Fig 5-48. 

The initial duration (flat top portion) of the pressure pulse travelling through the target 

material is usually determined by the flyer-plate thickness, although when this exceeds 

that of the target, the lesser thickness of the target can determine the pulse duration. 

When a flyer plate of thickness r5 and an impact velocity of v P collides with a target 

plate, particles in the target are accelerated in the direction of the impact and produce a 

shockwave moving away from the collision interface. Conversely, partjcJes are 

decelerated in the flyer plate, producing a shockwave travelling back into the plate. The 
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time taken by the shock to reach the rear surface of the plate is t1 = .!..._, where it is 
vs 

reflected as a rarefaction wave and returns towards the interface at the speed of sound 

cs in compressed material of thickness L5 in a time t2 = _p_!_ 
Po Po Cs 

Effectively, the initial duration of the pressure pulse at the front face of the target is 

therefore 

5 p 5 
l =I +t =-+--

dur I 2 V 
s Po Cs 

(5- 11 ) 

A simpler and less rigorous equation for the initial duration of the pressure pulse is of 

course 

28 
/ dur =u

s 

(5-12) 
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Figure 5-48 Typical shock pressure by explosive driven flyer impact. 
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The initi al duration of the pre sure pulse is predicted as ttlur = 224.81ls from equation 

(5- 11 ) and as t tlur = 166.7 ns from equation (5- 12) for the conditions of the present 

experiments, with a flyer of 250f.Jm thickness impacting an aluminium powder with 

33% TD and generating a shock veloci ty of 3.0 km Is. The powder i assumed to be 

fully compacted by the shockwave so that .f!_ = 3, with the speed of sound in the solid 
P, 

alumini.um used in the calcul ati on being cs = 5.3 km Is. 

It is clear from the calculations above that the initial duration of the pres ure pu l e is 

almost neglig ible, due to the small thickness of the Mylar flyer, and that the shock 

velocity begins its exponential decay almost immediately upon impact, as shown in Fig 

5-30. 

Another di stinguishing feature of the , hape o f the pressure pulse generated by an 

ex ploding foi l dri ven flyer impact i the pre ence of a small-magnitude but long

duration magnetic pressure exerted by the current in the gun circuit. Since the main 

impact pressure does not have any significant duration, the presence o f a magnetic 

pressure become the crucial part of the pres ure that helps to sustain the veloci ty of the 

conducting hock front in the powder. 

5.4 Flammability of the Aluminium Powder 

The aluminium powder used in the present shock compress ion experime nt has a 

relati vely high initial densi ty (> 500 kg I m3
) as compared with the typi cal upper 

flammabi lity limit ( 5- 10 kg I m3
) of combustible metal powder or dus ts (see Appendix 

D). The condition for combu tion and explo ion does not therefore exist. Furthermore, 

it was observed while preparing the experiments that the 25 f.Jm aluminium powder 

tended to form larger agglomerates with a higher effective particle size, leading to a 

further reduction in any combustion or ex plosion hazard. It can therefore be reasonably 

concluded that the possibili ty of igniting the aluminium powder used in the present 

shock compression experiments is virtuall y non-existent. 
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5.5 Conclus ions 

In this chapter, the conducting shock front produced by a Mylar fl yer impact on 

aluminium powder has been measured using TOA measurement and continuous 

velocity monitoring. Detailed analy. i of the numerical results, and comparison with 

the impedance matching me thod, confirmed that the n yer accelerati on and impact 

mode l and the shock propagation mode l are independentl y capable of reproducing 

experimental results reasonably well. The result of the hydrodynamic calculation have 

revealed the alient feature o f the shock velocity in the powder, which were u ed in a 

simulation calculation to obtain the best esti mates of the hock velocity from data 

provided by a spiral resistance probe. The P - a mode l used in the hydrodynamic code 

is shown to be capable of reproduc ing the elastic precursor phenomenon known to 

appear in hock compress ion experiment. , al though it i not upported by experimental 

data from the present shock compres ion study of aluminium powder. A further 

discussion o f the elastic precursor is g iven in chapte r 8. 
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CHAPTER 

SIX 

MAGNETOHYDRODYNAMIC MODEL FOR CYLINDRICAL IMPLOSION 

In this chapter, the mathematical model for the electric gun is extended to the case of 

cylindrical implosion (as compared to the planar case of chapter 3), with the 

hydrodynamic model being modified by the inclusion of Maxwell's equations to obtain 

a MHD model for magnetic fl ux compression under these conditions. The performance 

of the model is demonstrated by a detailed analysis of an explos ive driven shockwave 

flux compression experiment conducted by Nagayama et at [29] using metall ic powder. 

6. 1 Mathematical Modelling of Cylindrical Electric Gun 

For purposes of readabi lity and clar ity, the development of the cylindrical model is 

described in the way used in chapter 3, with a small number of equations repeated 

where necessary. It is hoped that thi s w ill allow the chapter to be read without excessive 

reference to earlier parts of the thesis. 

The most signi fi cant difference for the cylindrical case is that the Gurney calculation is 

carried out using mass per unit length, rather than mass per unit area as in th e planar 

case. 

6.1 .1 Gurney Equation for Implosion of C ylindrical Asymmetric Sandwich 

In the asymmetric arrangement of Fig 6. 1 a thin cylindrical sheet of explosive material 

of massC per unit length is confined by a flyer and tamper of mass M and N per unit 

length on the side. r1110 and rNo denote the initial positions of the flyer and the tamper. 
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At some time after an explosion, - v
111 

is both the terminal veloc ity of the imploding 

flyer and that of the gaseous explosion product in contact with it. vN is the terminal 

velocity of the tamper and the gaseous product adjacent to it. 

~ 
I 

I 
I 

I 
I 

I 
I 

I 
I 

Initial conditions 

M: Flyer mass per unit length 
C: Explosive mass per unit length 
N: Tamper mass per unit length 

After explosion 

~ 
I 

I 
I 

I -V 
1 m M c 
I 
I 

I 
I 

Figure 6-1 Asymmetric arrangement for cyl indrical implosion. 

r 

r 

It fo llows from Gurney's assumptions for a unifonnly distributed density of the 

explosion product and a liner velocity profile that 

c 
p(r) = ( 2 . 2 ) 

7!rN - r,, 
(6- 1) 

and v(r) = -v, + (; ~ vm )(r- rm ) 
N r, 

(6-2) 

The equation for the conservation of momentum is 

r/1 

0 = M (- V m)+ Nv N + J p(r ~(r )27!rdr (6-3) 

161 



Chaprer 6 Magnetohydrodynamic Model for Cylindrical Implosion 

and evaluation of the integral under the assumptions for density and velocity 

di tribution give 

(6-4) 

The equation for the conservation of energy is 

I 2 I 2 I 's.v ( )( ( ))2 Cc= - Mv, + -NvN +- p r v r 2m·dr 
2 2 2 

r., 

(6-5) 

and evaluation o f the integral in equation (6-5) leads to 

_!_ f p(r )[v(r )Y2nrdr = C [_!_( rN + 3r:, } "' 2 -~ v, v N + _!_ (3rN + rm }N 2] (6-6) 
2 2 6 r N + r, 3 6 rN + r, r., 

By sub tituting equations (6-4) and (6-6) into equation (6-5) to eliminate the tamper 

veloci ty vN, the terminal speed of the fl yer (or projectile) may be found as 

As previou ly defined, the terminal velocity of the imploding flyer i - v, . 

a) Tamper with In fi nite Mass 

For the ea e of an infinite ma s tamper N ---7 oo, such that A = 0 and 

(6-8) 
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If the diameter (or radius) is large compared to the explosive thickness, i.e. rN ~ r,, , 

equation (6-8) reduces to that previously obtained for a planar configuration of 

I 

Vm =~2Ec(~ +kJ2 
(6-9) 

b) Open-faced Sandwich 

For the case of open-face sandwich N ~ 0, so that 

(6-1 0) 

and (6-11) 

If the diameter (or radius) is large compared to the explosive thickness, i.e. rN ~ r
111

, 

equations (6-10) and (6-11) again reduce to those for a p lanar configuration 

and 

A= 1+ 2M 
c 

M 1+(1+2-H 
V111 =~2cG -+ ( ) 

C 6 1+ M 
c 

I 

2 

6. 1.2 Acceleration Solution using Ideal Gas Law EOS 

(6-12) 

(6-13) 

The procedure for obtaining the Gurney acceleration solution ts identical to that 

previously outlined in chapter 3. 

If &0 is the chemical energy density of the unreacted explosive and & is the internal 

energy density remaining in the explosive, the energy balance equation can be written as 
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(6-14) 

in which V
111 

a11d v N are instantaneous and not terminal velocities. 

Evaluation ofthe final term of equation (6-14) gives 

1 r,f~ ( \f ( )]2 2 d C [ 1 ( rN + 3r111 J 2 1 1 ( 3. r N + rm J 2] (6 l S) - p r .IIY r w r = - - V
111 

-- V
111 

v N +- v N -
2 2 6 rN + rm 3 6 rN + rm 'm 

so that the equation becomes 

C C 1 M 2 I N 2 C [ 1 ( r N + 3rm J 2 1 1 ( 3r N + t~, J 2 J 8 = £+ - V +- V +- - V - -V V + - V o 2 m 2 N 26 m 3 "' N 6 N rN+ rm rN+ r111 

(6-16) 

The equation for the conservation of momentum is 

' N 

0 = M (- V 111 ) + Nv N + f p (r }v(r )2trrdr (6-17) 

and evaluation of the integral under the assumptions for density and velocity 

distribution gives 

(6-18) 

Replacing vN by Avm in equation (6-1 6) gives 
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C£0 =C£+-Mvm +-N Avm +-- N m v, --VIII Av, +- 111 Av, I 2 1 ( )2 C [ 1 ( r + 3r ) 2 1 ( ) 1 ( 3r N + r )( )2] 
2 2 2 6 r N + r, 3 6 r N + r, 

When £ = 0, the energy injtially in the unreacted explosive has all been converted to 

kinetic energy and the temunal velocity is 

(6-20) 

By equating £
0 

to the Gurney energy density Ea and assuming an ideal gas EOS for the 

explosion product 

p 
£ = -p-;-(r-- ---.,-1) (6-21) 

we obtain from equation (6- 19) 

For a cylindrical configu ration, in which M is the flyer mass per unit length, Newton's 

equation for motion is 

dv 
P27rr =-M-"' 

111 
dt 

De:firung a new variab le by 

(6-23) 
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(6-24) 

we obtain from equation (6-22) 

8 = I (- __!:!___ dv, ) + _!_ Bv 2 

G p(r- 1) 2m·, dt 2 , 

or dvm =-p(r-1)(28 - Bv 2)27rrm 
df 2 G m M 

(6-25) 

To obtain an ordinary di fferential equation wi th only one unknown, p is eliminated 

using the initial conditions given in Fig 6-1 that at t = 0, r m = r,
0 

and r N = r No . As the 

motion proceeds to a later time T we have 

r 

1~, = r "'o- Jv, (t }it (6-26) 
0 

r r 

and r N = r No + J V N (t }it = r No + A J V m (t }it (6-27) 
0 0 

By combining these equations and eliminating the integral, we find that 

(6-28) 

and from the conservation of mass 

c 
(6-29) 

Substituting for r N from equation (6-28), gives 

c 
(6-30) 
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which a llows p to be eliminated from equation (6-25), to give 

dv
111 --=-

dt 

dvm c 
or = 

dt M 

whjch together with 

dr _m=v 
dt Ill 

(y - l X2c G - Bv
111 

2 
111 (6-3 1) 

(6-32) 

form a system of coupled first-order differential equations that can be so lved 

numerically to obtain the trajectory and velocity of the flyer. 

Once the fl yer trajectory has been found from the so lution of equations (6-31) and (6-

32), the shock pressure generated by the exploding foil in equation (6-23) can be re

written as 

(6-33) 

6. 1.3 Gurney Terminal Velocity 

As explained in chapter 3, the Gurney terminal velocity for a Mylar fl yer accelerated by 

an electric gtm depends essentially on the burst energy density, the exploding foi l 

truckness and the flyer thickness. Equation (6-7) may be used to predict the terminal 

flyer velocity if the mass density of the exploding foil p 1 and the flyer p flyer are 

known, while the free parameters are the flyer thickness 8 flyer and the characteristi c 

Gurney energy density &0 . The velocity is recorded in Fig 6-2 and Table 6-1 for fl yer 

thicknesses between 75 J.lm and 300 J.llll and for Gurney energy densities between 

1 MJ I kg and 20 MJ I kg. 25 J.lm thick aluminium foil has been chosen as the 

exploding metallic foil for calculation. 
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The variation of flyer trajectory with time obtained by solving equations (6-31) and (6-

32), for different combination of energy density and flyer thickness differ only very 

slightly from those for the planar configuration. 

Table 6-1 Gurney terminal velocity for Mylar flyer 

Energy Gurney velocity (km Is ) 

density 250 J.ll11 75 ,um 

(MJ/kg) Mylar flyer Mylar fl yer 

1 0.70 1.09 

5 1.56 2.43 

10 2.21 3.44 

15 2.71 4.21 

20 3.13 4.87 

5.---.----.---.---,----,----.---.---.~--.---, 

Cylindrical implosion 

4.5 

4 

3.5 . 

3 

Gumey 
tennin~l 2.5 
velocity 
(km/s) 2 

1.5 

0.5 

75 J.U:n Mylar 
125 ~un Mylar 
175 ~ Mylar 
250 ~un Mylar 
300 ~n Mylar 

oL_~--~--~--~~--~--~==~==~~ 
0 2 

Figure 6-2 

4 6 8 10 12 14 16 18 20 

Energy density (MJ/kg) 

Gurney terminal velocity for different flyer thicknesses and 

energy densities. 
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6.1.4 Explosive Pressure at Foil Burst 

Figs 6-3 shows the explosion pressure calculated using equation (6-33) for 250 f.DTl 

thick Mylar flyers. Again, the shape and the duration of the pressure pulses shown in 

Fig 6-3 do not differ greatly from those for a planar configuration. 

50 

40 

Pressure 30 
(GPa) 

20 

10 

E;~.-plosive Pressure (250 J..Ull Flyer, Cylindricn11mplosion) 

- &o = I MJ/kg 
- &o = 5 MJ/kg 

&o = 10 MJ/kg 
&o = 15 MJ/kg 
f.o = 20 MJ/kg 

0 ~~~~~~--~--~--~--~---~=~~:--~--~ 
-1 0 0 

Figure 6-3 

10 20 30 40 so 60 70 80 90 100 
Time (ns) 

Foil explosion pressure for a 250 f.L1n Mylar flyer. 

6.1.5 Integrated Model for the Cylindrical Electric Gun 

In this section, the Gurney acceleration solution is combined with the equations for the 

electrical circuit to form an integrated model for the cylindrical electric gun (shown in 

Fig 6-4a) to obtain a complete and detailed description of the gun performance. For 

purpose of clarity, the system of equations is listed in an order consistent with that of 

chapter 3 

169 



Chapter 6 Magnetohydrodynamic Model for Cylindrica/ Irnplosion 

z m m IT\ p f 

r 

(a) 
rm rN 

rm I r 

rN 

I 
---..... 

r 

(c) 

Figu re 6-4 Electric gun (a) cylindrical geometry, (b) equivalent electrical circuit and 

(c) approximation for mass den ity, veloc ity distribution and magnetic flux density. 

a) M ass of fl yer, exploding fo il and tamper 

The foil ma m 1 i related to the explosive mas · C per unit le ngth by the expre ion 

and simi lar expression apply for the tamper and flyer mass per unit length 

mP 
M=-1 , 

I 

b) Gurney assumptions 

(6-34) 

(6-35) 

The two fundamental assumptions of chapter 3 will be used again. Following the 

explosion, the mass density of the foil pia ma is assumed to be uni form, so that 
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(6-36) 

The ve locity profile for the explosion product is assumed to be linear, so that 

V +V ( ) v(r) = -v + N "' r - r m m (6-37) 
rN -rm 

c) Magnetic field equation 

The thickness of the foil plasma is assumed to be much less than the magnetic diffusion 

skin-depth, so that the magnetic flux density varies linearly across the fo il as shown in 

Fig 6-4c. 

B(r)= B, (r-r,, ) 
rN - J~, 

(6-38) 

d) initial conditions 

Initially, at t = 0, the metal lic foi l occupies the space between r,
0 

and rNo and the 

retum conductor is located at r = t~ . The thickness of the metallic foil 81 is given by 

(6-39) 

e) Resistance and inductance of foil 

For the cylindrical geometry ofFig 6-4a, the initial foi l resistance is given by 

(6-40) 

where Y01-g = 0.5k, + rN) iS the mean radiUS of the foi l (or foil plasma). 

If the foi l inductance is separated into two parts L 1 = L1 + L;, where L1 is associated 

with the tamper and L; with the foil plasma, the component inductances are 
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(6-41) 

and (6-42) 

t) Electri cal circuit 

The equations for the equivalent electrical circuit ofFig 6-4b are 

C dVb = I 
b dt b 

(6-43) 

Rbi b + Lb dlb + ~((L1 + L1 )Ib ]+ R f i b = Vb 
dt dt 

(6-44) 

and Rr(8)=Rro f(c) (6-45) 

where 8 is the specific energy density deposited in the metallic foil and /(8) is the 

fractional resistance increase as a function of specific energy deposited in the foil as 

defined in the LU model of chapter 3. 

g) Foil burst criterion and burst energy density 

di 
The time of foil burst t bursr is detennjned by the burst criterion d: = 0, when the 

corresponding energy density deposited in the foil is 

8 burst = 8(t bum ) (6-46) 

The burst energy density used in the Gurney acceleration so lution is 

8 G = 8 burst k corrt (6-47) 

where k com ~ 1.0 is the explosive quality factor. 
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h) Motion of .flyer 

The equations of motion for the flyer are 

and 

drm 
-=V 
dt 111 

where P8 is the magnetic pressure, given by 

and Pex is the foi.l explosion pressure given by equation (6-33). 

i) Motion of tamper 

The equations of motion for the tamper are 

drN 
-= V 
dt N 

and dvN _ A dv, -- - - --
clt dt 

j) Kinetic energy 

(6-48) 

(6-49) 

(6-50) 

(6-5]) 

(6-52) 

By integrating the velocity profile in equation (6-37), the combined kinetic energy of 

the foil plasma, tamper and fl yer is 

{ 
( z z)} m 2 2 r v +rv 1 1 w =_j_ (v +V ) + N N m m +-m V2 +-m V2 

k 12 m N ( ) 2 1 N 2 p m rN + rm 
(6-53) 
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k) Magnetic energy 

Integration of the magnetic fi eld profile in equation (6-38) gives the magnetic energy 

within the foil as 

(6-54) 

I) Conservation of energy 

The conservation of energy [65] is expressed by 

(6-55) 

while if W, =m 1& + W8 + WK, equation (6-55) becomes 

dW, = R I 2 +_!_I2 ( dL1 + dL; )+l_~(L.! 2 ) 
dt I b 2 b dt dt 2 dt I b 

(6-56) 

6.1.6 N umerical Solution 

Equations (6-43), (6-44), (6-48), (6-49), (6-51), (6-52) and (6-56) form a set of seven 

independent ordinary differential equations, with the principal dependent variables 

being Vb, l b, r"', v"', rN, vN and W,. The so lution for the set of non-linear coupled 

ordinary differential equations describes the behaviour of the electrical circuit as well as 

the temporal evolution of the exploding fo il plasma, the flyer and the tamper. When the 

so lution is combined with the ideal gas Jaw EOS, important foil plasma propetties (e.g. 

mass density, and tamperature) and the explosion pressure can be obained. In the 

present research, a computer program is implemented in Mat/ab© to provide all the 

information needed for comparison with experimental data. 
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6.2 Magnetohydrodynamic Model 

The development of the present MHD model, which is an extension of the one

dimensional hydrodynamic code and is used to describe the flow of a conducting fluid 

or plasma in a magnetic field, involves two main efforts (1) a conversion to curvilinear 

cylindrical co-ordinate system and (2) the inclusion of Maxwell's equation for the 

electric and magneti c field. 

The conversion to a curvilinear cylindrical co-ordinate system did not pose any major 

difficulties, with the most difficult task being the inclusion of Maxwell's equation in an 

appropriate form suitable for computer iterations. 

Although numerous MHD models have been reported [1 14] - [117] for different areas 

of applications, only a small number are concerned specifically with magnetic flux 

compression by cylindrical implosion. Kidder [116] and Almstrom [100] have carried 

out numerical calculation in one dimension while Tipton [117] has developed a 2-D 

MHD model for cylindrical implosion. The work of both Kidder and Almstrom 

contains detai led descriptions of the scalar one-dimensional MHD equations using the 

Lagrangian form, with the system of equation described by Almstrom being simpler 

than that by Kidder through neglect of the heat conduction term. However, insufficient 

information on the numerical scheme was given to facilitate computer programming. 

Recently, Humphries Jr [61) reported a one-d imensional MHD code termed CRUNCH, 

with a description of the finite difference equations used in the numerical scheme. 

Whi le the CRUNCH code was designed for a Z-pinch driven imploding metal liner used 

for generating high-pressure impact on a centrally located target, and not for magnetic 

flux compression, it nevertheless provided useful insight for solving the difficult 

problem of combining the hydrodynamic solution with Maxwell's equations. To some 

extent, the present MHD model contains different ideas and techniques that result from 

a detai led study of the published works of previous researchers. 
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6.2.1 MHD Equations 

The equations for the conservation of mass, momentum and energy are [ 11 8] 

and 

ap ( -) 
-+\7 ·\PV = 0 at 

p( ~; +~ v~)~-VP +(fxli) 

p! ( e+ v;)+ p(~ vte+ v; ) ~-V ~P)+ l . E 

(6-57) 

(6-58) 

(6-59) 

which describe the continuum-mechanical model for a material subjected to shockwave. 

Maxwell 's equati.ons for the simplified single-fluid form of Ohm's law are [116] 

\7-B=O (6-60) 

\7-D = pe/ (6-61) 

- aB 
(6-62) \lxE=--at 

- - aD - an = O (6-63) \lxH=J+-~1, at at 

and J = er(£ + ~ x B) (6-64) 

For shockwave calculation, viscous and body forces (such as gravitation) are neglected 

in comparison to the pressure gradient and the magnetic pressure term in the momentum 

equation. Furthermore, the thennal conductivity term in the energy equation is ignored, 

because the magnetic flux compression process is sufficiently rapid for there to be time 

for significant heat conduction to take place, and the displacement current term because 

the shockwave velocity is many orders of magnitude smaller than the speed of light. 

The model is considered quasi-static from the electrodynamic point of view and effects 

of electromagnetic radiation are not considered. 
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Introducing the total ti me derivative 

-· - - -

d a -
-=-+v·'V 
dt at and the electric field 

E = E + vx B in the frame of reference moving with the shockwave, the system of 

equations takes the fonn 

and 

dp -
-+p\l·v= O 
dt 

-
dv {- -) 

p- = -\lP+~JxB 
dt 

d ( v
2 J (- ) - -· p-· &+- =-\l· vP +J·E 

dt 2 

dB = - \l X E. + \l X (~ X B)+ (~ 0 \l) 
dt 

- 1 -
J=-\lxB 

J.lo 

-
-· J 
E =-

a 

(6-65) 

(6-66) 

(6-67) 

(6-68) 

(6-69) 

(6-70) 

which provides one of many possibilities of combining the hydrodynamic and Maxwell 

equations. The model is simplified by assuming cyl indrical symmetry, with all 

variables depending only on the radial co-ordinate and time. The magnetic field is 

assumed to be directed along the cylindrical axis, with the electric field and current 

density having only azimutha l component. The particle velocity is in the radial 

direction. 

For one-dimensional cylindrical symmetry 

B =B. (r);, p = p(r) 

-· = E~ (r )B, P = P(r) E 

J = J0 (r'jJ, & = &(r) 

~ = v(r); and a = <~(r) (6-71) 
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which gives the scalar system of equations 

and 

dv oP 
p-=--+JoB. 

dt or . 

• 1 oB. 
Jo =aEo =---· 

Jl or 
E; =E0 -B=v 

(6-72) 

(6-73) 

(6-74) 

(6-75) 

(6-76) 

(6-77) 

In equation (6-70), E; is the electric fi eld measured in the moving frame of reference 

and E0 is the electric field in Eulerian form. Further simplification is possible by 

eliminat ing E; from the magnetic fi eld equation and using the Lagrangian mass eo-

ordinates 

r 

s = J p(r')r' dr' 
0 

I.e. 
os 
- =pr or 

The final simplified system of scalar diferential equations becomes 

dr 
- =V 
dt 
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cl&= -P~(rv)+ l oE; (6-83) 
clt as p 

dB= = -1 .!_~(!_ aB=)- B= ~(rv) 
dt 1-Lo r ar (J ar r ar 

(6-84) 

J _ E" __ _!_ aB" 
o- CY. o -

JL ar 
(6-85) 

and E; = E0 - B=v (6-86) 

Equation (6-84) is the generalized diffusion equation for magnetic fields, in which tbe 

ftrst term is the diffusion term and the second represent the field increase due to 

magnetic flux compression (i.e. it is a generation term). The equation can alternatively 

be written as [ 1 00] 

(6-87) 

6.2.2 Computational Domain 

In Fig 6-5, the mesh points rt 1 are the boundaries between elements and the particle 

velocities vt are defined at the cell-boundaries. The index j denotes the spatia] 

position of the elements. Integer superscripts n and n + 1 mean element properties at 

integer multiples of the time step, e.g. v; = vj (n~t) , v;+1 = vj((n + 1)6-t). For time

centering, the average values (over time) of the cell boundaries and pruticle velocities 

are denoted by superscript n +0. 5 , e.g. .• n+O.S _ 0 5(rn + n+l ) 
1 j - . j r j and 
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Figure 6-5 Computational Domain. 

The cell boundaries divide the material into elements of equal mass. Using the 

definition of the Lagrangian co-ordinate for one-dimensional symmetry, the total mass 

per unit length is 

R. R 2 

So = Po Jrdr = Po _ o_ 
R 2 

I 

(6-88) 

where R; and R0 are the inner and outer radii (i.e. the limits) of the computational 

S R 2 

region. The computational grid is divided into n elements of ds = - 0 = p
0 

-
0

- mass 
n 2n 

per unit length. From the definition of the Lagrangian mass co-ordinate, we have 

( 0 0) r .+1 -r . 
m . = as = p J ) 

) 0 2 (6-89) 

enab ling the initial cell boundaries to be computed using a recursive a lgorithm starting 

at the inner radius 

(6-90) 
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2 2 R 2 r -r1 ds = p o .....:2:....___:_ = p - •-
2 ° 2n 

R 
2 

2 
rJ.+I = _o_+ r . ' 

n J 
j=3···(n +1) 

6.2.3 Finite Difference Scheme 

r. -2 -

2 
Ro R 2 --+I 

11 
(6-91) 

(6-92) 

The fmite difference scheme for solving the set of scalar MHD equations is similar to 

that described in chapter 4 for the hydrodynamic model. The location and the velocity 

of the conducting shock front provide essential links that couple the hydrodynamic 

calculation with the Maxwell's equations. 

The hydrodynamic and the magnetic solutions are advanced in synchronism. The 

magnetic so lution couples to the hydrodynamic solution, partly through the contribution 

of resistive heating to changes in the internal energy. In addition, magnetic forces 

contribute to velocity changes at the element boundaries. In turn, the hydrodynamic 

so lution influences the magnetic diffusion through changes in the element sizes and 

variations in electrical conductivity with mass density. 

6.2.4 Finite Difference Equations 

The finite difference equations are listed below in the order of their computation. 

a) Momentum equation 

Firstly, the velocity is updated by determining the acceleration at each mesh point from 

the sum of the average pressure forces at the weighted average positions of the 

surrounding elements and the total enclosed mass. D.s is replaced by the average value 

of the two adjacent mass elements o.svnj + mj-l ) 
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1 l( (B "+o.s )
2 J ( (B"+o.s )

2 J~ = -r 11+0.S _ p 11+0 S + :.j _ P ~'+0.5 + :.j-1 

) !li ) 2 ;-I 2 # o Po 

!:!. [ (B
11 . B "~1 

B" . B"+.' J~ v'~+ l = v'~ _ ,. ~~+0.5 t (p~+O.s _ p:'~o.s )+ :.; :.; _ :.1- t :., - t 

) ) ) 0 s(m . +m . ) ) ;- 2J1 2 11 
• 1 ; - 1 o r o 

(6-93) 

n+0.5 = 0 s( 11 + 11+1 ) vi . vi vi (6-94) 

Boundary conditions v;~+' and v~~~ are con idered in the solution of the equation of 

motion. The new velocity values are used for a time-centred update of the element 

boundaries 

or 

= v'~+o.s 
) 

11+0.5 - 0 s( _11 + n+l ) r . - . 1 . r . 
J J I 

b) Continuity (or conservati on o f mass) equation 

(6-95) 

(6-96) 

The mass within a cell is invariant, but its volume may change with time due to 

expansion or compression of the material 

(,. ~1+ 1 )2 _ (r ~'+ ' )2 
v :'+' = ;+I 1 

1 2m . 
1 

(6-97) 

(6-98) 

c) Electrical conductivity 

The density-dependent electrical conduc tivity model that describes the insulator-to

conductor transition of shock-loaded metallic powder is used to provide new values of 

electrical conductivity for each element. Thus 
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(6-99) 

d) Conducting shock front 

The location and velocity of the conducting shock front is updated using new values of 

e lectrical conductivity. 

e) Magnetic field equation 

The magnetic field equation (6-84) is decomposed into (1) a generation equation and (2) 

a diffusion equation. The location of the conducting shock front in the shock

compressed powder separates the computational domain into two regions of ca lculation. 

Ahead of the shock front, and in the unshocked, insulating aluminium powder, the 

generation equation is solved to obtain the new, compressed value of magnetic flux 

density. Behind the conducting shock fi·ont, the magnetic diffusion equation is solved 

by the Crank Nicholson method [67] with the resulting tri-diagonal matrix system 

solved by an efficient itrerative algorithm known as the Thomas method [67]. 

f) Azimuthal electric field and current density 

The az imuthal electric field and current density are calculated from the derivative of the 

axial magnetic field. Thus 

1 r ~r+ l (B"+.I - B "+.l ) 
·n+l 1 z.1 :,1- 1 

Jo.j = - - v n+l 0 s( ) 
1-l i . m i + m i - l 

J n+l 
E · .,+1 _ __!!:L 

o.j - a~+l 
1 

g) Energy equation 

(6-1 00) 

(6-1 01) 

The change in internal energy is determined from the work performed by the pressure 

and the resistive heating due to the current density, or 
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( 

n+0.5 n+0.5 n+0.5 V n+0.5 J r . 1 v. 1 - r. . 
&'!+1 = &~ + /1[ W . _ p~r+O.S J+ ;+ ; 1 

J ; ; ; m . 
J 

(6-102) 

( J "+.t +J" . )(E··".+t +E.·".) 
h W V n+1 0.; 0.; 0,) O,j w ere . = . 

J J 2 2 
IS an intermediate quantity representing 

Joule beating. 

h) Equation of state 

The internal energy and mass density give new values for the pressure through the EOS 

(6-1 03) 

i) AJ.iificial viscosity 

The new velocity flow field is inspected for calculation ofthe artificial viscosity 

l'f n+t < n+1 
v j _ v j+ t , 

then in quadratic fonn 

or in linear form 

Qn+1 - c2 ( n+1 n+1) . - --c v . 1 - v . 
1 v~•+1 s j + 1 

J 

where c1 and c2 are constants and cs is the local speed of sound. 

j) Hydrodynamic pressure 

(6-104) 

(6-105) 

(6-1 06) 

A modified two-step method is used to update the pressure field, which will be used in 

the solution of the equation of motion in the next iteration 
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p~+O.s = 0. 5(p~ + Q~ + p~•+l + Q~+l ) 
) ) J ) J 

(6-1 07) 

6.2.5 Alfven Velocity and Stability Criteria 

At the end of each computing loop, the time step dt to be used in the next iteration is 

obtained by considering the stabili ty criteria for both the flow calculation and the 

algorithm used in calculating the diffusion of magnetic flux through the conducting 

shock front. Choosing a time step that is the smaller of the two values so obtained 

ensures numerical stability. 

(6-1 08) 

where 

(6-109) 

and A •• n + l _ n+ l _ ,. n+ l 
urj - r j+l 1 j (6-110) 

is the stability criterion for the Crank-Nicholson algorithm used in calculating the 

diffusion of magnetic flux through the conducting shock front and r-1111 is the stability 

criterion for the flow calculation. 

The presence of a magnetic field in the flow calculation introduces an intrinsic velocity 

termed the Alfven velocity [75], which is the velocity at which the kinetic energy 

density of the fluid is equal to the magnetic energy density 

or ( 6-111 ) 

The speed of sound cs in the Courant-Friedrichs-Levy (CFL) stability condition [72] is 

replaced by an effective speed c A , defined as the geometric mean of the Alfven 

velocity v.., and the speed of sound cs or 
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(6-1 12) 

to give the stability criterion for the flow calculation as 

(6-1 13) 

6.3 Numerical Analysis ofNagayama Experiment 

In this section, the MHD model is applied to the analysis of the explosive driven flux 

compression experiment using porous metal powder [29]. It is used (1) to verify the 

computer code that has been implemented using Mat/ab© and (2) to obtain a better 

understanding of the physical processes in shockwave magnetic flux compression using 

metal powder. 

6.3.1 Experimental Conditions 

In the experimental arrangement used by Nagayama (see Fig 6-6), a solenoid at the 

outer-most part of the assembly is used to produce the initial magnetic field. Ring

shaped layers of plastic explosive are placed inside a 3.0 mm thjck PMMA 

(Polymethylmethacrylate) pipe, with a magnetic probe located at the centre of the 

assembly holiling the metal powder. The outer djameter of the powder is 46 mm 

(radius = 23 mm), but that of the magnetic probe was not reported. However, for 

numerical purposes, it wi ll be assumed as 2.3 mm , giving a convenient theoretical 

compression ratio of 100. 

To veri fy the previous analysis, modelling was performed for experiment number 1 

reported in [29], where aluminum powder with an initial density of 0.41 g I cm3 and a 

maximum particle diameter of 461-Lm was used to compress an irutial magnetic field 
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Explosively driven shockwave magnetic flux compression [29). 

6.3.2 Considerations for Numerical Simulations 

The plastic explosive SEP used by Nagayama is not well known outside Japan. 

However, based on the mean shock speed of 2.62 km I s inside the loose aluminium 

powder, it appears to be less energetic than TNT or composition B, which have 

detonation speeds of between 6 km I s to 8 km I s . From Fig 1 in [29) it can be 

observed that the thickness of the explosive is comparable to the outer radius of the 

powder container. It is therefore reasonable to assume that the pressure exerted by the 

20 mm thick explosive would have a duration considerably larger than the implosion 

time of about 7.9 f.1S. For numerical simulation, the explosive is represented as a 

constant pressure applied to the extemal boundary of the aluminium powder (Fig 6-7). 

The magnitude of this explosive pressure becomes a free parameter in the calculation 

and it is chosen heuristically to reproduce the implosion time of 7.9 f.1S. 
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Computational grid for Nagayama's experiment. 

The powder material was represented by 120 computing elements, with an initial grid 

spacing ranging from 100 Jlm at the outer boundary (near the explosive) to 800 Jlm at 

the inner boundary (near the magnetic probe). On a PC computer the computation time 

required for each iteration is about 0. 1 s, which is estimated from the total computing 

time of about 30 minutes to complete a calculation with 30,000 time steps. The time 

step between iteration is usua lly less than 0. 1 ns. 

6.3.3 Numerical Results 

The results of a calculation fo r a constant explosive pressure of 3.4 GPa are shown in 

Fig 6-8 to 6-13. The value of 3.4 GPa used for representing the explosive pressure is 

consistent with the low average shock speed of 2.62 km I s, because high explosives 

such as TNT or composition B are known [55] to generate pressures in the range of 

15 GPa to 25 GPa. 

Fig 6-8 shows the distortion of the Lagrangian computational grid for the aluminium 

powder, with the compression of the aluminium powder by the constant shock pressure 

of the explosive being clearly visible. The shock front arrives at the magnetic probe at a 

time of 8.2 f1S, followed by the compressed and conducting region that moves with a 
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lower particle velocity. In Fig 6-9, the trajectory of the conducting shock front is shown 

in relation to the experimental configuration. The shock velocity in Fig 6-10 has an 

initial delay of 0.3 ps, corresponding to the time needed to compress the powder to 

near-solid density, to give the flux compression time of 7.9 JIS reported by Nagayama. 

Initially the imploding shock velocity is almost constant, but as it moves nearer to the 

axis, the shock velocity begins to increase at a growing rate because of (1) the focussing 

effect of a converging cylindricaJ shockwave and (2) the snow-plow effect caused by an 

elastic precursor (see section 5.3.5.3). At the origin (or axis), the shock pressure will 

theoreticaJly increase to infinity. In the calculation, the shockwave collides with the 

magnetic probe at a radius of 2.3 mm, so that the shock speed reaches a fi nite maximum 

at about 4 km / s . 

Radius 
(mm) 

Figure 6-8 

Computation Grid (Aluminium Powder) 

Time (JJS) 

Computation grid for the aJuroinium powder. 

The conducting shock is shown in red. 
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Fig 6-11 shows the solutions for the electric and magnetic fields, with the simple switch 

model for the electrical conductivity of the shock-compressed aluminium powder being 

used in the calculation. It is assumed that the shock-compressed powder will attain a 

fraction k of the electrical conductivity of aluminium at so lid density and STP. The 

factor k is a free parameter that was chosen as 140 (Fig 6-13a) to reproduce the 

compressed magnetic flux density of 1 MG (1 00 T) obtained by Nagayarna. It is 

probably over simplistic to assume that the electrical conductivity remains constant over 

the duration of the flux compression process, but tl1is analysis nevertheless improves the 

understanding of the powder compaction and flux compression processes. It is 

interesting to note that the electrical conductivity of the converging liner (in this case 

shock-compressed powder) remains the dominant flux loss mechanism. 
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Figure 6-11 Computer results (a) azimuthal electric fi eld E0 , (b) clBz I dt, (c) 

azimuthal current I 0 and (d) compressed magnetic flux density Bz. 
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The compression of the magnetic flux density with time is shown in Fig 6-12, with 

0.5 ps as the interval between plots. The magnetic flux density of 4.9 T is initially 

constant throughout the powder and it is compressed by the sbockwave to 100 T , with 

a signi ficant diffusion loss being shown by the presence of magnetic flux behind the 

shock front. 
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Figure 6-12 Magnetic flux density B=. 

The time variation of the magnetic Reynolds number shown in Fig 6-13 reveals an 

important characteristic of flux compression using metallic powder. If the electrical 

conductivity of the compressed powder remains constant, the increase in the powder 

thickness and the increase in the shock velocity (due to the focussing effect of 

converging cylindrical shockwave) both imply that the flux compression process should 

improve rather than deteriorate with time. This is distinctly different from many 

physical processes that tend to deteriorate with time due to various instabilities. 
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Figure 6-13 Computer results (a) resistivity profile, (b) shock velocity, (c) powder 

thickness and (d) magnetic Reynolds number. 

It is clear from the present analysis that the explosive dri ven shockwave generation 

method is much simpler than that of the exploding foi l driven technique described in 

chapter 5. Detailed hydrodynamic calculation is only required for the powder material, 

whi le the explosion product is represented fai rl y accurately by a constant or quasi-static 

shock pressure at the powder boundary. The simplicity in the physical processes 

usuall y leads to a more reliab le technique, which could be another advantage of the 

explosive driven shockwave generation method, to add to the longer pressure pulse 

duration. 

6.3.4 Initial Powder Density and Magnetic F lux Compression 

It was reported by Nagayama et al [29] that (1) the resulting magnetic flux compression 

was highly sensitive to the initial powder densi ty and (2) a lower initial powder density 

gave better resul ts. 
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The relationship between initial powder density and fl ux compression efficiency can be 

understood by combining equation (2-30) for shockwave flux compression with 

equation ( 4-78) for the EOS of powder material to give 

dB = }:_ {1- TD P sB 
dt r s 

(6-114) 

which implies that, the lower the TD (i.e. the higher the porosity) the better the flux 

compression efficiency. This equation is of course not valid at the ex tremes of 0% TD 

and 100% TD, since it is known [9], [10], [22], [23], [11 9] that a solid metal liner has 

been successfully used in magnetic flux compression by cylindrical implosion. At the 

li mit of 0% TD , which implies the absence of any conducting liner, it is c lear that flux 

compression cannot take place with perfect conductivity in air (or vacuum) without any 

losses. The lowest practical powder density appears to be 15% TD , as reported by 

Nagayama [29]. 

Since equations (4-78) and (4-79) for the EOS of powder materi al are va lid only for 

high-porosity material with a ~ 2 (or TD ~ 50% ), it is reasonable to assume that 

equation (6-114) is valid for initia l powder density in the range of 15% TD to 50% TD. 

6.4 Conclusion 

In this chapter, the mathematical model for the planar e lectric gun has been extended to 

the cylindrica l implosion configu ration. The P- a model (for the EOS of alumiJ1j um 

powder) and the simple switch model (for the electrical conductivity of shock

compressed powder) have been shown to be suitable for use in a MHD model to analyse 

Nagayama's explosive driven flux compression experiment. The results obtained from 

the computer model have helped to identify the key characteristics of the explosive 

pressure necessary for successful powder compaction and flux compression to 

megagauss level, with the dominant flux loss mecharusm being undoubtedly the 

electrical conductivity of the shock-compressed powder. 
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CHAPTER 

SEVEN 

MAGNETIC FLUX COMPRESSION BY A CONVERGING SHOCKWA VE 

This chapter describes the detailed des ign of the major components of the cylindricaJ 

imploder and the experimental programme for shockwave flux compression us ing 

aluminium powder. The TOA data thereby obta ined is anaJ ysed, using the new e lectric 

gun model of chapter 3 to provide useful insight into the implosion process. To 

unde rstand this process, the rate-of-change of magnetic flux density (B-dot) is analysed 

using ( 1) a simple model for flu x compression and (2) the MHO model of chapter 6. 

Although the quality of the foil explosion was not ideal, the large stand-off between the 

exploding foil and the powder assembly nevertheless allowed the flyer to be accelerated 

to an impact velocity of between 1.1 km/ s and 1.5 km/ s, thus enabling magnetic flux 

densities of about 40 T to be obtained from an initia l flux density of 6 T. 

7. L Cylindrical Imploder 

The cy lindrical imploder used he re has the cylindrical electric gun configuration of Fig 

7-1, consisting of (1) a parallel-p late transmiss ion line (2) a cylindrica l current 

conductor (3) a high-voltage insulator and (4) an exploding foil/flyer package. Two 

end-p lugs are used ( l ) to secure the magnetic field probe and the powder assembly (2) 

to form the barrel for guiding the Mylar fl yer on its fli ght towards the powder assembly 

and (3) to provide the necessary stand-off between the powder assembly and the 

exploding foil/fl yer package. For the present experimental programme, the main 

capacitor bank powers the gun to explode and accelerate the Mylar fl yer, while the 

auxiliary capaci tor bank powers the field coil , to establish an initia l magnetic field 

which is compressed by the shockwave jn the powder and measured by a centrally 

located magnetic fie ld probe. 
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Figure 7-1 Schematic of the cylindrical imploder (electric gun). 

7 .1. 1 Design Considerations 

The design of the cylindrical imploder for magnetic flux compression is guided by three 

main considerations (1) a high initial magnetic field, detennined by the stored energy of 

the auxi liary capacitor bank (2) a high flux compression ratio, detem1ined by the ratio 

of the initial to the final radius of the imploding liner and (3) a high flux conservation 

coefficient, detennined primari ly by magnetic flux diffusion through the liner during 

implosion. The stability of the implosion process is also important for achieving 

repeatable performance. 

In the case of a metallic liner, the initial radius is usually chosen to be ten times the final 

compressed radius [29], which depends on the overall radius of the magnetic field 

probe. If the smallest epoxy-cast probe has an overall diameter of about 4 mm ( 2 mm 

radius), the initial liner radius would have to be at least 20 mm to achieve a flux 

compression ratio of 100. 
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In the case o f shockwave flu x compression in aluminium powder, the flu x compression 

ratio js determined by the ratio of the outer to the inner radii of the powder assembl y. In 

turn , the outer diameter of the assembl y depends on the radius of the cylindrical 

exploding foil and the sta nd-off dista nce needed for the Mylar fl yer to reach te rminal 

veloc ity. The inner diame ter of the powder assembly (or indirectl y the thi ckness of the 

powder sample) depends however on the attenuati on of Lhe shock pressure (and with it 

the shock velocity) in the powder. Although detailed information on the shock 

propagation in powder was not availble at the beginning of the experimental 

programme, it was assumed, based on a TOA measure ment with a coaxial contact probe 

situated 10 mm into the powder (see chapter 5), that the conducting shock f ront is able 

to penetrate at least 5 mm into the powder. Thus for the experimental programme, the 

thickness of the powde r sample was between 2 nun and 6 mm. 

7. 1.2 Main Capacitor Bank 

The main capacitor bank used for powering the cy lindrical imploder (or electric gun) is 

an ex isting pulsed CLm·ent source that comprises nine low- inductance high-vo ltage 

capac itors that can be charged to a maximum o f 30 k V . The capacitor bank is usuall y 

charged to 25 k V (with a stored energy of about 80 kJ ) and operated by a solid 

dielectric switch with a 60 kV trigger pulse supplied by a Blumlein system. An 

inducti ve (I-dot) probe is used to measure the rate-of-change of cutTent in the electric 

gun . 

The bank has a total capac itance C" of 248 JJ-F , and the inductance L" and resistance 

R" of the parallel-plate transmission line were determined by a short-circuit test as 

40 nH and 3.5 mQ respecti vely. 
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7. I .3 Aluminium Exploding Foil 

A parametric study usmg the system of equations for the cylindrical electric gun 

(chapter 6) was carried out to determine the dimension of the exploding foil. An 

insulator thickness of 3 mm was asswned, and the foil diameter was varied between 

22 mm and 80 mm . The height (or length) of the exploding aluminium foi l was varied 

between 60 mm and 80 mm . Figs 7-2 and 7-3 show the predicted discharge current and 

foil voltage for a calculation using a 60 mm foil height. The time of foil burst obtained 

by the model ranges from 1.27 J..1S for a 22 mm diameter foil to 3.08 ,.U\' for one of 

80 mm diameter (Fig 7-2). The final foil diameter selected for the cylindrical electric 

gun was 22 mm diameter, gjving a foil burst time of as close to 1.0 J..1S as could be 

acheived. The current at burst is c lose to 600 kA (Fig 7-2) and the foil voltage is 

theoretically close to 100 kV peak (Fig 7-3). 
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Figure 7-3 Peak fuse voltage for 60 mm (height) x 25.4 J.lln aluminium foil. 

7.1.4 High-Voltage Insulator 

The high-voltage insulator adjacent to the cylindrical exploding foil provides the 

necessary insulation to guide the current flow through the cylindrical imploder. The 

main design considerations were (1 ) the dielectric breakdown strength and (2) the foil 

inductance. Two types of insulator material were considered in the design of the 

cylindrical imploder and their material properties are given in Table 7-1 . 

Table7-l Characteri stics of plastic insulators 

Polyvinylchloride Polyethylene 

(PVC) (PE) 

Specific gravity 1.46 0.93 

Dielectric Strength ( k V/mm ) 20 to 50 20 

Thermal Conductivity 0. 14 0.42 

(W I K·m ) 

Melt Point ( ° C ) - 130 
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Initially, the insulator was made from two pieces of PVC material, with a hollow 

cylindrical PVC piece glued to a fl at PVC plate using a PVC adhesive. This design was 

however soon rejected because (1) the PVC was found to be brittle, and easi ly broken 

into numerous pieces by the shockwave from the exploding foil and (2) the joint at the 

base of the cylindrical piece and the PVC adhesive was susceptible to high-voltage 

breakdown. The PVC material was replaced by polyethylene (PE) and the joint at the 

base avoided by machining the insulator from a single polyethylene block. Additional 

Mylar sheets (1 0 of 700 x 700 mm x 100 ,um thickness) were used to supplement the 

polyethylene insulator to prevent breakdown between the two brass transmission plates. 

The inductance ofthe exploding foil is given by the formula for a co-axial conductor 

L = 1-')r ln( roJ 
r 2rc r. 

r 

(7-1) 

where r
0 

is the inner radius of the cylindrical current conductor and r1 is the outer 

radius of the exploding foil. For an insulator with 22 mm inner diameter and 3 mm 

thickness, the cyl indrical exploding foil contributes an inductance of about 3 nH to the 

overall circuit. 

7.1.5 Cylindrical Current Conductor 

The cylindrical current conductor on the outside of the imploder device must meet 

several requirements. It must be sufficientl y strong structurally to withstand the intense 

pressure from a foi l explosion and it must be low in resistance to catTy the pulsed 

current ( > 500 kA) discharged by the main capacitor bank. However, its resistance 

must not be too low, in order to allow the initial magnetic field to penetrate quickly into 

the imploding device. Stainless steel with a thickness of about 10 mm was selected 

because of its high mechanical strength and moderate electrical conductivity. 
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7.2 Initial F ield Coil 

The design goal was to achieve an initial magnetic flux density of 6 T, using a simple 

and robust configuration that will allow the field coi l to be constructed in a short time 

and possibly to be re-used in a nwnber of experiments. Among the solutions considered 

for the initial field coi ls were (1) a Helmholtz coi l pair [1 L 9] and (2) a multi-layer 

helical coil (sometimes refeiTed to as a thick solenoid). Due mainly to the relatively 

simple construction of helical coils, the latter design was selected for implementation. 

7.2. 1 Aux iliary Circuit 

The main components in the auxil iary circu it of Fig 7-1 are (1) the auxi li ary capacitor 

bank (2) the start switch SI (3) the protecti ve fuse (4) the initial field coi l and (5) the 

trigger coil. 

The auxiliary capacitor bank consisted of eight capacitors (Fig 7-4), each rated at 

300J-LF I 4kV but usually operated at a 3.5 kV to give a stored energy of 14.7 kJ. 

The start switch S1 (Fig 7-4) was modified from a simple nail-switch, and is operated 

by an electromagnetically-controlled striker to close a pair of scissor-shape electrodes. 

Despite a high-current pulse of about 15 kA in the auxiliary circuit, U1is simple 

construction was possible because of the relatively low-speed of the capacitor 

discharge. After each experiment, the electrodes have to be repaired, us ing a metal fil e 

to provide the c lean and smooth surfaces essential for reliable operation. 
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Figure 7-4 Auxiliary capacitor bank. 

The trigger coil of Fig 7-4 is simply an epoxy-cast multi-turn solenoid. It is used to 

detect the start of current flow in the auxiliary circuit by producing a voltage that is 

proportional to the rate~of~change of current, as with an inductive probe. 

The protective fuse, which is used to prevent reverse voltage damage to the auxiliary 

capacitor bank, was made from a copper exploding foi l (55 x 55 mm x 17 f1l11) and 

embedded in fine silicon sand. 

7.2.2 Circuit Analysis 

Since the field coil has to produce a uniform magnetic field inside the cylindrical 

imploder, its design is tightly coupled to that of the cylindrical electric gun and the 

starting point is the outer diameter of the cylindrical current conductor. After allowing 

a small gap of 1.5 mm to accommodate a thin PVC mandrel, the inner radius ( r
0 

in Fig 

7-5) of the coil can be defined. The height of the coil (h = 55 mm ) is determined by the 

height of the implosjon regjon. The dimensions and current-carrying capacity of the 

wire used for the coil was another consideration for the coil design. For the present 

experiment, insulated wire of 4.0 mm 2 conductor cross sectional area and overall 

diameter 4.0 mm suitable for up to a 20 kA current pulse [24] was chosen. 
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Thick solenoid 
field coil 

Magnetic Flux Compression by A Converging Shockwave 

h, 

-+--~ ······ · · · · ~ 
I 

Cylindrical current 
conductor 

h 

Figure 7-5 Multi-layer initial field coi l and cylindrical cunent conductor. 

The equations for the aux iliary circuit of Fig 7-6 are 

C dVnu.r = J 
ma dt au.r (7-2) 

(7-3) 

Figure 7-6 Auxil iary circuit, subscript 'aux' is for the auxiliary capacitor bank, 'fuse' 

for the protecti ve fuse and 'coi l' for the field coil. 
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The inductance of a multi-layer solenoid coil ofFig 7-5 is [120] 

(7-4) 

where r = 0.5h + ra) and t = rb - rn and K" is the coil correction factor 

(7-5) 

The correction factor K" for the thick cylindrical coil vanes between 0 and 1.0, 

depending on the geometric factors !!__and -
1 

(see Fig 7-7) 
2r 2r 

The magnetic flux density at any point along the axis of the coil is [1 21] 

At the centre of the coil where h1 = h2 = !!_ 
2 
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Figure 7-7 Correction factor for thick cylindrical solenoid. 

7.2.3 Design Calculation 

Equa6ons (7-2) and (7-3) were solved numerically for different field coil configurations 

(from I to 6 layers) with the circuit inductance Laux and resistance Ra,a estimated 

respectively as 6 jJlf and 35 mQ. , and R0011 determined from the total length of the coil 

wire. In the initial design calculation, the protective fuse was not included because its 

dimensions were still unknown. 

It is clear from Fig 7-8 that the peak discharge current is inversely proportional to the 

munber of coil layers, while the discharge period is directly proportional to thjs number. 

Although the magnetic flux density for different solenoid coi ls has the same oscillating 

period as the current (Fig 7-9), the peak values of between 8 to 10 T are frurly 

independent (see also Fig 7-1 0) of the number of coil layers. 
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The peak auxi li ary currents and maximum flux densities of Figs 7-8 and 7-9 are 

summarised in Fig 7-10. The times for the magnetic flux densities to reach their peak 

values (sometimes referred to as the rise-time) are listed in Table 7-2, with the shortest 

value being 275 f.JS for the s ingle- layer coi l and the longest 1.42 ms for the 6-layer coil. 

40 r-----~----~----~======~====~====~ 
..l Peak auxiliary current (kA) 

35 
0 Peak magnetic flux density (T) 

30 

25 

20 

15 

10 

5 

OL-----~------~----~------~------~----_J 
0 2 3 4 5 6 

Number of coil layers 

Figure 7-10 Peak auxi liary current and peak magnetic flux density. 

Table 7-2 Multi layer so lenoid coi l 

Number of Time at peak flux Peak magnetic Peak auxiliary 

layer density, (ps) flux density, (T) current, (kA) 

l 275 8.9 37.4 

2 470 9. 1 21.5 

3 690 9.8 14.5 

4 925 9.4 10.8 

5 1165 9.0 8.5 

6 1420 8.5 6.9 
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7.2.4 Construction ofField Coil 

For the present experimental programme, a 4-layer field coil was chosen to produce a 

peak magnetic field of at least 6.0 T with a rise-time of about 800 JIS . This would give 

a small auxil iary current (and thereby lower mechanical stresses within the coi l) and 

sufficient time for the magnetic fi eld to diffuse into the imploder device. 

A total of 12 field coils was built for the entire experimental programme. Each of these 

was wound on a PVC mandrel with epoxy applied to every layer. A thjn Mylar sheet 

between the layers improved the electrical insulation strength . The whole field coil is 

cast in epoxy resin and potted in concrete for mechanical strength. Photographs taken at 

various stages of the construction are given in Appendix B. 

The inductance of the field coil was nominally128 ,uH and the measured resistance 

varied between 58 mD. and 60 mD. . Each coi l was checked for electrical integrity by 

subjecting it to a full charge vo ltage of 3.5 kV before an implosion experiment. The 

magnetic flux density at the centre of the field coil was measured with and without the 

imploder, to veri fy the time needed for magnetic diffusion through the current 

conductor. 

7.2.5 Magnetic Diffusion through Cylindrical CwTent Conductor 

Diffusion of the magnetic field through the cylindrical current conductor was analyzed 

by the method of Weinstein [122], who treated the inward diffusion as complementary 

to the decay of an axial magnetic field contained within a hollow circular cylinder. The 

decay time was expressed in tenns of a geo~etrical form factor g(rb I ra) as 

(7-9) 

where o-s, is the electrical conductivity of the conductor (steel in tllis case) and values 

for g (rb I ra) are given in Table 7-3. For the cylindrical current conductor of the electric 
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gun with 28.5 mm inner diameter and 50 mm outer diameter, the diffusion time is about 

160 ,us . 

Table 7-3 Values of g (rb I ra ) for hollow circular cylinder 

rb I ra g(rb I 1~ ) rb I ra g(rb I 1'
0

) 

0.00 2. 173 0 .60 1.720 

0.05 2.173 0.65 1.587 

0.10 2. 172 0.70 1.431 

0. 15 2.170 0.75 1.253 

0.20 2.164 0.80 1.052 

0.25 2.153 0.85 0.8267 

0.30 2.133 0.90 0.5766 

0.35 2.102 0.95 0.3011 

0.40 2.059 0.96 0.2430 

0.45 2.001 0.97 0.1838 

0.50 1.926 0.98 0.1236 

0.55 1.844 0.99 0.0623 

1.00 0 

The measw·ed dB= signals at the centre of the field coil with and without the 
dt 

cylindrical current conductor are shown in Fig 7-11. The initial flux densities B= ofFig 

7- 12, obtained by numerical integration of the measured dBz signals, show a small 
dt 

delay of about 160 ,us , consistent with predictions using the method of Weinstein. 

The di ffusion of the magnetic field through the current conductor has also been verified 

by numerical integration of the magnetic diffusion equation, obtained by setting v = 0 

in equation (6-84) to give 

dB= =_I .!_~(!..._BB=) 
dt flo r or (Y or (7- 1 0) 

or 
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(7-11 ) 

Equation (7-11 ) has been solved by the Crank-Nicholson method [67] and the resulting 

tri-diagonal matrix system by an iterative algorithm known as the Thomas method [67). 

The time-varying magnetic flux density measured without the imploder was used as the 

initial and boundary conditions at the outer surface of the conductor, and Fig 7-12 

demonstrates that reasonable agreement was obtained between the computed and 

measured flux densities. 
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Figure 7-1 2 Initial magnetic flux density. 

2 

7.2.6 Measured Performance 

The performance of the auxiJjary circuit and the initial field coil was measured at the 

full charge voltage of 3.5 kV (independently of the electric gun circuit) and the results 

are shown in Figs 7- 13 and 7- 14. The auxiliary current of Fig 7-13 meas ured using a 

calibrated shunt agrees reasonably well with that predicted by the circuit model. There 

is also reasonable agreement between the measured dB= signa] and the computed 
dt 

results in Fig 7-14. In Fig 7-15, the initial flux density obtained by numerical 

integration of the measured dB= signa] shows a peak value very close to the design 
dl 

vaJue of 6.0 T. The magnetic field probe used to measure the flux density is discussed 

in the next section. 
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Magnetic Flux Density (Test No. 28) 
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Figure 7-15 1njtial magnetic .flux density. 

7.3 Magnetic Field Probes 

1.8 

Magnetic fi eld probes, commonly known as B-dol probes, are based on the simple 

single-turn pick-up co il or multi-turn solenoid. When a solenojd coi l with N turns, 

each of cross sectional area A, is placed inside a time-varying magnetic field, the 

induced voltage v(t) appearing at the terminal is 

dB dB 
V(t) = (NA + SJ- = Aeff-

dt ell 
(7- 12) 

where Sn is an additional stray pick-up area fom1ed by the leads and connections, and 

Aeff is the effective pick-up area, which includes the stray pick-up area of the probe. In 

carefully prepared probes, the undesired sa term can be limited to less than 1 mm 2
• 

It follows from equation (7-12) that the magneti c flux density is 
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1 I 

B(t)= - f V(r)ct-r (7-13) 
A eff o 

enabling the flux density to be obtained by numerical integration of the measured 

voltage. Alternatively, the voltage produced by the probe can be integrated using an 

electronic integrator circuit or a simple RC circuit (with an integration time constant 

r = RC much longer than the pulse duration) to give a voltage that is directly 

proportional to the flux density . 

7.3.1 Initial Field Probe 

The initial field probe of Fig 7-16 was made from 6 turns of 1251ff'l enamel wire 

wound on a 14.1 mm mandrel, with the ends of the wire twisted into a braid to 

minimise the stray pick-up area Sa. It has an effective pick-up area of 

NA = 935.8 mm2
, enabling the stray pick-up area Sa to be assumed to be negligible. 

This initial field probe was used only for measuring the initial flux density of all the 

field coils, and was never used during any implosion experiments. 

\ 
Inductive probe 

Figure 7-16 Inductive Probe for measuring initial magnetic field . 
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7.3.2 Final Field Probe 

The probe used for measuring the final compressed magnetic flux density is shown 

schematically in Fig 7-17. It was made from a single turn of 125 Jlm enamel w ire 

wound on a 0.8 mm diameter glass bead and cast in epoxy resin inside a thin glass tube 

of about 2.0 mm diameter. An epoxy casting technique [123] was used to solve the 

difficult problem of providing adequate mechanical and electrical insulation strength in 

a confined space. 

Glass rod, ---
about 3.5 mm --. 
diameter 

Glass rod , ------'~-'
about 2.0 mm 
diameter 

-4------- RG 58 coaxial cable 

Pot in epoxy resin 
..------ for strength 

Single-turn Bz probe 
wound on 0.8 mm 
diameter glass bead 

Figure 7-17 Constructional details of fina l magnetic field probe. 
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7.3.3 Aluminium Powder Assembly 

For shockwave flux compression in aluminiwn powder, a thin layer (up to 5.0 mm 

thick) of powder surrounded the magnetic probe and was held in place by the 

cylindrical Mylar container and two PVC holders shown in Fig 7-18. The holders fonn 

the barrel and guide the Mylar flyer during its flight towards the powder. The powder is 

norrna!Jy kept in a sealed container and is placed in the MyJar container very shortly 

before experimentation, to ensure that its properties (especiaJJy the thickness of the 

insulating layer around individual powder particles) are not significantly a ltered by 

exposure to air. 

Current --Ill-• 

PVC 
holder 

Figure 7-18 Aluminium powder assembly. 
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The magnetic probe with the powder assembl y was tested in a B r calibration fi xture 

(see following ection), whic h confirmed that the presence of the aluminium powder d id 

not alter the magnetic field measured by the pick-up coil. In o ther words, the thin layer 

of aluminium powder at ambient, uncompresscd conditions did not behave like an 

electrical conductor providing a hie ld against the penetrati on of magne tic field . 

7.3.4 Calibration of Magnetic Field Probe 

The reference probe method [ 124] was u ed for calibration of the magnetic probes. It 

con is ts o f a care fully wound inductive probe with a relati ve large pick-up area 

(NA > 100nun 2
) and a negligibly mall tray pick-up area, o that it sen itivity (or 

conversion factor) i determined solely by equati on (7- 12). The probe used in the 

calibration of the final fi eld probe was made of I 0 turns o f 125 f.Jrn ena mel wire wound 

on the outer surface of the epoxy-cast probe and temporarily he ld in position by epoxy 

glue. After calibration, the windings for the re ference probe were re moved from the 

epoxy-cast pro be using a sharp knife. 

F ig 7-19 how a chematic of the s imple but accurate fi xture u ed when calibrating B~ 

probes, using a high-voltage capacitor o f 26.9 f.1F' as a pulse c urrent source. Discharge 

of the capacito r into a short parallel-plate transmiss ion line provided a 250 kA curre nt 

pul e with a oscill ation frequency of about 10kHz. A single-turn coil (see Fig 7- 19) is 

formed in the transmission line to give a uniform axial (or B_) magnetic flu x den ity at 

its centre of 

f.1 I 
B_(r ,z)= B_(O,O)= " 8 

~ .. ~(2a? + / 2 
(7- 14) 

where a and l are the radius and ax ial length of the s ingle-turn coil respectively. 

The rate-of-change of current dl 8 i monitored by an inducti ve (1-dot) probe and i 
dt 

used together with the voltage measured by the magnetic probe to calibrate the pick-up 

coil. 
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A = V(t) (7-15) 
e.ff dB 

z 

dt 

where 
dB: 

= Jlo d/0 (7-16) 
dt ~(2aY +1 2 dt 

A more exact formula for the magnetic flux density inside the s ingle-tum coil has been 

obtained by Miura [21] and has been used in place of equation (7-14) for calibrations 

involving the magnetic field probe. 

oscilloscope 

oscilloscope 

Figure 7-19 Schematic of calibration fi xture for Bz probes. 
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7.4 Magnetic F lux Compression Experiments 

7.4. 1 Experimental Programme 

A total of three implosion experiments was conducted to investigate shockwave flux 

compression in aluminium powder. In a ll these, the dimension for the cyl indrical 

exploding foil was nominally 22mm (diameter) x 60 mm (height) x 25.4 Jlm and the 

Mylar flyer was 250 Jlln thick. Due to a lack of information on the flyer acceleration 

process at the strut of the experimental programme, the stand-off distance between the 

exploding foil and the powder assembly (shown in Table 7-4), was chosen as 3.0 mm or 

more, to accommodate powder samples of different thicknesses. It will be shown in the 

next section that the large stand-off distance was useful for flyer acceleration by 

magnetic pressure, which is an imp011ant supplement to the foil explosion pressure. 

Table 7-4 Flux compression experiments with aluminium powder 

Test No. Initial Stand-off Aluminium Powder 

B:o distance Outer radius Inner radius 

(T) (mm) (mm) (mm) 

137 6.0 4.0 7.0 2.0 

149 6.01 7.0 4.0 2.0 

172 1.0 3.0 8.0 2.0 
I ... 
No Initial magnetic fi eld, due to premature discharge of mam capacitor bank 

7.4.2 Experimental Arrangements 

Fig 7-20 shows the typical arrangement of a magnetic flux compression experiment. 

After both the main and auxiliary capacitor have been charged to the required voltage, 

switch Sl in the auxiliary circuit is closed to discharge the auxiliary capacitor bank and 

so establish the initial magnetic field. A pulse generator (with a programmable delay 

setting) and a trigger coil, detect the initiation of current flow in the auxiliary circuit and 

ensure synchronisation with the main capacitor bank. After a preset delay, 

corresponding to the time needed for the initial magnetic fi eld to reach its peak value 
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and to enter the implosion region (and also the powder assembly), the pulse generator 

sends a vo ltage pulse to the Blwnlein system to close the main dielectric switch S2 and 

staJ.t the implos ion process. 

S1 

lMain 
capac1tor 
bank 

Protective 
Fuse 

.,... To 
oscilloscope 

To 
oscilloscope 

Figure 7-20 Typical anangement for cylindrical implosion experiment. 

a) Test Preparation 

The single-shot nature of the experiments demanded meti culous preparation before each 

implosion experiment. Test preparation included 

L) fabrication of the aluminium foil/Mylar flyer package and assembly of the 

cylindrical imploder, including the brass base plates, polyethylene high-voltage 

insulator etc., 

2) fabrication of switch packages for the solid die lectric closing-switch in the main 

capacitor bank and the Blumlein trigger system, 

3) fabrication of magnetic field probes and aluminium powder assembly, 

4) calibration of the magnetic field probe, using the B= calibration fixture and 

determination of the direction of the initial magnetic fi e ld produced by the external 

fi eld coil, 
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5) measurement of the performance of the Lniti al fi eld coil. 

6) confirmation of the synchronisation delay between main and auxi liary capacitor 

bank, 

7) ensuring that all oscilloscopes are properly connected to the correct sensors, armed 

and waiting for the trigger signal and 

8) checking the voltage hold-off capacity of the so lid dielectric switch by charging to 

28 kV, immediately before the actual test 

The step-by-step construction of the imploder is shown in a series of photographs in 

Appendix C. 

On average, before an implosion experiment a total of 15 to 20 pre-tests need to be 

carried out, to verify the performance of the individual parts of the complex system and 

min imise any possibilities of failure in the fu ll experiment. The data for all experiments 

are recorded on computer, which allows simple and continuous monitoring of trends in 

the measured data. Minor faul ts in the system have in fact been detected before an 

implosion test (and disaster prevented), simply by comparing the data with those 

previously obtained. In one case, the onset of an insulation fa ilure in the trigger coil 

was discovered (and repaired) as part of the test preparation. 

b) Instrumentation 

For an implosion test, a low-bandwidth digital oscilloscope was used to record slower 

processes (on a ms time scale) associated wi th the auxi liary capacitor bank, while a 

high-bandwidth oscilloscope records faster processes (at or below J.1S time scale) 

associated with the e lectric gun. The signals recorded by the low-bandwidth 

oscilloscope included (1) the initial magneti c flux density B:o (2) the trigger coil output 

voltage and (3) the pulse generator output voltage. Those recorded by the high-

bandwidth oscilloscope are (1) the rate of change of current dl b (or I-dot) in the main 
dt 

capacitor bank circuit (2) the rate of change of flux density, dBz (orB-dot) and (3) the 
dt 

compressed flux density B: measured by RC integrators. In situations where multip le 
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B= probes were used, up to two high-speed osci lloscopes (wi.th 4 channels) and three 

low-speed oscilloscopes (with 2 or 4 channels) were used. 

7.4.3 Electric Gun Performances 

With the development of the new electri c gun model (desctibed in chapter 6 for the case 

of cylindrical implosions), it becomes possib le to ana lyse the fo il explosion and flyer 

acceleration process using TOA data obtained from the measured dB, signals. Figs 7-
dt 

21 to 7-26 compare measured resu lts from three experiments (with aluminium powder) 

with those predicted by the computer model. As shown previously in chapter 5, the 

perf01mance or the gun is summarised by two sets of four graphs for each experiment. 

Seven of the eight graphs are associated with the main perfom1ance parameters of the 

electric gun, with the eighth being reserved for the measured dB, signal, from which 
dt 

TOA data for the flyer impact with the powder can be obtained. 

Figs 7-22 and 7-26 show that the explosion pressure in both tests no. 137 and 172 was 

estimated at about 1 GPa , which is a good indication of a less than ideal explosion 

process. The magnetic pressure accelerated the Mylar flyer to a velocity of about 

1.1 km I s. In Fig 7-24 for test no. 149, the TOA data indicated a better foil explosion 

and the explosion pressure is estimated at about I 0 GPa, giving a velocity of about 

1.7 km I s on impact with the probe. Unfortunately the better fo il explosion was 

obtained in an experiment that suffered from a poss ible breakdown of the Blurnlein 

system, causing a premature discharge of the main capacitor bank before the initial 

magnetic field was estab lished. As a result there was no initial magnetic field to be 

compressed by the imploding flyer. 

In all the tlu·ee sets of resu lts, the energy density at burst was calcu lated at about 

15 MJ I kg and there is reasonably good agreement between the computed and 

dl 
measured _b and current. The modelling of the Blumlein failure is described in a 

dt 

later section. 

222 



Chapter 7 Magnetic Flux Compression by A Converging hockwave 

:< I 012 (a) Electric Gun dl.,ldt {b) Specific Energy Dcpositod in Foil 
I 

~ 
50 

40 
A/s 0 '( - MJ/kg30 

-I. 
20 

15.20 MJ/kg 
Computed 10 
Measured 

-2 0 
0 2 3 4 5 0 5 10 

(c) Electric Gun Current X 10
7 (d) dB/ dt 

1000 5 
1.27 us 

800 606.06 kA 
4 

600 3 Impact 
kA 

I 
T/s 

2 ~ 400 ...._ 

200 
I E:_ Computed I 0 l~~;r_.J 

0 Measured 
- I 

0 2 3 4 5 0 5 10 
Time (f.IS) Time (f.IS) 

Figure 7-2 1 Computed and experimental results (test no. 137). 
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Figure 7-22 Computed and experimental results (test no. 137). 
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(a) Foil Explosion Pressure (b) Flyer Trajectory 
12 12 

10 10 
Test no. 149 

8 8 
GP a 6 mm 

6 

4 4 
10.76 GPa Powder 

2 3.98 MJ/kg 2 
Magnetic probe 

0 0 
0 2 4 6 8 0 5 10 

(c) Magnetic Pressure (d) Flyer Velocity 
0.08 2 

-~ 
-.,_ 

0.06 1.5 

GPa 0.04 

V 
km/s I 

0.02 
0.5 v0 = I .491uns 

0 
Vimp = 1.69 kms 

./ 
0 

0 2 4 6 8 0 5 10 
Time (JlS) Time (JlS) 
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Figure 7-26 Computed and experimental results (test no. 172). 
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a) Modelling of breakdown phenomenon 

Modelling of the breakdown phenomenon in test no. 149 is necessary if the computer 

model is to take into account the electrical energy depo ited in the foil before discharge 

of the main capacitor bank. Since the breakdown in the Blurnlein trigger system is 

mani fes ted in Fig 7-27 by a linearly increas ing dl b between the onset of fai lure and 
dt 

discharge of the capacitor bank, it can be included in the computer model by the 

additional equation 

dl ,, s 
- = I 
dt 

for 0 < t ~ I swn 

. s Cl • where the grad1ent = - - is shown m Fig 7-27. 
l sum 
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Figure 7-27 M odelling the initi al breakdown in the Blumlein trigger system. 
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7.4.4 Initial Magnetic Flux Den ity 

The tart of the implosion process at near max imum initial magnetic flux density is 

shown in Fig 7-28. Synchronisation is achieved by mean of the trigger coi l in the 

auxiliary circuit and a preset delay programmed into the pulse generator. The trigger 

coi l produces a voltage pulse (Fig 7-28a) that is proportional to the rate-of-change of 

flux density in Fig 7-28b and forward. it to the pulse generator, which detect the initial 

crossing of a threshold level (at about 5 V ). After a preset delay, a vo ltage pulse (o f Fig 

7-28c) i ent to the Blumle in y tern to trigger the closing of the dielectric witch ( S2 

in Fig 7-20) and initiate the implosion proce s. 

Implosion starts when the initial magnetic flux density is near its max tmum value, 

indicated by a near zero dBz signal. The ini tial magnetic flux density B;, of Fig 7-28d 
dt 

is obtai ned by numerical integration of Fig 7-28b, using the trapezoidal method to give 

an initial magnetic flux density of about 6.0 T . 
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Figure 7-28 Experimental results 
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7.4.5 Final Compressed Flux Density - with Aluminium Powder 

Fig 7-29 shows the dB= signal obtained in test no. 137, where a layer of aluminium 
dt 

powder surrounded the epoxy-cast magnetic field probe. The stand-off distance 

between the exploding foil and the powder assembly was 4 mm (see Fig 7-22b) and the 

d. . . b . h dB. . I thickness of the powder layer was 5 mm . The tstmctlve note m t e --· stgna 
dt 

indicates the arrival of the conducting shock front (in the powder) at the outer surface of 

the epoxy-cast magnetic probe, where the conducting front remained quasi-stationary 

for the time needed by the shock to compress (and possibly break) the glass wall and 

enter the epoxy-resin at a higher-speed. The increase in shock speed on entering the 

epoxy-resin, which has a lower shock impedance, is simjlar to the phenomenon at a 

free-surface. The behaviour of the conducting shock front in the powder is discussed in 

greater detail in section 7.5. 1 

The variation of magnetic flux density B. obtained by numerical integration of the 

dB= signal of Fig 7-29 is shown in Fig 7-30, and the va lue at the points of flyer impact 
dt 

with the powder and shock co ll ision with the magneti c probe are highlighted. A multi

stage process is evident in Fig 7-30, with the first stage being the flux compression by 

the exploding foi l plasma. T his is followed by the shockwave flux compression in 

aluminium powder and a final stage due to shock compression of the epoxy-cast probe 

(describd in section 7.5. 1). The flux conservation coefficient calculated using the basic 

flux compression equation (2-17) and the dimensions of the initial foil radius ( 11 nun), 

the powder assembly ( 7 mm) and the magnetic probe ( 2 mm), gives a figure of 9.8% 

for the foil plasma tlux compression stage and 24% for the shockwave in powder stage. 
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7.4.6 Final Compressed Flux Density - without Aluminium Powder 

One of the best results for a flux compression experiment without aluminium powder is 

described below, to high light the di fference between flux compress ion by the foil 

plasma and that by a shockwave in powder. 

From Fig 7-32a, it can be seen that the quality of the foil explosion in test no. 181 was 

better than that in test no. 137, with the fl yer velocity estimated at 1.5 km Is on impact 

with the magnetic probe (Fig 7-32d). The other parameters of the electric gun of Figs 7-

31 and 7-32 are simi lar to those for test no. 137. The high-frequency noise in the d/b 
clt 

signal of 7-32a was caused by the poorer signal conditioning circuit in the Hewlett

Packard digital oscilloscope used for this experiment. 

Fig 7-33 shows the dB= signal obtained in test no. 181, when no aluminium powder 
dt 

was used. The di stinctive pulse in the signal indicates the initial flyer impact with the 

epoxy-cast magnetic probe, which is followed by shock compression of the probe and 

possibly by its eventual desctruction. Although the magneti c flux density of Fig 7-34, 

obtained by numerical integration of the dB= signal of 7-34, shows a peak value of 
dt 

abo ut 37 T, thi s includes the increase in the flux density resulting from shock 

compression of the magneti c probe. Thus when calculating the flux conservation 

coefficient, the B= value (19.35 T) at the point of flyer impact with the probe should be 

used, giving a flux conservation coefficient of 10.67%, which is consistent with the 

9.8% obtained fo r the foil plasma compression stage in test no. 137. 
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7.5 Numerical Analysis 

7.5.1 Flux Compression Model 

Although the MHD model of chapter 6 could be used to analyse the experimental 

results, the close coupling of the hydrodynamic flow calculation w ith Maxwel l's 

equations makes it unwieldy, because parti tioning of the MHD model in the way 

described in chapter 5 is not possible. 

In this section a flux compression model is described, based on a system of coupled, 

first-order ordinary differential equations, that can be used to reveal the important 

controlling parameter for the Oux compression process. This resulting information can 

be used to guide the analysis by the MHD model. 

If the effect of the magnetic pressure on the flow calculation can be neglected, the flux 

compressiOn process is effecti vely described by the equation of motion for the 

shockwave 

dr, = U 
dt s 

(7-18) 

dU, () --=gt 
dt 

(7-19) 

and the equation for magnetic flux compression (see section 6.3.4) 

dB_ 2 ( .., ) - · =-- 1- ./D B_U 
dt r · s 

s 

(7-20) 

In equation (7-19), g(t) is the derivative of the shock velocity function U,, and IS 

readily obtainable if the shock velocity Us may be expressed in an ana lytical form. If 

however Us is avai lable in a functional form, equations (7-18) to (7-20) can be so lved 

for a given set of in itial conditions as in any initial value problem. 
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For the present analysis however, the primary aim (i llustrated by Fig 7-35) is to make 

use of the available boundary conditions (in the form of measured TOA data and the 

dimensions of the powder sample) and the measured dB, signal, to determine the 
dt 

characteristics of the shock velocity in the powder. Thus the problem becomes one of 

determining the unknown shock velocity function Us that was responsible for 

d . h ddB . pro ucrng t e measure --' stgnal. 
dt 

Measured 
response 

SIMPLIFIED ANALYSIS PROCESS 

Flux 
compression 
model 

What was the 
input function ? 

Figure 7-35 Simplified analysis method. 

If the conducti ng shock front in the powder is assumed to travel at a constant speed, its 

trajectory can conveniently be described by a straight line connecting the TOA data 

(t = 0) at initial Oyer impact with the TOA data (t = tdur ) for shock collision with the 

epoxy-cast probe, as shown in Fig 7-36. If a rigid wall boundary is further assumed for 

the outer surface of the probe, the shock front will remain at this position for all time 

after t > tdur (see Fig 7-36). 

234 



Chapter 7 Magnetic Flux Compression by A Converging Shockwave 

Figure 7-36 Shock trajectory (fi rst estimate) in the simplified analys is method. 

Once a trial function for the shock trajectory r .. (t) is defined, the shock velocity U .. (t) 

becomes the only unknown in equation (7-20), where TD = 33% is the theoretical 

density of the powder material, dB= is the measured signal and B_ can be obtained by 
dt ~ 

numerical integration (e.g. using a trapezoidal algorithm). 

Re-writing equation (7-20) yields the shock velocity as 

(7-2 1) 

which can be solved readily to obtain a trial solution for the shock velocity function. 

The trial solution for equation (7-2 1) shown in Fig 7-37 suggests that the shock velocity 

may be described by a constant 'flat top' velocity, followed by a linearly decreasing 

function. There is a short dwell-time of about 0.3 J..IS when the shock remained quasi-

stationary at the outer surface of the magnetic probe, before continuing its inward 
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motion. This suggests that the epoxy-cast probe did not act as a rigid-wall boundary (to 

reflect the shock) but was actually compressed by the shockwave. The thin outer glass 

tube (of about 1 mm thickness) for the epoxy-cast probe may account for the 0.3 j.JS 

dwe!J-tirne, which could be the time needed by the shock to traverse the glass layer and 

enter the epoxy resin. It is believed that the epoxy resin may possibly not have been 

fully cured or hardened, making it susceptible to compression by the shockwave and 

giving a small abrupt jump in velocity at the glass-epoxy interface. This is sirrular to 

the situation at a free-surface, when a shock emerges from a material of a higher 

density. 

Based on this possible explanation, only the dB= signal before shock collision with the 
dt 

epoxy-cast probe should count towards the actual shockwave flux compression in 

powder, and any signal picked up by the magnetic probe thereafter should be considered 

as spuriously contributed by the shock compression of the epoxy-cast probe. 
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Figure 7-37 Shock velocity obtained by solving equation (7-21 ). 
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Although the trial solution of Fig 7-37 is only a first estimate based on the (inexact) 

linear shock trajectory of Fig 7-36, it nevertheless de monstrates the main characteristics 

of the shock velocity function. To facilitate the search for the function that has 

produced the measured dB~ signal, the trial solution of Fig 7-37 is approximated by an 
dt 

analytical trial function , so that g(t) of equation (7- 19) can be replaced by the 

derivative of the analytical trial function. The resulting syste m of ordinary differential 

equatio ns (7-18) to (7-20) can be solved nume rically , with the free parameters being 

those needed to define the analytical trial functio ns. These are adjusted until good 

agreement is obtained between computed and measured dB~ signals. 
dt 

Initially, the a nalytical trial function cons isted of (1 ) a constant (fl at-top) velocity 

followed by (2) a linearly decreasing term. However, after several iterations, it was 

found that an exponentially decreasing term produced results that agreed better with the 

measured dB, signal. The shock velocity function, which takes into account the shock 
dt 

compres ion of the magnetic field probe, i de fined by 

u., (t ) = 

u sl 

U 
( 

/ - / illl{> - t, J 
sl exp -

r , 
0 

U.r2 exp(- _r _-_t_i,'-p _-_r_3 J 
r2 

if t,,, < t ::; (t,,,, + t,) 

if (r,,, + t 1 ) < t ::; (!;,,, + t J 
i f (t imp + t 2 ) < t ::; (t imp + t 3 ) 

if t > (t illl{> + t3) 

with the definition for the free-parameters shown in Fig 7-38. 

(7-22) 

The results of Figs 7-39 and 7-40 were obtained by solving the sy tern of ordinary 

differential equations (7-1 8) to (7-20), with the free-parameters u_,, =4.0km/s, 

/ 1 = 0.5 f.lS, 'r1 = 0.96 f.lS, 12 = 2.5 f.lS, 13 = 2.8 j.JS, Us2 = 0 .5/an/ S and 'r2 = 1.5 j.JS. 

It is clear from Fig 7-40 that reasonable agreeme nt ex ists between the m easured and the 

computed resul ts. 
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7.5.2 MHD Model 
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The results from the flux compression model of the previous section indicate that the 

shock velocity (and with it the shock pressure) on impact has the shape of an initial 'flat

top' period, followed by an exponential decay. This infonnation was used as a guide to 

define the impact pressure required by the MHD model. 

a) Considerations for numerical simulation 

Since the compression of magnetic flux by the explocling foil plasma has been found 

(see section 7.4.6) to be somewhat low (about 10%), it is not included in the MHD 

model. A single-material MHD code was therefore used to describe the shockwave flux 

compression process in powder, starting from the point of flyer impact. The powder 

material was represented by 60 computing e lements (Fig 7-41 ) and the flyer impact was 

simulated by appl.ying an impact pressure (Fig 7-42a) to the external boundary of the 

powder material . 
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Figure 7-41 Computational grid for magnetic flux compression by cylindrical 

implosion. 

The outer surface of the epoxy-cast probe is modelled as a rigid-wall boundary to limit 

the scope of the computation, and calculation ceases when the conducting shock front 

collides with the magnetic probe. At this time all the powder elements are behind the 

shock front and are in a highly compressed and conducting state. Despite the continued 

movement of the powder elements at their particle velocities, the conducting shock front 

remains quasi-stationary at the powder-probe interface, resulting in an abrupt drop in 

the shock velocity to zero (Us = 0) and the di stinctive notch in the dB: signal. 
dt 

b) Numerical results 

Figs 7-42 and 7-43 show the results obtained by the MHD model for an impact pressure 

with a peak value of 12 GPa and a flat-top duration of 190 ns, followed by an 

exponential decay at a time constant of 20 ns (Fig 7-42a). A small quasi-constant 

pressure term of 0.1 GPa, consistent with results from the electric gun model (Fig 7-

22c), was used for simulation of the magnetic pressure. 
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The shape of the pressure pulse (flat-top with exponential decay) used for simulating the 

impact pressure appears to be consistent with predictions using shockwave theory (see 

section 5.3.6). The flat-top duration has previously been calculated (section 5.3.6.4) as 

between 166.7 ns and 224.8 ns for a 250 f-1111 Mylar flyer impacting 33% TD 

alumjnium powder at an impact velocity of 3.0 km Is. 

Compression of the aluminium powder is shown in the distortion of the Lagrangian 

computational grid of Fig 7-42c, with the conducting shock front (Fig 7-42b) arriving at 

the magnetic probe after a time of about 2.5 JlS, consistent with TOA data from the 

measured dB= signal. The shock velocity of Fig 7-42d has a shape very simi lar to that 
dt 

obtained previously using the flux compression model. 

Following the same procedure as in chapter 6, the electrical conductivity of the 

aluminium powder is modelled by the simple switch model of chapter 4, and the shock

compressed region is assumed to have a conductivity that is a fraction k of the 

electrical conductivity of a luminium at so lid density and stp. The free parameter k has 

been chosen as 30 (Fig 7-43a) to match the compressed magnetic .Oux density B. of 

about 40 T (Fig 7-43d). 

The somewhat significant difference in the shape of the computed and measured dB, 
dt 

signals of Fig 7-43b is traceable to the constant value of k (30) used in modelling the 

shock-compressed aluminium powder. A time-varying function for the free-parameter 

k to take into accow1t the effect of Joule-beating etc., is likely to produce results that 

agree better with the measured dB: signal. 
ell 
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Fig 7-44 shows the compression of the magnetic flux density with time, with 0.1 JIS as 

the inte rval be tween plots. !njtially, the magnetic flux density of 6 T is unifonnly 

distributed throughout the powder. It is compressed by the shockwave to a fina l va lue 

of 37 T , with significant flux loss being indicated by the presence of magnetic flux 

behind the shock front. 
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Figure 7-44 Magnetic flux density B •. 

7.6 Conclusions 

Compression of magnetic flux by a shockwave in aluminium powder has been 

demonstrated in proof-of-principle experiments, where magnetic flux densities of about 

40 T were obtained from an initial flux density of 6 T . Although the quality of the foil 

explosion was not ideal , the large stand-off between the exploding foil and the powder 

assembly nevertheless allowed the flyer to be accelerated to impact velocity of between 

1. 1 km I s and 1.5 km I s. Experimental data also provided additional proof of the 

rapidly decaying shock velocity resulting from Mylar flyer impact with aluminium 
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powder, in direct contrast with the steady shock velocity (due to quasi-static explosion 

pressure) in explosive driven experiments [29) previously analysed in chapter 6. 

A simplified analysis usmg the flux compression model has enabled the mam 

characteri stics of the shock velocity in powder to be determined with reasonable 

accuracy. The simplified method is used again in chapter 8 for the analysis of 

experimental results from the dynamic powder transfonner. 
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CHAPTER 

EIGHT 

SHOCKW A VE GENERATION OF IDGH-VOLTAGE PULSES 

This chapter details experiments aimed at producing high-voltage pulses by installi ng a 

he lical coi l (sunounded by a thin layer of aluminium powder) inside the cyl indrical 

imploder of a dynamic transformer configuration . Although experiment results were 

obtained for a pulse with on ly about 10 kV peak voltage and 3 Jl.S duration, the data 

nevertheles provided a unique ins ight into the mechanism of high-voltage generation 

by explod ing-foil flyer impact. A simplified analy i and design method that combines 

the shock propagation model with the dynamic tran former model is de c ribed, to allow 

the syste matic design and performance prediction of such transformer. Performance 

li mits are indicated for the present cylindrical imploder configuration . 

8. 1 Dynamic Powder Transformer 

The term dynamic powder transformer is u ed here to describe a configuration in which 

an electrical ly conducting converging hockwave in alumi nium powder act as the 

dynamic primary coil and a centrally-located helical coil as the secondary coil. In the 

configuration shown in Fig 8-1, a converging shockwave generated by fl yer impact with 

aluminium powder compresses an initiall y established magnetic field to provide a time

varying magnetic flux density, which is coupled by the helical coil to produce a high

voltage pulse in the load. 

245 



Chapter 8 

Auxiliary 
capacitor bank 

Magnetic 
field coil 

Para 11 el-pl ate 
transmission lines 

Shockwave Generation of High-Voltage Pulses 

Exploding 
foil & flyer 

Load 

secondary coil 

Figure 8-1 Generation of high-voltage pulses using dynamic powder transformer. 

8.1. 1 Helical Coil with Epoxy Insulation 

Following the method of inductive probe construction described in chapter 7, epoxy 

resin was used to insulate the helical secondary coil. Epoxy resin is known to have 

excellent properties for use as high-voltage insulation, see Table 8-1 , and it has been 

used as an encapsulating medium for high-power transformers [125] . 

Table 8-1 Properties of epoxy-cast mouldings [126] 

Breakdown fi eld strength 15kV I mm 

Resistivity 10 12 O.m 

Dielectric constant 3 to 4 

Mass density 1.2 to 1.8 g I cc 

Tensile strength 80 to 90MPa 

Young's E-modulus 4 to 12 GPa 
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Fig 8-2 shows the epoxy-cast helical coil that was used with a single-turn primary coi l 

in a static transfonner configuration to obtain an estimate of the electrical breakdown 

strength of epoxy resin. The helical coil was wound using 0 .3 mm diameter wire with 

a 1.0 mm pitch on a 17 mm PVC mandrel , giving 79 turns over a length of 80 mm . 

dl 
An exploding copper foil in the primary circuit produced a current pulse with a -

dt 

exceeding 1 TA I s , which is coupled to the helical secondary coil to produce a high

vo ltage pulse of several hundred kilovolts on a non-inductive load. The measured peak 

voltage of up to 200 kV (Fig 8-3) indicates that the epoxy-cast he lical coi l is capable of 

withstanding a peak electric field of about2 .5 kV I mm (equivalent to 2 .5 kV between 

turns). 

Figure 8-2 Epoxy-cast helical coiJ used for static transformer testing. 
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Figure 8-3 Result from static transformer testing. 

8. 1.2 Helical Coil with Powder Assembly 

Fig 8-4 shows a 600-tum helical secondary coil wound on a 3.3 mm diameter glass 

mandrel using 62.5 pm diameter enamel wire and cast in epoxy resin in a glass tube 

with an outer diameter of 5.9 mm. The length of the helical coi l was 50 mm , 

corresponding to the width of a barrel fonned by the set of PVC holders that are used to 

guide the Mylar flyer on its flight towards the powder assembly. After the epoxy resin 

has set, a layer of aluminium powder is placed around the coil assembly and held in 

place by a cyljndrical container made from 7 pm Mylar sheet. The ends of the PVC 

barrel were machined to give a sharp edge, termed the clipper, [40] to give a clean 

shearing of the Mylar flyer during the initial foil explosion and acceleration stage. 
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Figure 8-4 Epoxy-filled multi-turn helical coil with powder assembly. 

8.2 Experiments with Dynamic Powder Transformer 

8.2.1 Experimental Arrangements 

The experimental arrangement of Fig 8-5 is in many ways similar to that used for the 

flux compression experiments of chapter 7, but with the .inductive pick-up probe 

replaced by the multi-turn helical secondary coil with a thin layer of aluminium powder 

surrounding it. A voltage divider fonned by a pair of copper-sulphate resistors is used 

to attenuate the output voltage to a level suitable for measurement by a Tektronix high

voltage probe. In addition, a Rogowski coil measures the current in the output circuit. 

A trigger coil in the auxiliary capacitor bank circuit provides the means to trigger the 

discharge of the main capacitor bank at a time when the magnetic flux density in the 

imploder has reached a maximum. 
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8.2.2 Electric Gun Perf01mance 

Figs 8-6 and 8-7 compare experimental results with corresponding results from the new 

electric gun model described in chapter 3. Figs 8-6a and 8-6b show good agreement 

between computed and measured results for current and d!b in the gun circui t 
dt 

following closure of the main switch S2, which is an indication of the accuracy of the 

exploding foil model used in the calculation. The energy density at burst is calculated 

at 15.13 MJ I kg (Fig 8-6c), giving an explosion pressure of 18 GPa (Fig 8-7a), whi le 

from Fig 8-7c the magnetic pressure exerted by the current in the gun circuit on the 

Mylar flyer can be seen to have a maximum of 0.06 GPa . 

In Fig 8-6d, the current in the load circuit measured by the Rogowski coil shows an 

abrupt jump at 2.80 JIS, which is indicative of the flyer impact and the impulsive start 

of the conducting shock front in the powder. The energy density at burst 

(15.13MJ / kg) gives a Gurney terminal velocity of 3.23krn l s (fig 8-7d) and the flyer 

trajectory of Fig 8-7b, both ofwhich confirm the interpretation of the TOA data ofFig 

8-6d. 
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Figure 8-7 Computed results for flyer acceleration process ( 75 pm Mylar). 
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8.2.3 Initial Magnetic Flux Dens ity 

The shape of the voltage pulse of Fig 8-8a shows that the trigger-coil (see Fig 8-5) 

produces an output pu lse that is proportiona l to the time- rate-of-change of current in the 

auxiliary circuit. This pulse is sent to the pulse generator, which de tects the initial 

cross ing of a threshold level (at about 5 V ) and , after a preset delay, sends a 18 V pulse 

(of Fig 8-8b) to the Blumle in system to trigger closure of the die lectric swi tch (S2 in 

Fig 8-5) in the main capacitor bank circuit and start the implosion process. At time 

t = 0 in Fig 8-8, the trigger coil has a near-zero voltage, indicating that the current in 

the auxiliary circuit (and with it the externa l magneti c fi e ld) is near its maximum value. 

Although the initial magnetic flux density was not measured during the experiment, 

comparison of Fig 8-8 with previously measured trigger-coil data nevertheless confirms 

that the experiment proceeded as planned w ith an initial flux dens ity of 6T . 
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Figure 8-8 Experimenta l results . 
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8.2.4 Transformer Output Voltage 

Fig 8-9 shows that good agreement exists between the voltage measured by a Tektronix 

probe and that calculated by multiplying the current measured by the Rogowski coil by 

the total resistance of the copper-sulphate voltage divider 

(8-1) 

In this experiment, the outer diameter of the powder layer was 5.5 mm (Fig 5-5b) from 

the exploding foil and the time to flyer impact was 1.58 f..JS ( 2.80 ps - 1.22 f..JS ). This 

gives an average fl yer velocity of 3.49 km / s, which is in good agreement with the 

Gurney terminal velocity of 3.23 km Is calculated by the electric gun model. 
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8.2.5 Circuit Analysis 

8.2.5. 1 Circuit Model for Dynamic Powder Transformer 

The shape of the output voltage in Fig 8-9 suggests that two mechnisms are involved in 

its production (1) mutual coupling with the current in the electric gun circuit and (2) 

propagation of a conducting fro nt in the shock-compressed powder. Operation of the 

dynamic powder transformer in this particular configuration can thus be described in 

two phases using the equi valent circuit of Figs 8-lOa and 8-lOb, where L .. and Rs are 

the inductance and res istance of the helical secondary coil and R1ontl is the total 

resistance of the copper-sulphate voltage divider. L1ontl is the self-inductance of the 

output circuit and I 
0111 

is the current measured by the Rogowski coil. 

(a) 

Rogowski 
coil 

To 
oscilloscope 

Rogowski 
coil 

To 
.___ _______ ___.. oscilloscope 

(b) 

Figure 8-10 Equi valent circuit (a) before fl yer impact and (b) after flyer impact. 

Before fl yer impact ( t < t;,JJ ), the current in the secondary (or output) circuit is 

governed by 

(8-2) 

dl b 
where M is the mutual inductance and is the rate of change of current in the 

dt 

electric gun circuit. 
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A simplified form 

(8-3) 

can be used when the inductive voltage component is much less than the resistive one, 

or 

(8-4) 

After fl yer impact ( t 2:: t ;mp ), the output current measured by the Rogowski coil is 

governed by 

A dB z - (R R )! (L L ) dl o,, 
eff -- - s + load 0 111 + s + load --

dt dt 
(8-5) 

where A,JJ is the effective pick-up area of the helical secondary coil (with radius 'i, ), 

given by 

(8-6) 

d dB. · · f f . fl f an --- IS the tune rate o change o magnetiC ux dens ity resulting rom the 
dt 

converging shock fro nt in the aluminium powder. In the absence of a load, the ope n

circuit output voltage for the secondary coil is 

V =A dB~ 
ow eff dt (8-7) 

Following the simplified analytical treatment of chapter 7, a set of coupled first-order 

differential equations may be used to descri bed the dynamic powder transformer as 
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drs =U 
dt s 

(8-8) 

dU 
_ s = g(t) 

dt 
(8-9) 

dB: = -~(1- TD)if3 U 
d z s 

I rs 
(8-1 0) 

(8-11) 

where g (t) is the time-derivative of the shock velocity us (t) and equation (8-11 ) is 

obtained by re-writing equation (8-5). Equation (8-1 0) is obtained by combining 

equation (2-30) fo r shockwave flux compression with equation (4-78) for the EOS of 

the powder mate rial as previously shown in chapter 6. 

Equations (8-8) to (8-11) fom1 the basis of the dynamic powder transformer model, 

w hich describes completely the behaviour of the transformer if the shock veloci ty 

function Us (t) is available in a functional form that allows g(t) to be obtained by 

differentiatio n. 

8.2.5.2 Velocity of the Conducting Shock Front 

It is clear from Fig 8-9 that the shock velocity in the powder has a characteristic 'U

shape', similar to that seen in chapter 5 

(8-12) 

w here Us1 , Us2 , Us 3 , r 1 and r 2 are constants previously defined in F ig 5-31 and t ;,p 

and td,, are TOA data obtainable from Fig 8-9. 

By substituting the time-derivative of the shock velocity dUs into equation (8-9), the 
dt 

system of equation becomes 
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drs =U 
dt s 

(8-13) 

dUs Us2 ( l-timpJ Us3 (l- l;,p -tdurJ --= --exp - + - exp - ---''-----
dt r 1 r 1 T 2 r-2 

(8-14) 

dB= = -~(1 - TD)B_U 
dt r · s 

s 

(8-1 5) 

(8-1 6) 

which can be solved to obtain the shock velocity function, using both the injtial and 

boundary conditions correspond ing to flyer impact and shock collision with the epoxy

cast helical coi I. 

The system of equations has been solved and the results obtruned are compared with the 

output current measured by the Rogowskj coil in Fig 8-11. For mathematical 

convenience, the calculation was carried out with the fl yer impact time t ;, p set to zero, 

and in Fig 8- l l d the computed current is time-shifted to facilitate comparison with the 

measured current. It is clear from Fig 8-lld that the computer model is able to 

reproduce the measured current fairly accurately until the shock front collides with the 

helical coil, when the calculation is stopped. 

The comparison of the computed results with the measured voltage in Fig 8-12 shows a 

DC offset error of about 2.5 kV , possibly because the helical secondary coil was not 

cormected physically to the same ground (or 0 V) reference as the capac itor bank of the 

electri c gun. However, the presence of a DC offset does not detract from the reasonably 

good agreement between computed and measured voltage shown in Fig 8-13, that is 

obtained following the introduction of a negative 2.5 k V offset to the computed results. 

257 



Chapter 8 Shockwave Generation of High-Voltage Pulses 

(a) Shock Velocity X 10
6 (b) dB/ dt 

5 5 

4 4 

3 3 

km/s Tls 2 
2 

0 
0 - I 

0 2 3 0 2 3 

(c) Sbock Trajectory (d) Current in Load Circuit 
8 2 

Test no. 197 

6 

Radius 0 
(nun) 4 A 

-I 

2 -2 1-
Measured Helical coil 
Computed 

0 -3 
0 2 3 0 2 4 6 8 

Time (J.LS) Time(J.LS) 

Figure 8-11 Computed results: (a) shock velocity U., (b) dB= 
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(c) shock traj ectory and (d) current in the transformer secondary circuit. 
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Figure 8- 12 Comparison between measured transformer output voltage and 

computer model (before correction of offset error). 
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Figure 8-13 Comparison between measured transformer output voltage and 

computer model (after correction of offset error). 

The five COnstantS Usl , Us2 > Us3, T1 and T2 used tO define the ShOCk velocity function 

imply that a unique set of solution is not possible merely by fulfilling both ini6al and 

boundary conditions. An iterative approach similar to that described in chapter 5 is 

required to converge to a function (in Fig 8-lla) consistent with that produced by a 

calculation that begins at the electric gun model with the foil explosion and magnetic 

pressure. 

8.2.5.3 Effect of Loading on Output Voltage 

The inclusion of equation (8-16) in the dynamic powder transformer model allows the 

current in the load circuit to be calculated and the open-circuit voltage given by 

equation (8-7) to be compared with the individual voltage components in the load 

circuit. This is shown in Fig 8-14, where the inductance of the loop formed by the 

copper-sulphate resistors has been estimated at 0.5 mH whi le the other resistances and 

inductances were obtained from measurement or design calculation. In this particular 

case, the large inductance of the load (compared with that of the helical coil) is 
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responsible for rounding off the initial voltage spike to give the characteristic shape of 

Fig8-13. 
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Figure 8-14 Open-circuit voltage and individual voltage components. 

8.2.6 Elastic Precursor 

Hydrodynamic calculations for the shock compression of aluminium powder in section 

5.3.5.3 suggested that the phenomenon of the elastic precursor will be manifested by a 

sharp increase in shock velocity (and with it the pressure) at a rigid wall boundary. 

While the spiral probe data of chapter 5 could not confirm the presence of an elastic 

precursor, it is clear that the measured voltage of Fig 8-7 again has a characteristic U

shape, indicating a sharp increase in velocity as the shock front approaches the epoxy

cast helical coil. It was initially thought that the rising voltage near the end of the U

shape characteristics was due solely to the 'focussing' effect as the cylindrical 

shockwave [127] - [129] converges on the axis, to give a large increase in pressure and 

velocity before the shockwave is reflected. However, the material states of Figs 8-15 

and 8-16 indicate that it is the elastic precursor ahead of the shock front that has been 

accentuated by the focussing effect, thus making it clearly visibl.e in Fig 8-7. In Fig 8-

17, further evidence of the precursor is provided by the pressure at the outer surface of 

the epoxy-cast helical coil. 
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Figure 8-15 Material states at t = 0.5 J.lS . 
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Figure 8-16 Material states at 1 = l.63 f.1S , approching the helical secondary coil 

modelled as a rigid wall boundary. 
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Figure 8-17 Pressure at outer surface of helical coil 

showing the effect of elastic precursor. 

8.3 Design of Dynamic Powder Transformer 

8.3. 1 Simplified Analysis and Design Method 

In the fo llowing sections, a method is described that extends the analysis process of the 

previous section to include the design and optimisation of the dynamic powder 

transformer. Essentiall y, the process illustrated in Fig 8- 18 seeks to characterise the 

pressure generated by fl yer impact during the experiment, by using the shock veloci.ty 

function obtained from the dynamic powder transformer model. Once a reasonab ly 

accurate impact pressure is obtained, it can be used, together with the assumption that 

changes in the velocity of the flyer are small once it has reached Gurney terminal 

velocity, to calculate the shock velocity (and trajectory) in powder of a different 

thickness using the shock propagation model. The resulting shock velocity (and 

trajectory) is then used as an input to the dynamic powder transformer model to predict 

its output performance and to assess the effect of output loading. 
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Figure 8-18 Simplified analysis and design method. 

8.3.2 Estimated Pressure at Flyer Impact 

Following the procedure described in chapter 5, the pressure on impact with the powder 

is approximated by a function with two components (1) a low-pressure, long-duration 

(or DC) component associated with the magnetic pressure and (2) an impulsive 

component assoc iated with the actual fl yer impact. Thus 

(8- 18) 

where P. , P2 and -r P are constants defined in Fig 8-19. 

Reasonably accurate estimates of the parameter ~ can be obtained from the elech·ic 

gun model (see Fig 8-7c), while the foil explosion pressure of Fig 8-7a provides a 

possible starting point in the search for ?2 • Figure 8-20 shows that an impact pressure 

wi th P. = 0.05 GPa , P2 = 12.9 GPa and T P = 50 ns will produce a shock velocity 

function that is in reasonable agreement with that obtained from the dynamic powder 

transformer model. 
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Figure 8-19 Functional approximation of impact pressure. 
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Figure 8-20 Results from shock propagation model. 
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8.3.3 Design Examples fo r High-Voltage Pulse Generation 

It is clear from Fig 8-13 that the pulse duration is determined by the time taken fo r the 

shock fi:ont to tTavel from the point of impact to the boundary of the powder defi ned by 

the outer diameter of the helical coil. It is thus possib le to control the pulse duration by 

choosing powder layers of different thicknesses. 

It is also clear from equation (8-7) that the open-circui t output vo ltage is directly 

prop01iional to the effective coupling area Ae.ff, which may be increased by using a 

large-diameter mandrel and/or an increased number oftums. To achieve this, the stand

off distance between the exploding foil and the outer boundary of the powder has to be 

kept to a minimum, so that more space can be allocated to the epoxy-cast helical coil. 

In the considerations that fo llow, a stand-off distance of 1.0 mm from the 22.0 mm 

diameter exploding foil is assumed, giving the outer boundary of the powder a diameter 

of 20.0 mm . Calculation is carried out for the three configurations labeled A, B and C 

in Table 8-2, using 33% TD powder with thicknesses of 2.0 mm , 1.0 mm and 0.5 mm. 

A thickness of 2.0 mm is assumed for the epoxy casting of the helica l coil inside a thin

walled glass tube, so that the corresponding helix diameters are 12 mm, 14 mm and 

15 mm . The initial magnetic field is assumed to be 6.0 T as provided by the field coil 

design of chapter 7. The three configurations are illustrated in Fig 8-21. 

Table 8-2 Design examples for dynamic powder transformer 

Foil Powder boundary Powder Helix 

Design diameter outer 1nner thickness diameter 

(mm) (mm) (mm.) (mm) (mm) 

A 22.0 20.0 16.0 2.0 12 .0 

B 22.0 20.0 18.0 1.0 14 .0 

c 22.0 20.0 19.0 0.5 15.0 

62.5J-Lm wire, 50 mm length, 600 turns, 6.0 T. 
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Figure 8-21 Three designs under consideration for dynamic powder transformer. 

For the designs under consideration, the topology of the secondary circuit is modified as 

shown in Fig 8-22, to avoid enci rcling the current conductor for the electric gun and to 

eliminate mutual coupling with the electric gun current. 

Auxiliary capacitor 
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ParalleHJiale 
transmission line 

Field 
coil 

Epoxy-cast 
helical coil 

Exploding foil/ 
Mylar flyer 

Figure 8-22 Design configuration for dynamic powder transformer. 
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Figs 8-23b and 8-23d show the shock trajectory and velocity calculated by the shock 

propagation model for a transformer of design A ( 2.0 mm powder thickness) using the 

impact pressure of Fig 8-23a. 
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Figure 8-23 Results from shock propagation model - design A 

A functional description for the shock velocity of Fig 8-23d is obtained in F ig 8-24a, 

and is used to initiate calculation by the dynamic powder transformer model to give the 

current in the load circuit in Fig 8-24d. The load is assumed to be identical to that used 

in the experiment and the shape of the predicted current is thus identical with that of the 

experiment. However, with a large-diameter helical coil and more turns, the peak 

output voltage is expected to reach about lOO k V . The individual voltage components 

shown in Fig 8-25 indicate that a large inductive voltage is generated inside the helical 

coil. A better rise-time of the voltage on a non-inductive load can be achieved by 

minimising the self-inductance of the output circuit. 
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Figure 8-24 Results from dynamic transformer model - design A 
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Figure 8-25 Results from dynamic transformer model - design A 
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Results for transfonner designs B and C, calculated by an identical procedure, are 

summarised in Table 8-3 for the shock velocity functions and in Fig 8-26 for the open 

circuit output voltages. Both designs are predicted to produce an open-circuit output 

voltage exceeding 300 kV , with design B having a longer pulse duration ( 500 ns) due 

to the greater thickness ( 1.0 mm ) of the powder layer. The 0.5 mm powder layer of 

design C is predicted to give a short-duration pulse of 160 ns . 

Table 8-3 

Design 

A 

B 

c 

500 

450 

400 

350 

300 

Voltage 250 
(kV) 

200 

150 

100 

50 

0 f--

Functional parameters for shock velocity equation (8-12) 

usl r, us2 1'2 us3 fdur 

(km / s) ( j.IS) (km l s) ( j.IS) (hn /s) ( j.IS) 

0.7 0.15 3.5 0.06 1.75 1.72 

1.0 0.15 3.3 0.006 1.65 0.49 

0.6 0. 15 3.9 0.006 1..95 0.16 

Open-circuit VoiUJge for Dynamic Powder transformer 

- Design A, cj>l2 nun helix, 2.0 mm powder 
Design B, cl> 14 mm helix, 1.0 mm powder 

- Design C, cl> I 5 mm helix, 0.5 mm powder 

1\ 1'"---._J ) ~ 
'-" 

0 0.2 0.4 0"6 0.8 1.2 1.4 l.G 1.8 2 
Time (J.IS) 

Figure 8-26 Open-circuit output voltage for the three designs under consideration. 
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In Fig 8-27, the shock trajectory obtained from design A (see Fig 8-23 b) is re-arranged 

to emphasise the relationship between powder thickness and output pu lse duration. 
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Figure 8-27 Relationship between pulse duration and powder thickness. 

The resistive and inducti ve loading on the output pulse, which have been demonstrated 

in Figs 8-14 and 8-25, are especially severe in the case of designs Band C, due to the 

combined effects of (1) the large self-inductance associated with a large-d iameter coil 

and (2) the short-duration pulse ( ~ 0.5 JlS ). Despite the smaller load inductance 

( 0.5 J.LH) assumed in the calculations for these designs, a significant portion of the 

open-circuit voltage appears as an inductive voltage within the coi l (Figs 8-28 and 8-

29). The characteristic pulse shape (with a sharp ris ing edge) is lost and the peak 

voltage is limited to about 120 kV. 

Due to the effect of loading, the copper-sulphate voltage divider used in the present 

experiment wi ll not be su itable for measuring the open-circuit voltage of these 

transformers. Altemative techniques of measurement, such as a capacitive voltage 

divider (with GO. impedance), will be required for future experimentation. 
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8.4 Efficiency of the Dynamic Powder Transformer 

The effi ciency of the dynamic powder tran former is primarily detennined by the foil 

explosion and flyer acceleration processes, which convert electrostatic energy stored in 

the capaci tor bank into kinetic energy in the Mylar flyer. For the experiment described 

in section 8.2, about 2.0% of the electro tatic energy in the capaci tor bank was 

converted into kinetic energy in the M ylar flyer (see Appendix E). 

The rather poor efficiency is traceable to the requirement to explode the aluminium foil 

in a time of about 1.0 f.is to ensure proper electric gun operation. On the other hand, the 

di charge current required a time of about 5.0 JlS to reach its maximum. Con equently, 

a ignificant portion of the electrostat ic energy remained on the capacitor bank and did 

not participate in the n yer acceleration process. 

The efficiency can be further improved by better matching of the exploding foil , which 

repre ents a non-l inear load, to the capac itor bank. 

8.5 Conclusions 

In thi chapter, the concept of a dynamic powder transformer has been demonstrated by 

a s ingle proof-of-principle experiment. Unfortunately, the significance of the 

experimental result was not initially recogni ed, because at the time the electric gun 

model (chapter 3), the hydrodynamic code (chapter 4) and the MHD code (chapter 6) 

had not been developed. Consequentl y, the idea was abandoned as unworkable. It was 

only after significant ins ight into the shock compre s ion processes has been gained, 

following the development of these models, that a s implified analytical and des ign 

approach could be formulated for the prediction and optimisation of uch transformer. 
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9.1 Conclusions 

CHAPTER 

NINE 

CONCLUSIONS AND FUTURE WORK 

As an alternative to an explosive driver, exp loding foil driven electric gun systems have 

been developed for generating shockwaves in a luminium powder under laboratory 

condi tions. ln the planar configuration, about 8 kJ of stored electromagnetic energy, 

corresponding to an equivalent chemical energy of about 2 g of TNT explosive, have 

been used in the shock compression study of aluminium powder (see chapter 5). In the 

cylindrical imploding configuration, about 80 kJ of stored energy, corresponding to 

some 20 g TNT explosive, have been used in the flux compression experiments (see 

chapter 7) and for high-voltage pulse generation (see chapter 8). 

The conducting shock produced in aluminium powder by a 250 f..ll1l Mylar flyer at an 

impact veloci.ty of 3 /an I s has been characterised by both TOA measurement (using 

contact-pin probes) and continuous velocity monitoring (using spiral resistance probes) . 

Experjmental results from the shock compression of a luminium powder indicate a shock 

velocity of about 3 /an I s that is rapidly attenuated. Numerical modelling of the shock 

compression process, using the P - a EOS for alumini.um powder and a simple switch 

model for the electrical conductivity of the shock compressed powder, suggests that the 

insulator-to-conductor phase transition occurred at a threshold pressure of about 

0.1 GPa (or I kbar ), corresponding to the onset of plastic deformation. Both the 

pressure caused by fl yer impact with powder and the magnetic pressure (exerted by the 

current in the electric gun circuit) have been found to contribute to the propagation of 

the conducting shock front in powder. 
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The shockwave compression of magnetic flux in aluminium powder has been 

demonstrated in proof-of-principle experiments (see chapter 7), where magnetic flux 

densities of about 40 T were obtained from an initial flux density of 6 T . Although the 

quality of the foil explosion was someway from being ideal, the large stand-off between 

the exploding foil and the powder assembly nevertheless allowed the flyer to be 

accelerated by magnetic pressure to an impact velocity of between 1.1 !an Is and 

1.5 !an I s. Experimental data also provided further evidence of the rapidly decaying 

shock velocity resulting from Mylar flyer impact with a luminium powder, in direct 

contrast to the steady shock velocity (due to quasi-static explosion pressure) in 

explosive driven experiments. 

The generation of a high-voltage pulse by the shockwave in aluminium powder has 

been demonstrated in dynamic powder transformer experiments (see chapter 8). 

Although experiment results were obtained for a pulse of only about 10 kV peak and 

3 J.lS duration, the data nevertheless provided a unique insight into the mechanisms 

involved. B y combining hydrodynamic calculation (e.g. the shock propagation model) 

with electrical circuit analysis (e.g. the dynamic transf01mer model), a simplified 

method was developed that leads to the systematic design and performance prediction 

of such transformers. 

The elastic precursor phenomenon known to appear in shock compression experiments, 

and supported by the P- a EOS for aluminium powder in the present hydrodynamic 

code, has been observed in experiments using the dynamic powder transfom1er 

configuration (see chapter 8). 

A new mathematical model for the electric gun has been developed, with the flyer 

acceleration process described b y the Gurney model. In essence, the new model 

represents a simple extension of the empirical model for exploding foil opening 

switches already developed at Loughborough University [26], by monitoring the 

specific energy density and using the burst energy density to provide information on the 

flyer acceleration process. The validity of the new model has also been verified using 
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TOA data provided by different measurement techniques in a series of exploding foi l 

driven experiments. 

Powerful computational tools, in the form of one-dimensional hydrocodes and MHD 

codes, have been developed to help explain the complex phenomena observed 

experim entally, and to provide a critical insight into the fundamenta l shockwave 

processes. These codes are vital supplements to the actual experiments, where 

diagnostic means are sometimes inevitably scarce, in order not to influence or disturb 

the shockwave behaviour that is under investigation. By keeping track of all the key 

physical parameters, as functions of both time and space, hydrocodes and MHD codes 

enable the best-instrumented experiments to be performed. Reduction of the data 

co llected duri ng the experimental programm e (for the shock compression of aluminium 

powder and magnetic flux density) to any meaningful conclusions was only possible 

with the aid of such computer codes. The hypothesis concerning the fundamental 

mechanism at work in the exploding foil shockwave generation of high-voltage pulses 

has been shown to be reproducible in code calculations. These codes have been used in 

a systematic study to determine the influence of important physical parameters. They 

can be further utilised to extend experimental data, by performing parametric studies of 

the variables. 

The most significant difference between explosive and exploding foil shockwave 

generation techniques lies in the characteristics of the pressure pulse that are wlique to 

each of these methods. 

The technique used by Nagayama [29] for flux compression experiments belongs to one 

of two main classes. One of these is contact operation [130], where explosive is placed 

in direct contact wi th the work piece in the explosive working of metals. The other is 

stand-off operation, involving the use of a flyer, as is the case of the present research 

using exploding foil driven Mylar fl yer. Apparently, a longer and quasi-static explosion 

pressure is associated with contact operations, whereas stand-off operations produce 

higher pressure at shorter duration. 

Based on the results obtai ned by Nagayama, and confirmed by the MHD model, a long 

and quasi-static explosion pressure appears to be useful for shockwave flux 
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compression. But for short-duration high-voltage pulse generation, e.g. by exploiting 

the insulator-to-conductor phase change in the powder, stand-off operation (by flyer 

impact) may be advantageous. 

Based on model calculations, the exploding foil has an energy density of about 

15 MJ I kg at burst, which is more than three times higher than that of explosive 

( 4.5 MJ I kg). However where system size, weight and volume are of concern, the 

exploding foil technique would suffer from the inherently lower energy density 

realisable using high-voltage capacitors ( 0.001 MJ I kg) as compared with explosive. 

9.2 Future Work 

Further experimental work should include 

1. better fabrication of the aluminium foil/dielectric flyer package to 

optimise the electrical explosion process and so achieve a strong and fast rising 

shock pressure. Vacuum deposition of aluminium [131] onto the Mylar 

polyester foil may significantly reduce any possibility of air bubbles being 

trapped in the foil/flyer interface. Complete removal of the bubbles and a 

seamless dielectric flyer package may significantly improve simultaneity of the 

foil explosion, and reduce or delay the onset of instability during the implosion 

process. 

n. experiments with an exploding foil in direct contact with the aluminium 

powder (but protected by a thin Mylar film), to assess the performance of 

exploding foils in contact operations [130]. 

m. use of a second metallic foil (e.g. aluminium or copper) ahead of the 

Mylar flyer, which should not explode but rather play the role of a liner to 

compress the magnetic field. Scheilk and Linhart [ 46] described experiments in 

which plasma generated by an electrically exploded cylindrical metallic foil 

reputedly compressed an axial magnetic field to a final magnetic flux density of 
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6 T , with a compression ratio of about 10. They proposed an interesting 

concept in which a foil is used indirectly to propel a second foil, which does not 

explode but plays the role of a liner to compress the magnetic field 

1v. use of a multiple-wire array to replace the exploding foil, as forms part 

of a new EPSRC Standard Research Grant (GRJR44645) at Loughborough. 

This technique has been successfully implemented in both magnetic flux 

compression experiments [132] and in plasma Z-pinch experiments that 

significantly improved the neutron yield and X-ray power [133]. It is believed 

that the initial spacing between the wires allows room for the plasma from 

individual wire explosion to expand freely, before coalescing into a uniform 

plasma shell that converges at high speed onto the axis under the J x B Lorentz 

force. 

v. use of non-invasive, electro-optic diagnostic methods, such as laser 

interferometer, for shock velocity determination [134] and magneto-optic 

diagnostic methods, such as Faraday rotation probe for magnetic field 

measurement [135]. 

Further numerical modelling and computational work should include 

i. better simulation of the impact process of an air shockwave on low

density powder material. Either two-phase or multi-phase flow calculation may 

be required to handle mixing of the air and powder material in the computation 

mesh. 

ii. modelling of electrical conductivity for both ideal and non-ideal plasma 

production by exploding foils/wires. 

iii. detailed two- or three-dimensions calculations to allow a study of the 

physical effects that are overlooked by the assumption of one-dimensional 

symmetry. 
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Spiral Probe 

Figure A - 1 Coating of spiral probe with aluminium powder. 
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Appendix A Photographs of Spiral Resistance Probe 

PVC holder 

Figure A-2 Filling the PVC holder with aluminium powder. 

Aluminium powder 

Base of PVC holder 

Figure A-3 Base of PVC holder is wiped free of powder. 
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Appendix A Photographs ofSpiral Resistance Probe 

Barre 

Figure A-4 Dielectric barrel is glued to the base of the PVC holder. 

Figure A-5 

·bre-optic probe 
detection of 

il burst 

Spiral probe is mounted above exploding foil and Mylar flyer. 

299 



APPENDlX 

B 

PHOTOGRAPHS OF FffiLD COIL CONSTRUCTION 

FIGURE 8-1 STEP - 1, SECURE WTRE TO PVC MANDREL TO START ........................... 300 

FlGUREB-2 STEP - 2, EACH LAYER OF WINDING lS COATED WITH EPOXY ................. 301 

FIGURE 8-3 STEP - 3, SECURE COMPLETED WINDING WITH FIBRE CLOTH AND EPOXY 

GLUE .... ..... . ....... ....... .... ........ .............. . ...... ... ..... .. .. ............... .... .............. 301 

FIGURE 8-4 STEP - 4 , EPOXY CASTING IN PLASTIC CONTAINER. ........... ........... ......... 302 

FIGURE B-5 STEP - 5, CONCRETE CASTING IN PVC CONTAINER. ........ ..... ....... .... .... . 302 

Figure B-1 Step - 1, Secure wire to PVC mandrel to start winding. 
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Appendix B 

Coat with 
epoxy glue 

Figure B-2 

Photographs of Field Coil Construction 

Step - 2, Each layer of winding is coated with epoxy glue. 

Fibre cloth with 
epoxy glue 

Figure B-3 Step - 3, Secure completed windings with fibre cloth and epoxy glue. 
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Appendix B Photograph<; of Field Coil ConsLruction 

Plastic container 
for epoxy casting 

Figure B-4 Step - 4, Epoxy casting in plastic container. 

Figure B-5 Step - 5, Concrete casting in PVC container. 
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Appendix C 

SECTION AA 

8 x M4 
Hex 
screws 

8x M4 Hex 
screw thread 
at both end, 
depth 10 mm. 

Material : Steel 

Drawings and Photographs of Jmploder 

.. . . . . . . . . . . 

.. . . 

SECTION BB 

50.00 

14---30.00 

28.50--

Figure C-1 Drawing of cylindrical current conductor and end-piece. 

Figure C-2 

Cylindrical 
current conductor 

Cylindrical current conductor and end-piece. 
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Appendix C 

Locking Bar 

10 x M4---.. 
Hex screws 
40mm 
spacing 
20 mm from 
edge 

10.0 

Material: Brass 

400.0 

Drawings and Photographs oflmploder 

Top Plate of 
Transmission Line 

~------400.~------~ 

I 

28.0 .. .. 

400.0 

8 x M4 Hex 
screws 

Figure C-3 Drawing of top plate of transmission line. 

Figure C-4 

Top plate of 
transmission line 

Top plate of transmission line. 
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Appendix C Drawings and Photographs ojlmploder 

+ 28.0- -1 

+22.0 n H-

3.0 

I 

I- ~ 3.0 4.0 
64.0 

I l 
~~~ 1 ____ 150 x 150: mm square ---~- ~ 

-------- 300 x 300 mm square 

Note : Cut from single PE block, 
300 mm x 300 mm x 70 mm 

Figure C-5 Drawing ofpolyethylene high-voltage insulator. 

High-voltage 
insulator (PE) 

Figure C-6 Polyethylene high-voltage insulator. 
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Appendix C 

Locking Bar 

10xM4HeV 
screws 
at 40 mm 
starting 20 
from edge 

10.0 

10.0 

Material: Brass 

400.0 

Drawings and Photographs oflmploder 

Base Plate 

.. 

. 

. 

. 

400.0----~ 
I 

023.0/24.0 
cut-out 

- ·-·-·:·- ·-·- ·- · ~---·-·-·-· .. ~ 

. 

. 

.. 

I 

I 

·- 400.0 

. . . . . . .. . . . . ..___ ____ _..;.,..~-----...J __ _.._ 
• I ' 

23.0-1 i }-

Enlarged view 23.0 
of cut-out 

I 
- 24.0 

10.0 

Figure C-7 Drawing of base plate of trasmission line. 

Figure C-8 

Base plate of 
transmission line 

Base plate of trasmission line. 
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Appendix C Drawings and Photographs oflmploder 

Inductive 
probes 

Figure C-9 Inductive probe used in test no. 137 . 

...._ End plug 

Figure C-1 0 AJuminium powder assembly used in test no. 137. 

308 



Appendix C Drawings and Photographs oflmp!oder 

Base plate of 
transmission line 

Figure C- 11 Step l -Connect base plate with transmission line from capacitor bank. 

Transmission line 
from capacitor bank 

Figure C-12 Step 2- Lay Mylar film over base plate. 
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Appendix C 

Transmission line 
from capacitor bank 

Drawings and Photographs of Jmp/oder 

Figure C- 13 Step 3 - Align high-voltage insulator with base plate. 

Figure C-14 Step 4- Align top and base plates of transmission line. 
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Appendix C Drawings and Photographs oflmploder 

Top plate of 
transmission line 

Figure C- 15 Step 5- Secure top and base plates of transmission line. 

conductor 

Figure C-1 6 Step 6- [nstall powder assembly inside imploder. 
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Appendix C Drawings and Photographs oflmploder 

Top plate of 
transmission line 

Figure C-17 Step 7- Install initial field coil over imploder. 

Figure C-1 8 Step 8 - Install foam 'catcher' and ready for firing. 
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APPENDIX 

D 

FLAMMABILITY OF ALUMINIUM POWDER 

The mechanism of combustion (or fire) and explosion for aluminium powder is very 

complex and some of the most important characteristics in regard to the ignition of 

aluminium powder are: 

I. Lower flammable limit 

2. Upper flammable limit 

3. Minimum ignition temperature 

The Lower Flammable Limit 

The lower flammable limit is usually referred to as the minimum explosible 

concentration and is measured in grams per cubic metre of volume. It is generally 

associated with dust explosion, when finely divided combustible matter is dispersed 

into an atmosphere containing sufficient oxygen to permit combustion and a source of 

ignition of appropriate energy. 

The minimum explosible concentration is the smallest amount of suspended dust that 

is capable of igniting and propagating a flame and it is affected by both particle size 

(see Table D-1) and moisture content. At dust concentration below the minimum 

value, where the particles are separated by relatively large distances, the heat liberated 

by the oxidixation of single particles is insufficient to ignite adjacent particles. 

If a dust has a very small particle size, cohesive force may result in agglomerates 

having an effectively larger particle size, with a correspondingly smaller specific 

surface than the fine dust. A reduced explosion hazard will exist in these 

circumstances. 
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Appendix D Flammability of Aluminium Powder 

Table D-1. Effect of particle size reduction on the minimum explosible 

combustion of aluminium dust 

Average particle size Minimum explosible concentration 

(!lm) g/m3 

20 30 

35 25 

40 35 

90 45 

Dust with particles larger than the critical dimension 1 of 500 J..lm will not explode. 

The presence of moisture in dust is generally beneficial, since it tends to decrease the 

explosibility in two different, synergistic ways. Firstly, as the moisture content 

increases, the dust particles become more cohesive and produce agglomerates, which 

are more difficult to disperse. The dispersed agglomerates, having an effectively 

larger particle size than the dry dust, are more difficult to ignite and inhibit flame 

propagation. Secondly, any heat applied to a suspension of moist dust will first be 

required to vaporise the water and will therefore not be used in the combustion 

process. 

It has been shown 1 that an increase in moisture content results in higher minimum 

ignition temperatures and gives increased value of minimum ignition energy and 

minimum explosible concentration. 

The Upper Flammable Limit 

Above the upper flammable limit, which is of the order 5-10 kg I m3
, the particles 

are so densely packed that ready access to the oxygen necessary for combustion is 

prevented, and flame propagation is quenched. 

1 Peter Field, Handbook of Powder Technology, Volume 4- Dust Explosions. Elsevier 
Scientific Publishing Company, 1982 
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AppendixD Flammability of Aluminium Powder 

Minimum Ignition Temperature 

The minimum ignition temperature of a dust explosion is the lowest temperature at 

which flame propagation occurs. 

Explosion Parameters of Aluminium Powder/Dust 

Table D-2 summarises the characteristics that are most important in the ignition of 

aluminium powder. 

Table D-2 Explosion Parameters of Aluminium Powder/Dust2 

Particle size 6 Jlm flake 100 !liD 1000 !liD 

Lower flammability limit or 

Minimum explosible concentration, g/m3 30 45 n.d. n.d. 

Upper flammability limit, kg/m' 5-10 5-10 5-10 5-10 

Minimum ignition temperature, °C 420 610 n.d. n.d. 

n.d. = not determmed. 

2 M. Jacobson, A.R. Cooper & J. Nagy. Explosibility of metal powders. US Bureau of 
Mines, R I 6316, Washington, 1964 
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APPENDIX 

E 

EFFICIENCY OF THE DYNAMIC POWDER TRANSFORMER 

The efficiency of the dynamic powder transfo rmer is primarily determined by the foil 

explosion and fl yer acceleration processes, which convert electrostatic energy stored 

in the capacitor bank into kinetic energy in the Mylar fl yer. 

Efficiency. n 

The efficiency of the implosion process is defined as the ratio of the kinetic energy of 

the Mylar projectile at the point of impact with the aluminium powder to the energy 

initial ly stored in the capacitor bank. Figure E -1 shows the time variation of the 

energy sto red in the capacitor bank, deposited in the foil and acquired by the Mylar 

flyer. 

Energy 

Test No 197 

90 r-~--~--~--~--~~~==~==~==~==~ 

80 .......... 77.8kJ 

70 

60 

50 

Energy in capacitor bank 
Kinetic energy of nycr 
Total cnc......-gy in c...-xploding foil 

.......-- Capacitor energy - 54.5 kJ 

(kJ) 40 

30 

20 

10 

0 

Figure E-1 

Foi l burst 

0.5 

Flyer impacts with _____. 
aluminium powder 

.__ Foi l energy = 16.9 kJ 

.......... Flyer enery = 1.62 kJ 

1.5 2 2.5 3 3.5 4 4.5 
Time {!.Is) 

5 

Energy distribution for dynamic powder transformer in test no. 197 
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Appendix£ Efficiency of the Dynamic Powder Transformer 

The energy initially stored in the capacitor bank was 77.8 kJ. At the time the Mylar 

flyer impacts with the aluminium powder, it has acquired a kinetic energy of 1.62 kJ , 

giving an efficiency of 

1.62 
1] = --= 2.08% 

77.8 
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