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Abstract III

Abstract

The objective of this thesis is the analysis of pulsed capacitor discharges through
X5CrNil8-10 steel wires with varying geometries. Discharges at high energy density
levels produce pressure waves which have numerous application possibilities in industry.
Experimental trials are performed using a series RLC configuration (C=150uF, L=4,36 uH,
U=6kV), with the wire producing the circuit damping. In an effort to predict the optimum
wire and circuit dimensioning for maximum energy transfer efficiency, various experi-
ments are performed. Wire lengths ranging from 20mm-160mm and wire diameters from
0,6 mm-0,8 mm are used. The pulse current and voltage across the wire is measured for
each separate wire configuration. This allows the computation of the absorbed energy
within each individual wire resp. wire-plasma as well as the power. An analysis of the
electrical resistance behavior of these wire-plasmas are performed to find the time inde-
pendent Specific Resistance Characteristic for various wires. A time independent fit func-
tion is used to relate the specific resistance to the wire energy density.

It was possible to discover a coupled system of ordinary differential equations (ODEs),
using a semi-physical model, which in turn allows the computation of the pulse current
during discharges. The known circuit parameters as well as the time independent
resistance is used to numerically solve the differential equation system through the im-
plementation of an adaptive Runge-Kutta method.

This new model may help to plan, design and construct experimental and industrial
pulsed wire discharge systems. By using these methods, one is capable of predicting the
current, the wire voltage, the capacitor voltage, as well as the energy distribution and
efficiency for pulsed steel wire discharge systems using known circuit parameters.
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1. Introduction and Motivation

Pulsed wire discharge (PWD) experiments, also referred to as the exploding wire phenomenon
(EWP), have a long tradition in different disciplines since the invention of the Leyden jar in
1745. Edward Nairne first discharged capacitors through metal wires [1], which resulted in a
rapid vaporisation of the metal, combined with the creation of a shock wave. Despite the slow
heating process which was well known from low voltages that caused wires to glow, a high
voltage discharge through a metal wire is characterised by a rise in high current dI/dt, which
not only allows the wire to melt but also vaporises the metal [2]. Before the first invention of
storage oscilloscopes in 1946 by the US company Tektronix, it was impossible to measure the
electrical discharge behavior of capacitors through metal wires. In the 1960’s and 1970’s many
scientists performed pulsed wire discharge experiments in order to do research in plasma
physics, high speed forming of sheet metals through Hydrosparc Forming as well as other tech-
nological processes [3].

In April 1959, the Air Force Cambridge Research Center in Boston organized the first interna-
tional conference on the exploding wire phenomenon [4]. Researchers from all over the world
presented their investigations to get a better understanding of the very complex physical
mechanisms. In 1961 a second conference [5] was organized.

In 1965 Frank Friingel published the book “High Speed Pulse Technology” [6] in which he
describes the different methods of measurement and diagnosis as for example through X-Ray
photography, in order to analyse the interesting phenomena of pulsed wire discharges. Since
those days the typical time segments which occur during the phenomena are well known.
However even today they are not fully understood.

In the past high expectations were placed on the application of shockwave creation by explod-
ing wires, but in practical use such setups e.g. for sheet metal forming appeared to be too large
and bulky [7]. Nevertheless, the technology behind high voltage capacitors has improved con-
siderably within the last decades. New foil as well as dielectric materials offer us now the
ability to produce high energy density capacitors of up to 3,0J/cm? [8]. This technical advance-
ment, from an economic standpoint, could pave the way in regards to the use of capacitor
driven applications in combination with exploding wires, in order to produce shockwaves.
Since the efficiency of diverse setups concerning underwater electrical wire explosions (UEWEs)
depends on many different parameters, e.g. the capacitor voltage, circuit inductance, wire ma-
terial and dimensions, a detailed understanding of the dependencies and mechanisms in-
volved is essential.

The main goal of this thesis is a fundamental analysis of exploding wire experiments with a
chromium-nickel alloy (X5CrNil8-10). Instead of using pure metals (e.g. Cu, Ag, Au, Pt, Al,
Fe, W), as in nearly all experiments were conducted so far, the use of X5CrNi18-10 offers many
advantages in regard to its ideal resistance R4, which is needed in order to reach a critical
damping behaviour (compare 4.1.1). By using modern measurement technology, combined
with contemporary data analysis methods, electrodynamic behavior of exploding steel wires
in the time range between 0-250 us was investigated in this thesis. Particular focus was given
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on analysing the influence of initial capacitor voltage, wire diameter and wire length regarding
the energy absorbed in the wire as well as the efficiency.

The knowledge gained about the circuit parameters (C=150 uF, U(=6,00 kV, L=4,36 uH) should
help to improve further investigations to construct experimental and commercial applications
which allow to perform sheet metal forming and explosive welding etc.

Furthermore, special emphasis was given to a detailed analysis of the resistance characteristics
of each individual experimental setting. These characteristics may be used for a model setup
and simulations of arbitrary exploding wire experiments. Therefore, a special theoretical
model was built. The investigated semiphysical model is based on several assumptions. How-
ever the derivated system of ordinary differential equations (ODE) could be implemented in
a self-written software tool within Labview. By using this software tool, experimenters may
analyse their pulsed wire discharge experiments in detail regarding all main quantities (ca-
pacitor voltage, wire voltage, absorbed energy in wire etc.).

This is a brief overview of the thesis’ structure:

Chapter 2

At first, the reader will be informed about the basic theoretical principles of the exploding wire
phenomenon. Different discharge types are discussed, as well as the classification model of
exploding wires according to the Chace and Levine scheme. Since the energy transformation
during wire explosions is quite similar to the discharge behavior of RLC circuits, special em-
phasis was also given to the theory behind the energy absorption and critical damping of RLC
circuits. As the description of an RLC circuit with variable resistance R(t) is introduced just in
brief, it will be investigated in detail in chapter 5.

Chapter 3

The main aspects of the experimental setup will be explained in this chapter. A short presen-
tation of the capacitor bank, clamp device and measurement equipment will help the reader
to understand the underlying experimental setup, which was used to collect the experimental
data. By drawing a detailed circuit diagram of the experimental setup, the discharge behavior
with constant load resistance could be analysed by using PSpice. The simulations confirm that
it is a profound assumption to use an RLC circuit as a suitable circuit diagram to describe the
experimental setup.

Chapter 4

In the experimental part of this thesis, the thermodynamical properties of the used wire mate-
rial is discussed first. By explaining the experimental procedure and data analysis the reader
should get an impression of the conduction of the experiments and the data processing. As a
first experimental result the accuracy and repeatability will be presented.

In the following sections the results of the experiments are reasoned. The effect of different
charging voltage (4,42kV- 6,00kV) will be discussed as well as the effect of variations in wire
length (20-180 mm) and diameter (600-800 pm).
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For all investigated wire parameters special emphasis was given to a detailed analysis of the
resistance characteristics. Finally both action integral and absorbed wire energy will be dis-
cussed along with the involved averaged wire resistance and circuit efficiency.

Chapter 5

In this chapter the concept of a time independent resistance characteristic in relation to the
energy density within the wire will be used to derive a system of ordinary differential equations
(ODEs). By using eligible assumptions, the model could be implemented in a self-built soft-
ware with graphical user interface in Labview. The functionality of the software tool could be
verified by comparing the simulation results with experimental findings. The simulation re-
sults of a particular wire experiment (d=700 pum, 1=120 mm) will be discussed in detail.
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2. The theory behind pulsed wire discharges

2.1 Types of discharge behavior

After charging a capacitor bank up to a predefined high voltage, the capacitor network is dis-
charged through a metal wire via a so-called Switching Spark Gap (SSG), ignitron or thyratron
[6]. Depending on the size, the capacitor bank usually contains several high voltage capacitors,
which are connected to one another in parallel or series. However, this setup can be simplified
to contain a capacitance C, a switch, a circuit inductance L, a fixed circuit resistance R.;- and a
time dependent wire resistance R, (Figure 2.1). Depending on the discharge parameters (ca-
pacitance, voltage, inductance, wire material and dimensions) one is able to distinguish four
different types of current curves I(t), which are shown in Figure 2.2.

a t=0 U,
—/.—m
L
Uc(t_o)zuco wire
UC —= RW
RCir
I =

Figure 2.1: (a) schematic setup of pulsed wire discharge experiments: A high voltage capacitor C is
charged up to a certain voltage and discharged afterwards through a thin metal wire with a resistance
R,,(t). Due to the high current density the metal wire melts and vaporizes violently within a few micro-
seconds. (b) High speed photograph of an exploding wire (personally taken photograph)

Current
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Figure 2.2: Different types of discharge current behaviour during pulsed wire discharges
(qualitative presentation)
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When a High Voltage Capacitor is discharged through a wire with large mass, the capacitors
energy may not be adequate to vaporise the metal [5]. In this case the discharge curve is char-
acterised by only a single pulse with one individual peak of current (Figure 2.2 a).
Depending on the capacitors energy and the given wire dimensions a second pulse of current
(Figure 2.2 b) is able to occur after a so-called Dark Break [9]. Following the first heat pulse the
resistance of the wire increases due to its temperature dependency. When the thermodynamic
circumstances allow the appearance of boiling nuclei a second plasma pulse occurs, which
surrounds the wire in the shape of a cylindric coat. In general, these secondary discharges
oscillate due to the low resistance of the gas plasma from the metal vapor [4], [6].

It is common that during experiments with thin wires (especially when the stored energy
within the capacitor is larger than the wires enthalpy of vaporisation), the heat pulse and
plasma pulse "melt together" with no Dark Break in between the two (Figure 2.2 c) [4].

By using very thin or short wires the heat pulse (Figure 2.2 a) is not visible anymore within the
graph (Figure 2.2 d). In this case, solely a direct discharge plasma occurs as a current of
damped oscillation [4].

Besides this basic distinction, exploding wires may be further classified according to the
“Chace and Levine scheme”, [10] where four classes of “exploding wires” are proposed:

Melting
In this case the available energy is insufficient for complete vaporisation. Thus,
1
SCUZ < W, + [PR,dt (1.1)

where C is the capacitance of the storage capacitor, U, is the initial capacitor voltage, Wy, is
the energy required to sublimate the wire, I is the current through the wire, and R;, is the
effective resistance circuit of the discharge circuit.

The wire here never vaporizes, but breaks up into droplets, or simply burns through. This is
fuse behavior. Such wire explosions were observed in a more recent publication [11], where
the restrike conditions between the droplets were investigated.

Slow explosion
The time required to vaporize the wire is long compared with the time required for instabilities
to develop in the melted wire. Thus,

t,>Y (1.2)
where t,, is the time required to vaporize the wire, ¥ is the time constant of instabilities, i.e.,
the time required for instabilities (e.g. unduloids) to double in magnitude. Referred to explo-
sion behavior this means that the explosion occurs slowly enough so that physical distortions
have a significant effect on the manner in which the explosion occurs.
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Fast Explosion
The time to vaporize is small compared with the time constant of instabilities. Thus,

t <<V¥. (1.3)

Referred to explosion behavior this means that the explosion occurs so quickly that no signif-
icant changes in shape occur.

Explosive Ablation
The time to vaporize is small compared with the electrothermal time constant. Thus,

t <<g (1.4)
where ¢ is the electrothermal time constant, i.e., the time for a temperature equal to the boiling
point to penetrate to a depth of r/e, where r is the original wire radius and e is the base of
natural logarithms. In terms of explosion behavior the wire vaporizes in a thin surface film
before the center has become heated. In other words, the “skin effect” controls the behavior.
This type of wire explosion was especially investigated by Ramanova, Ivanenkov et al. in a
recent publication [12].

The experiments performed for this thesis can be assigned to the types “Melting” and “Slow

explosion”.

2.2 Theory of RLC circuits with constant resistance

2.2.1 Differential equations and solutions to different types of discharge

As aforementioned the curves of current, which occur as a result of capacitors discharging,
depend on the dimensions of the used wire. Diverse wire sizes cause different values to
emerge concerning the implemented wires initial resistance. In order to better understand
pulsed wire discharges and the exploding wire phenomena, it is useful to first of all compre-
hend the discharge behavior of a capacitor through a constant resistance R as well as a fixed
circuit inductance L (RLC circuit, Figure 2.3). As the discharge of a charged capacitor through
a constant resistance is similar to a circuit with an exploding wire, the examination of RLC
circuits could help to improve and understand experiments with exploding wires.

The differential equations of a RLC circuit can be solved analytically for all three kinds of damp
behavior. According to Kirchhoff's second law, the capacitor voltage U, inductance voltage
U, and resistor voltage Uy, is:

U-(H)+U, () +U(t)=0 (2.1
When expressing the occurring voltages through current I(t), capacitance C, circuit inductance
L and resistance R one is able to calculate the differential equation for the current:

Lrye L L1, gdI)
CI(t)+L T +R o =0 2.2)
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Uc(t=0)=Uq,

A R Ue

= —>
- U,
Figure 2.3: Schematic of a RLC circuit

Depending on the implemented resistance R one can distinguish three different types of dis-

Ug, (6P —af)t  (-o- 52—w2)tj L
H=—F—0 | 0 _e 0 R>2|= a
L= | e @

I(H)=4 I,(t)= COt-f” R:Rcfz\g (b) (2.3)
L
I,t)=—F—~ \/7 stw0 ~5°t R<2\/g (c)

The first equation (2.3a) describes an overdamped circuit, the second (2.3b) a critically damped

charge:

circuit and the last one an oscillating circuit which is underdamped (2.3c). A more detailed de-
duction of these equations is shown in [13].

The relationship between the angular frequency w, and the damping coefficient § can be formu-
lated in the following way:

o1 R
=— PN S=— 2.4
“~Ic 2L @9
The requirement for critical damping (cd) is given when
L
=6 & R,= 2\@ (2.5)

counts, which can facilitate the approximation of the ideal average wire resistance. Figure 2.4
shows the discharge behaviour for different resistor values R in a RLC circuit with all other
parameters unmodified. Hence, the values for the capacitance (C=150 uF) and inductance
(L=4,36 uH) represent exactly the values which describe the experimental setup used within
this thesis. When the resistance R is lower than

R,=2 Mz&ﬂm(l, (2.6)
150 uF

the current curves show a underdamped oscillation (R=0,25R .4, R=0,5R .4 in Figure 2.4 b). The
overdamped behaviour takes place when the resistance is larger than R.4. Then the current
curves do not show negative peak values (R=2,00R.4, R=3,00R4 in Figure 2.4 b).
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2.2.2 The energy absorption within the resistor

Since the amplitude of a shock wave, that is produced by an exploding wire, depends on the
speed at which a capacitors energy E, is converted into heat energy within the given resistor,
it is useful to deduce an expression regarding the absorbed energy inside the resistor E(t).
As the occurring discharge current during an exploding wire experiment is similar to that of
an oscillating and a critically damped circuit, the expression Ex(t) of these different situations
below, is of particular interest.

Through analytical integration the energy absorption in the underdamped case occurs as:

t
Equa(t)= [ (Rt =
0

2.7
5 2_52 . (2t 2_62)_52 (Zt 2_52)_"_ 25t 52_ 2 + 2
s O | @, sin( 2t/ e, cos| 2t/ @, e~ ( ;) + @,

45L2a)§(52 - a)g)

=RUZ e

Regarding long periods of time all the stored energy from the capacitor is transformed into
heat energy within the resistor:
RIE(S% — o RLE 2
ERudoo = lim[ERud (t):| = UCO( a)O) = uCO = UCOC
t—00

4128 -af) 4P 2

2.8)

Through curve sketching of the equation (2.3b) one is capable of showing in the critically
damped circuit case, that the maximum discharge current is as follows:

u 2U u
Ly = 00t = 20 1 £ 736 Heo _ 36811, [ 2.9)
max(cd) LS Rcd - L

The equation below is provided by integration of 1%;(t)R and represents the total energy ab-

sorbed by the resistor in the case of critical damping:

_2t o
ERcd(t):Ug{%C—e */L—{%+\/%t+%(:]} (2.10)

For long durations of time (t—e) the absorbed energy within the resistor becomes ¥2CUZ,
which is the value of the total stored energy inside the capacitor, prior to the discharge pulse.

In general the value Eg.4(t) within a critically damped circuit is s greater compared to Ex(t)
in an underdamped or overdamped circuit (Figure 2.4 e). Only for resistance values slightly
smaller than R.4, Epyq(t) may become temporary slightly larger than Er.4(t) (compare Eg,q
for R=0,5R.4). However, the adaption of R in order to reach a damping behaviour similar to
the critical damped circuit should be an important consideration when optimizing exploding
wire experiments. Even though the resistance of an exploding wire is not constant, equation
(2.10) provides an overview of the velocity of energy stored in a capacitor is capable of being
moved into the resistor for any RLC circuit.
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By utilising the equation (2.3b) in combination with (2.10) the energy transformation process
of RLC circuits can be calculated in order to receive a rough estimation of how a similar ex-
ploding wire discharge could look like. The total energy in an RLC circuit contains the energy
stored in the capacitor

1
EC(t)=ECU§(t) , (2.11)
the inductive energy

E () =%L12(t) (2.12)

and the energy absorbed in the resistor Ex(t).

Figure 2.4 below shows the discharge current and capacitor voltage for an RLC circuit with a
capacitance of C=150 uF, capacitor voltage of Ugy=6kV, line inductance of L=4,36 uH and a
resistance in the spectrum range of R=[0,25R4; 3,00R.4]. The energy of the capacitor E(t) is
shown in Figure 2.4 (c), while the part of the inductive energy is presented in Figure 2.4 (d).
On the whole it is convenient to reduce L, this is done in order to attain a faster conversion of
the stored capacitor energy into load resistance.

7 —————r . 3ooo(c) : ’ - ; .
L ——R= —R=0,25R
(C)] R=0,25R, = 5500 underdamped{ &
|| = 2800 ——R=050R,,
3
w itically d T EERERY R=1,00 R
R critically dampe: i
- ) ——R=200R,,
> S overdamped{
= g 1500 | ——R=3,00R,,
] o
~ e
S
g § 1000
© ©
5 5
S S s00l
=
2 or
g I L I L | L
% 1400 (d)
o
5 1200 |
3
"4 1000 |
I
g 800 -
]
.g 600
]
S a0}
3
£

200 -

2500

2000

Current / [kA]
(4]

1500

1000

500

Energy absorbed in Resistor E_ [J]

15 Lt I I L ! ! 1 L L L
0 50 100 150 200 250 0 50 100 150 200 250

Time [ps] Time [us]
Figure 2.4: Discharge Behavior of a RLC circuit (C=150 puF, U;=6 kV, L=4,36 yH, R=nR. with
n=[0,25; 3,00]). (a) capacitor voltage U.(t), (b) discharge current I(t) (c) capacitor energy E.(t), (d) induc-
tive energy E, (t), (e) energy absorbed in resistor E (t). The dotted curves represent the aperiodic damp-
ing with R4 =341 mQ).
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2.3 Theory of RLC circuits with time dependent resistance

So far the RLC circuits viewed above depending on the absorbed energy, had a constant resis-
tor R with no alteration of conductance. In practice the wire is vaporised by a capacitor dis-
charge which changes its own resistance R,, during the occurrence of a pulse. Therefore, the
variation in regards to the electrical resistivity p of a wire, must also be taken into considera-

tion throughout experiments with pulsed wire discharges (Figure 2.5).

_ U,
E ey
—— -y
L
Uc(t=0)=Us,
N Rut=puttk 4 | Ve
RCir
L= —

Figure 2.5: Schematic of a R(#)LC circuit. The capacitor is discharged through a circuit with a constant
inductance L, a circuit resistance R.; and a wire with variable resistance R,,(t). The wire resistance
R,,(¢t) is not constant because of dependencies on the wire temperature, plasma instabilities etc.

When assuming a constant circuit resistance R.;,- and a variable wire resistance R,, (t), Kirch-
hoff's second law states the following:
Us(H)+U, (1) + U, (H+U, ({#)=0

(2.13)
Through incorporation of the current and second derivation in respect to time one receives:
2
lI(t) + LdL(ZtM M(Rm +Ryy (1)) + I(t)M =0
C dt dt dt (2.14)
Subsequent conversion of the equation gives:
§ dR,, (t
A1O _ 111 BBy (R 4R, (1) 20D
a*  L\C dt dt
(2.15)

The time dependent resistance of a wire with the length [ and cross section S can be approxi-

mated as follows:

l
RW ()= Pw (t)g (2.16)

To solve the differential equation (2.15) together with equation (2.16) the electrical resistivity
pw (t) can be expressed as a linearised function, which depends on the absorbed energy density
ey ;(t) within the given wire. This approach will be investigated in detail in chapter 5.
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3. The experimental setup

3.1 The capacitor bank network and circuit diagram

In order to be able to perform pulsed wire discharge experiments, a capacitor bank network
was built (Figure 3.1). The entire setup contains two different types of capacitor bank: a basic
capacitor bank (KB1) with a capacitance of Cxp1=50 uF and an additional capacitor bank (KB2)
with a capacitance of Cyxp,=100 UF. The networks total capacitance lies at 150 uF and its energy
storage is 2700], when charged up to 6000V (Figure 3.2).

Capacitor Bank KB2 (C=100 pF)
-y L L
et derde
pEmwl

T 1T1T Metal Wire
N '

24 MP-Capacitors (Bosch)
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Capacitor Bank KB1 (C=50 pF) High C'Jj;t Switch

+
T max. L] Safety Safety
| BkV Discharge Discharge

System 2 System 1

HV-Transformer
Power Supply
from Variac n
(0-250V) arge
BBl Relay /l *\
I

7
2 Pulse-Capacitors C=100 pF
(CSl-Capacitors)

Figure 3.1: Circuit diagram of the capacitor bank setup

The basic capacitor bank system contains a charge circuit with a so-called Oil Burner Ignition
Transformer (OBIT), which provides a peak output voltage of around 6,2kV. The two high volt-
age outputs are rectified and then brought together. Over a high voltage reed relay (charge
relay) the two capacitor banks are able to be charged up to a maximum voltage of 6kV. The
input voltage of the transformer is controllable by a variac transformer which supplies the HV-
transformer from a safe distance. After reaching a certain voltage, which lies between 1000 V
and 6000V, the charge circuit is switched off by the charge relay.

Then High Current Switch is triggered by a pneumatic system, which allows a safe firing of the
system. The discharge current is conducted through a high voltage coaxial cable (RG164U) to
the plasma chamber (Fig. 3.3 (5)), which allows a low inductance energy transformation (com-
pare 2.2.2) [14]. Inside the massively constructed chamber, wires of a length of up to
250mm are able to be attached onto a special clamp device (Figure 3.4). The discharge current
returns within the outer shell of the coaxial cable back to the device, where an additional in-
ductance (Fig. 3.3 (8)) can be mounted if so required.

Over a coaxial shunt resistor (Fig. 3.3 (9)) the discharge current is measured and stored by a
digital oscilloscope. When one activates the High Current Switch, the capacitor is also dis-
charged through the Safety Discharge System 1 (Fig. 3.3 (4)). The Safety Discharge System 1 con-
tains 12 ceramic resistors (Rosenthal GK19.5x120, 2,5kQ), U,;,,,=1600V), which are connected
in series. With a total resistance of 30k(), the time constant 7 is: RC=30k(2-150 uF=4,5s.
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When one compares this value with the time constant of the circuit containing a metal wire
(T=163 us), the loss of energy during the pulse discharge dissipation within the safety discharge
system 1 is negligible. Nevertheless, dangerous charges of high voltage inside the capacitor
bank can dissipate after 61=27s to safe voltage values (U;<15V), even if no metal wire being
placed between the electrodes within the discharge chamber.

Energy [J]
3500

3000

2500 +—

2000

1500 £ 4

1000 vl

o

3000 4000 5000 6000 7000
Voltage [V]

Figure 3.3: Experimental setup: (1) capacitor bank KB2, (2) capacitor Bank KB1, (3) high current switch,
(3) safety discharge system 1, (5) discharge chamber with metal wire, (6) high voltage divider, (7) digital
storage oscillosope nr. 2, (8) inductance, (9) coaxial shunt resistor, 0 digital storage oscillosope nr. 1
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Because strong shock waves are produced by the exploding wires inside the discharge cham-
ber, a solid construction had to be built in order to be able to clamp down the wire threads.
The steel assembly had to be electrically isolated from the discharge chamber and was realised
to allow any kind of simple attachment of one or two coaxial cables in parallel (RG164U or
RG218U), which supply the experiment from the capacitor bank. Furthermore, it should be
possible to clamp down wires of a length of up to 250 mm (diameter 600 pm-800 um) between
two electrodes. The distance of these electrodes should be adjustable within the range of
0-250mm, without having to change the center line once it is fastened by the clamp device, in
regards to the currents path. This guarantees for a nearly constant inductance value regarding
the clamp device irrespectively of the used wire length and diameter.

After taking all these requirements into consideration, a CAD model of the clamp device was
built (Figure 3.4). The central conductor of the high voltage cable RG164U, which runs from
the capacitor bank, is fastened to a threaded rod (M16) at ®, while the outer conductor is at-
tached to another threaded rod (M16) at ®. The threaded rods are fixed in place by massive
terminals made of brass at © and ©. Through each of these terminals a horizontally hole was
drilled, they each allow a single threaded metal rode (M16) to be place through them. These
two threaded rods act as electrodes with a variable distance, between which a wire can be
attached. Halfway between ®-© and ®-© an RG213U coaxial cable is connected so as to be
able to measure the decline in voltage between ® and ©.

RG164U_

from Capacitor Bank

Figure 3.4: CAD model of the clamp device inside the discharge chamber (geometric section)
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By analysing the geometric dimensions of the capacitor bank one is capable of designing a
circuit diagram which also incorporates the inductance values of the bussbars (Figure 3.5).
Within PSpice the designed circuit model of the capacitor bank was simulated. Variations re-
garding the utilised inductances produced a qualitative overlap compared with short circuit
measurements (Figure 3.6). Since the circuit diagram in Figure 3.5 would be too complex for
the modeling approaches described in chapter 5, a simpler equivalent circuit (RLC) had to be
found. Therefore equation (2.3c) was used to find a suitable circuit inductance L, so that the
gained current curve I,,4(t) matches with the measured current I;,4,. The obtained circuit pa-
rameters are: C=150 uF, L=4,36 uH, R ;=44 mQ)

D
tClose=0us L4D2 Itotal -
1% 2 Y %T‘{
vt 0.14uH (
) load circuit ¢
( {
. . 34uH .|
02(;\)/;;14 A J
tOpen=0 M Y
R3’714'_‘ 3 LL(/LG 0.04
0001 U3 ' 0.39uH

>
——— 1000V
i R4 C1b
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Figure 3.5: Detailed circuit diagram of the experimental setup. The main capacitor bank KB1 (50 pF) is
connected in parallel to the additional capacitor bank KB2 (100 uF). The whole capacitor bank has a
capacitance of 150 uF at a max. charge voltage of Ug=6kV.
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Figure 3.6: Discharge current of the capacitor bank network. Dotted lines represent simulated values.
I,4(RLC) represents the computation with equation (2.3c).
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3.2 The setup in order to measure discharges

During the procedure of charging up the capacitor bank, the voltage of these capacitors is
measured by a high voltage probe (VOLTCRAFT H 40) at a ratio of 1000:1 and with a 10MQ
multimeter (Figure 3.7). With this configuration the charge voltage is able to be adjusted up to
an accuracy of approximately 10V.

R1 L1 t=£) R3 L3 Lcoax

- — YN\ ~ CWT300LFB
&ﬁ* < Rogowski coil
5 Rso(t)
'—
5 s UO oscilloscope nr. 1
> T S p_
6.00 C e L = §
e =
R, L Rsnl Ry * bl I
2|
0|
>

mulimeter :_mj K-5000-10 coil inductance

— oscilloscope nr. 2 1

oog

Figure 3.7: Schematic of the setup required for discharge measurements (compare also with Fig. 3.4)

The main interest of this project are the discharge measurements, which display the character-
istics of the exploding wires, so to be precise the decline in voltage throughout the wire resp.
the wires plasma is measured by a high voltage probe from Tektronix (P6015A). Due to geo-
metric limitations, it is not possible to measure the voltage directly from the relevant wire
itself. Since the voltage is taped at the points ® and ® by a RG213U coaxial cable (compare
also Figure 3.4), the voltage Ugg is not exactly the same voltage as is Up. So as to be able to
estimate this voltage difference one has to determine the inductance of the bridge circuit. The
clamp voltage U qmp is capable of being found out with the formula

dai(t
U,y (1) = Upp (£) = (R + Rep (8) + Rpp )I(#) + (L + Ly + L — ZLBC/DE)% , (2.17)
where the inductances Lg¢, Lcp, Lpg (wWires with length [, radius r) may be computed by [15]:
L:ﬂ{ln(z—lj—é} . (2.18)
2 r 4

According to Rosa and Grover [16] the mutual inductance of two parallel wires (as Lpc pg)
with length | and distance D is
2 2
M:ﬂ{l-m”— “lD+D—\/12+D2 +D] . (2.19)
zr
If one ignores Rp. and Rpy the measured voltage may be described by:
di(t)

Upe(£)=Rep (DI (t)+Ldm,77 (2.20)
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The value for L¢qm,, is calculable with the equations (2.18) and (2.19). By incorporating the

geometric values from Figure 3.4 one is able to gauge the existing inductance:

Letamp = Lyc + Lep + Lpg — 2Lgep = 97nH + (282 + 106)nH + 97nH — 2 - 10nH ~ (456 + 106)nH
When one assumes a total circuit inductance of 4.36 uH the current rise at =0 pis is able to be
approximated by:

ai®)]  Ugp  6kV
dt leco Leeure  436uH
If an inductance of L¢;qm,=4561nH is given, then the maximum voltage error is determinable:

~ 1.38kA/us

dl
AUppax = Lclamp (E) = 0.456uH - 1.38kA/us = 629V
max

In previous tests with the aforementioned high voltage probe (P6015A), significant values of
RF-noise were determined, when the probe is in close proximity to high current setups
(I>10kA), which made it quite difficult to attain usable measurements. In order to be able to
overcome this challenge, it was necessary to manufacture a shield for the high voltage probe
(Figure 3.8). The low voltage output from the voltage divider is attached to a battery-driven
oscilloscope from Owon (DS6062). This oscilloscope is also placed inside a shielding steel box
(Figure 3.9¢), isolators separate it from the floor.

Figure 3.8 (a) CAD-model - a section of the high voltage divider (b) Practical realisation
(® HV probe Tektronix P6015A

@ turned part made of POM as attachment

3 Isolation made of acrylic glass

® housing made of S235]R steel

(® HV feed through with RG213U coaxial cable
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After triggering the discharge of the capacitor bank, the given discharge current is measured
by a high current coaxial shunt resistor (Figure 3.9a) from the manufacturer T&M RESEARCH
PRODUCTS, Inc. (K-5000-10). As a second option the discharge current can also be measured
by a Rogowski coil (CWT 300LEB- 0.1mV/A), which is placed around one of the current-car-
rying threaded rods within the discharge chamber (Figure 3.9b). Both measurement devices
have a BNC output and therefore it is possible to connect them to the digital storage scope
(Owon DS6062), which is used in order to be to able capture current curves while pulse dis-
charges take place (Figure 3.9c). A comparison of the two types of measurement resulted in a
perfect overlap of the current curves (Figure 3.9d). No matter how one positions the Rogowski
coil around the threaded rode (in one instance around the current-carrying threaded rod in
the center, in another case touching the current-carrying threaded rod) one is unable to deter-
mine significant differences in comparison to measurements made with the coaxial shunt re-
sistor. However the positioning of the Rogowksi coil seems to be even less critical than as it is

mentioned within the producers manual [17].

—— Rogowski Coil

max_,
17%=4,88kA —— Coaxial Shunt

17=1,96KA

17:0,65kA

Coa=1501F
U,,;=1,00kV
no coil used
1 1 1 1 1 1 1 1 1

50 100 150 200 250 300 350 400 450

Time [ps]

T=163us

Figure 3.9: Current measurement devices
(a) Coaxial shunt resistor

(b) Rogowski coil (red loop around the threaded rod)

(c) battery powered digital oscilloscope (Owon DS6062) inside a shielded box
(d) comparison of current measurements
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4. Experiments
4.1 Fundamentals

4.1.1 Properties of wire material

In the literature from 1959 onwards nearly all experiments with exploding wires were per-
formed with pure metals i.e. Iron, Copper, Aluminium and Tungsten [4], [5]. Only less studies
have been written containing alloys [18], [19]. The experiments presented within this thesis are
all done with stainless steel wires which are made of the alloy 1.4301 or X5CrNi18-10. As an
Austenite this alloy is an acid-proof stainless steel, widely used in industry within Europe and
well known by the popular name of V2A". It contains 17,0-19,0% Cr, 9,0-11,5% Ni, less than
2% Mn and the total amount of Fe inside the alloy is around 72% [20]. The specific resistance
of pure iron (p=0,1 Omm?/m) is typically much lower than the specific resistance of iron alloys
which include nickel and chrome [21]. Steel wires made of X5CrNi18-10 are better than wires
made of pure iron regarding their ideal resistance R.4, which is needed in order to reach a
critical damping behaviour. Typically, the steel alloy X5CrNi18-10 has a specific resistance of
p~0,73Qmm?/m at 20°C [20], which is around 7 times higher than the specific resistance of iron
alloys (0,05% C), which do not contain chrome and nickel [21]. At 1000°C X5CrNi18-10 reaches
a specific resistance of p~1,250mm?/m [21], [22]. Furthermore, wires made of X5CrNi18-10
offer some added advantages in experiments dealing with exploding wires. For example this
alloy is easily available in many diameters, has a low price and does not corrode.

In order to understand the heating process and it’s own physical states of matter (solid, liquid
and gaseous) in more detail, one must compute each phase of the thermal enthalpy AH.
Figure 4.1 shows the computed thermal enthalpy graph, which includes values from literature
as well as values which had to be approximated. In general, the total amount of thermal energy
or enthalpy, AH, associated with the specific heat capacity (C,) is given by:

T,
AH = [ C,dT (4.1)

5
According to [23] the specific heat capacity [J/gK] of the alloy AISI 3042 which is equivalent to

X5CrNi18-10, one is able to describe it with a good approximation by the polynomial

Cp=0,443+2:-107T-8-10"°T* (4.2)
within a suitable temperature range of T=[298; 1727]K. Via analytical integration of the equa-
tion (4.2) the curve of thermal enthalpy was able to be drawn, which starts from room temper-
ature at 298K (green curve “solid” in Fig. 4.1). The temperature at which the alloy starts to
melt is the so-called solidus temperature (Ts), which is reached at 1673K [23]. At 1727K the melt-
ing process is completed, this is called the liquidus temperature (T;) [23]. According to the same
source the heat that is required during solid-to-liquid transformations, is the enthalpy or latent
heat of melting (AHf). In regards to the alloy AISI 304 the latent heat of melting is
AHg =290 J/g. Since the value for the specific heat capacity of AISI 304 in regards to its liquid

phase (Cp,,) could not be found in any literature, one may use the Kopp-Neumann role of mixtures

T abbreviation for Versuchschmelze 2 Austenit
2 material designation in Anglo-American regions
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Figure 4.1: Thermal Enthalpy X5CrNi18-10. The energy density is related to the initial volume (V, i)

in order to estimate C,; [24]:
C,. =2 Y(Cp), 4.3)
i=1

By using the atomic fractions of the alloy elements (Y;) together with the heat capacities of the
pure elements [23], the specific heat capacity for the liquid alloy then becomes:

C,. ~(0,762-0,72+0,78-0,18+0,63 - 0,1)L ~ 0,75L (4.4)

8K gk

Since the boiling temperature (T},) of AISI 304 was not able to be found in any literature, it’s
value had to be estimated from the boiling temperatures from the pure elements within the
alloy. When neglecting the component of Manganese (1%) within the alloy, one is able to esti-
mate the boiling temperature of the ternary system Fe-Cr-Ni. Holleman and Wiberg [25] pro-
vide the values of T,=3070°C (Fe), T;,=2640°C (Cr) and T,=2730°C (Ni). By assuming a non-
azeotropic ideal mixture behaviour [26], the boiling point of the AISI 304 alloy is roughly:

T,(AISI304) =~ 3070°C-0,72 +2640°C- 0,18 +2730°C- 0,10 = 2959°C = 3232 K (4.5)

When assuming C,,;=0,75 J/gK (equation 4.4) as a constant value wright up to the determined
boiling temperature, one may reach a thermal enthalpy of 3199 J/g at T,. By using the vapori-
sation enthalpy of the pure elements (Hyq,(Fe)=6340 J/g, H,q,(Cr)=6700 J/g, Hyq,(Ni)=6480 J/g)
according to the literature [27] also respecting the masses proportions, one receives:

AHop ~ (6340-0,72+6700-0,18 + 6480-0,1) L ~ 64191 (4.6)
g 8

Together with the enthalpy at the boiling temperature (T}), the total enthalpy in order to reach
the gaseous states of matter, the so-called sublimation enthalpy (AHg,}), then reaches 9618]/g.
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4.1.2 Experimental procedure

Before each experiment the required wire diameter was choosen from the available assortment
of X5CrNi18-10 steel wires. The wires were cut to the needed length and clamped within spe-
cial copper cylinders (Figure 4.2). These copper cylinders (50 mm long, 4mm diameter) were
produced previously with a hole at one front end (d=1,0mm, 1=12mm). However, each end of
the steel wire is able to be inserted into the hole of one copper cylinder. After crimping the
copper cylinders, the steel wires are attached properly to the copper cylinders and must then
be cleaned with Isopropanol. This procedure gets rid of existing grease residue, which could
affect the formation of the plasma during the pulsed discharge as well as influence the repeat-
ability in a negative way (chapter 4.1.4).

In order to perform an experiment, the copper cylinders are clamped with screws in massive
brass supports (Figure 4.3), this guarantees a low resistance connection, which is far less than
the typical circuit resistance (R.;-~36 m(J).

Figure 4.3: Clamped steel wire setup, ready to perform a pulsed discharge
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4.1.3 Method of data analysis

After charging up the capacitor bank and triggering the discharge, the measured current and
voltage waveform provided by the oscilloscope is able to be stored on the computer. Typically,
the memory depth from the oscilloscope is set to 100kS at a sample rate of 100 MS/s. This then
gives a time step of 10ns. However, the captured data had to be analysed and post processed
numerically in many steps (Figure 4.4).

First the measured current and voltage data had to be smoothed out with a Savitzky-Golay-
Filter [28] in order to avoid strong oscillations. These are mainly caused by the switching spark
gap given at the time of zero crossings of the current. In comparison to other filter methods
the high frequencies are not just cut out, but also included in the computation, which makes
this specific filter method very powerful. Starting with the smoothed out current I(t) and clamp
voltage Ugjqmp(t) one is able to compute a variety of time dependent quantities, which in turn

help to understand the physical phenomena involved.

experimental measurement
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Figure 4.4: Schematic diagram that illustrates the post processing
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First of all, the filtered current curve may be used to compute the voltage® of the capacitor bank
by numerical integration with:

U ()=Up (£=0)~ X [1(¢)at 4.7)

Within this thesis the potential difference between the wire endings is called wire voltage U,,.
According to chapter 3.2 the voltage must be corrected in regard to the inductive voltage drop
with

d
Uy, (t)= Uy (t)- Ldumpal(t) , (4.8)
which requires a previous numerical computation of the current deviation
d
s(t)y=—1(t) . 4.9
(H=—1(t) (49)

This allows the computation of the wire resp. plasma resistance in dependence of time

R, (t)= UW—(t) , (4.10)

as well as the wire power described by

B, (t)=U,, (t)I(t) - (4.11)
The energy absorbed in the wire resp. plasma is able to be computed via numerical integration of
the wire power:

Ey (t)= [Py (t)at (4.12)
0

When assuming an isochoric condition (compare chapter 5.2), the cross section of the wire (S)
stays constant when the plasma pulse appears. Then one may define an energy density in the
wire resp. wire plasma ey ; in respect to the wire dimensions (length [, radius r):

E, (t
ey,i(t)= :Zfﬂ) (4.13)

With the assumption of an isochoric behaviour, it is also possible to define the time dependent
specific resistance of the wire resp. wire plasma described by:
2
r'r
pu (t) =Ry ()=~

Finally, the time dependent specific resistance* of the wire resp. wire plasma p,,(t) may be

(4.14)

represented, depending on the energy density within the wire resp. wire plasma (ey ;) as a

time independent function:

Pw [ev,i(t)] = Pw (ev,i) (4.15)

3 The capacitor voltage computed by this method gives an excellent value for experimental analysis,

because no measuring cables are needed for potential measurements.

4 Specific resistance is a noun for electrical resistivity (also known as specific electrical resistance or
volume resistivity)
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This representation offers the opportunity to compute a time independent resistance charac-
teristic curve for any type of wire. The “action integral”, or simply the “action” is a quantity
which results from a superficial similarity between the quantity it represents and the action in
classical mechanics [29]. With the definition

A(t)= Ilz(t)dt , (4.16)
0

the action is a very useful quantity in order to describe the “thermal inertia” of any circuit
element in an RLC circuit. In a pulsed capacitor discharge circuit, the value for A(t—e) con-
verges towards a fixed value A,,. When looking at an arbitrary resistor element R; within the
circuit, the absorbed energy in this element is able to be determined by simply computing

E ()= A(BR, . (4.17)

if one regards the resistance as constant (compare chapter 4.2.2.4). In the case of a non-constant
resistance, which the exploding wire within a pulsed discharge circuit represents, the re-
sistance of the wire R,,(t) may be expressed as a function of the involved Action A(t):

Ry (t) =R, [ A(t)] (4.18)
Further the specific action of a resistive element R; may be defined as
0A(t) ¢ 1k
ay (t)=%=£ﬁ(t)dt=s—2}[12(t)dt : (4.19)

where S is the cross section of the resistive element and j is the homogenous current density. In
the case of a round wire with radius r the specific action is given by:

0 (1)= _(i;jz(t)dt: ! i]z(t)dt . (420)

1"472'2

Instead of writing the specific resistance p as a function of energy density (equation 4.15) one
may also write p,, in a dependency with the specific action in the wire:

Pl 3w ®]= Py (@) (4.21)
Both expressions (equation 4.15 and 4.21) offer a time independent description of the resistiv-
ity of the wire material and are connected to each other in the following way [30]:

t t d t o fd i t
J o L ]da 0= [ 20 XDt = [ p, 02 0= [ 70
0 0

0 0

dt=e, (t) (422

Because the energy density within the wire (e ;) is a more understandable quantity compared
to the specific action (a,, ), most of the analysed data within this thesis was gained by using the
representation of the specific resistance in dependence of the energy density in the wire
(equation 4.15).
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4.1.4 Accuracy and repeatability

Before starting with parameter variations, the validity of the performed experiments should
be determined. When repeating a pulsed wire discharge by using the same circuit parameters
(Uco, C, L, R¢iyr) and wire dimensions (I, d), the measured current I(t) and voltage U,,(t) differ
from one experiment to another. The reason for this behaviour is an inaccuracy of the charge
voltage (Uco +AUc), a variation of the capacitance (C+AC) and a geometric variation of the
wire dimensions ([+Al, d+Ad). Furthermore, the moment when the plasma pulse occurs de-
pends on complex physical mechanisms with sensitive boundaries, which are also responsible
for a divergence of the current I(f) from one experiment to the next experiment [18].

To figure out the magnitude of the deviations, the current waveform I(t) was measured for
five pieces of X5CrNi18-10 steel wire with a length of 120mm each and a nominal diameter of
700 pum. Precise preparation of the used wires, within all experiments described in this thesis,
made it possible to guarantee a maximum variation of wire length of less than 1 mm concern-
ing all wire lengths. The diameter of the 700 um wire was measured with a micrometre screw
in horizontal (dj) and vertical direction (d,) at 13 different wire sample positions, where
around one half of the measurements was done in horizontal and the other half in vertical
direction. Figure 4.5 shows the wire samples (a), the diameter orientation of measurements (b)
and scatter of the wire diameters (c). The mean average diameter was determined as 700,15 pm
with a standard deviation of 7,8 um. Therefore, the diameter deviation is only about 1% and
the corresponding cross section deviation only about 2 %.
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Figure 4.5: (a) wire samples (1=120 mm, d=700 um) clamped within copper cylinders, (b) diameter
measurements in horizontal (d;) and vertical direction (d,,), (c) deviation of wire diameters
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During all the performed experiments described in this thesis, the capacitance of the entire
capacitor bank was measured with a RLC-meter at random intervals. The typical capacitance
measurement was 150,00 uF. Depending on the temperature and previous pulse experiments,
the measured values differ by less than AC=+3 uF, which results in a deviation of about 2 %.
According to chapter 3.2 the initial capacitor bank voltage is able to be adjusted with an accu-
racy of about 10V. At a maximum charge voltage of 6,00kV, this is equivalent to an adjustable
voltage accuracy of 0,2 %. Figure 4.6 shows the measured current (a) and voltage (b) wave-
forms of the repetitive experiments, which represent an excellent repeatability. During the heat
pulse the current curves do not show significant deviations amongst each other. However, the
main scattering of the measured curves takes place while the plasma pulse. The peak values
of the current may be found in a spectrum between 9,03kA and 9,83 kA.

By using the postprocessing methods described in chapter 4.1.3, the absorbed energy in the
wire reps. wire plasma was able to be computed (Figure 4.6c). In this case the deviations are
even less significant between the five repetitive experiments (2331,5] -2374,6]). The specific
resistance diagram shown in Figure 4.6 (d) also represents a profound matching of the five
datasets, which in turn confirms a good repeatability of the pulsed wire experiments investi-
gated in this thesis.
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Figure 4.6: Repetitive experiments with constant parameters (a) Pulse Current, (b) Wire Voltage,
(c) Absorbed Energy in Wire resp. Plasma
C=150 uF, Ugy=6,00kV, L=4,36 uH, X5CrNil8-10 wire, [=120mm, d=700 ym

(d) Specific Resistance Diagram; circuit parameters:
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4.2 Results

4.2.1 Effect of capacitor charging voltage

Since the beginning of research on exploding wires in the 1960s, only a few scientists have
analysed the influence of changing the initial capacitor voltage U¢y, while keeping all other
parameters constant [31], [32]. These reports are focused on the analysis of the current and
voltage paths during the discharges, however they do not present a systematic analysis of the
absorbed energy within the wire or involved wire resistance. Therefore, the influence of ca-
pacitor voltage variations should be investigated in more detail within this thesis. In order to
understand the influence of the initial capacitor voltage U;, on the discharge behaviour, the
involved capacitor energy E¢, was specified in equidistant steps (Table 4.1).

Capacitor voltage UcolkVl | 442 | 476 | 510 | 542 | 571 | 600
Capacitorenergy Eco [KJ1 | 147 | 170 | 195 | 220 | 245 | 270

Table 4.1: Voltage and capacitor energy values

Hence the step size AE¢, between the capacitor energy values is 250] (except for the first step),
starting with 1450] at a given capacitor voltage of Ugo =4420V. The correlating initial capacitor

voltages are computed by

2E.,
—= 4.23
C (4.23)

with the constant capacitance value of C=150 uF. For all experiments the involved wire dimen-

uco =

sions were set to a diameter of 700 um at a length of 120 mm. The same wire dimensions were
also choosen in the previous experiments in order to investigate the accuracy and repeatability
of the experiments (chapter 4.1.4). However, this specific wire dimension was selected because
of its characteristic double hill shape, where the current maximum of the plasma pulse is ap-
proximately 80 % of the current peak from the heat pulse. Figure 4.7 shows the pulse current
(a) and wire voltage (b) depending on the specified initial capacitor voltages presented in table
4.1. All curves in Figure 4.7 (a) exhibit a characteristic shape of a double hill. The higher the
initial capacitor voltage is set, the higher the peak current of the heat pulse is. For all initial
capacitor voltages except 4,42kV, the plasma pulse follows directly after the heat pulse. At
t=18 us the current reaches its peak value for all initial capacitor voltages with a slight shift to
t=19 ps for higher initial capacitor voltages (Ugo =6,00kV). In the case of Uy=4,42kV the plasma
pulse does not directly follow after the heat pulse. Here the plasma pulse occurs 579 us after
the heat pulse, which represents a typical dark break [9]. In a more detailed view the peak
values of the currents are in the spectrum between 8,86 kA (Ugo=4,42 kV) and 11,17 kA
(Uco =6,00kV). The plasma pulse peaks are reached at 80 us (9,16 kA) for Ugy=6,00kV, at 90us
(7,39kA) for Ugy=5,71kV, at 93 us (6,00kA) for Us,=5,42kV, at 110 us for Us,=5,10kV, at 135 us
for Ugo=4,76kV, at 597 us for Ugy=4,42kV.

Figure 4.7 (b) shows the computed wire voltage after filtering and correction with
equation (4.8). The measured voltages across the wire reach a first maximum after 21-24 us.
The peak values increase with higher initial capacitor voltage values U¢,. In the case of a ca-
pacitor voltage Uy=4,42KkV, the first voltage peak reaches a value of U,,=3,30kV.
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At a capacitor voltage of Ugy=6,00kV the first voltage peak lies at 4,44kV. For all other inter-
mediate values of capacitor voltage U¢y, the first peak values for the wire voltage max;[U,,]
are nearly evenly distributed. During the pulse discharge, a lot of energy is stored in the mag-
netic field created by the current flow through the total inductance of the experimental circuit.
After a sudden increase of the wire resistance, the inherent current of the circuit may not be
stopped immediately. Therefore, the remaining flow of current will create a charge accumula-
tion (negative as well as positive) at the endings of the wire. Since the contacts at the wire
endings and the wire itself act as a capacitor with a small stray capacitance, the remaining flow
of current will charge up this “wire capacitor”. Due to its small capacitance value (some pF)
the wire voltage U, can reach values even far higher than the original capacitor voltage U,
[33]. This effect may be seen within the inset of Figure 4.7b. Here the wire voltage U,, reaches
higher values than the original capacitor voltage U;, concerning all capacitor voltages
Uco 2 5,10kV. Only for the capacitor voltages Uco=4,42kV and U;,=4,47 kV the wire voltage
U, is lower. However, in the case of Uy =4,42kV the creation of a second local peak does not
reach a voltage high enough to directly induce a plasma pulse event. Therefore, the wire volt-
age stays constant for Ugy =4,42kV within the time interval of [50; 530]us. Then after 530 us the
voltage decreases in a more or less linear fashion down to zero (670 ps). During the research
activities of the fifties and sixties one investigated the length of the so called dark break in
more detail [34]. By using the equation (4.11) the power in the wire resp. wire plasma is able
to be computed and plotted in a graph (Figure 4.8a). As mentioned before, the first peak values
for the pulse current I and wire voltage U,, are located in an interval #(I;;4,1)=[18; 19] us to-
gether with t(Uy;m4x1)=[21; 24] pus. By viewing the power curves in more detail (inset of Figure
4.8a) the first peak values of all curves may be found at 20 pus. The first power peak has the
highest value of all curves given at a capacitor voltage of U;=6,00kV, where it reaches a value
of 49,5 MW. In the case of a capacitor voltage of U;=4,42kV, the first power peak reaches
28,5 MW. For the capacitor voltages U¢o =[4,76kV, 5,10kV, 5,42kV, 5,71kV] the values of the
first power peaks are: max, (P, )=[32,6 MW, 37,2 MW, 41,3 MW, 45,6 MW]. After a local mini-
mum, the power curves show a second power maximum in the form of a spike, which is lo-
cated at totally different moments in time. The earliest power maximum, which also represents
the total power maximum for all curves, may be found at 41,8 us, where it reaches a value of
77,3MW. All other second power peaks follow at much later points in time [45 ps, 49 s, 55 us].
Regarding the experiments with Ugy=4,42kV and Uy=4,76kV the second power peak reaches
values, that are less than 50% of the first power peak. However, these power curves may be
numerically integrated by using equation (4.12). Figure 4.8 (b) presents the results of numerical
integration concerning the curves from Figure 4.8 (a). In the first 20 us all curves show a very
straight increase regarding the absorbed energy within the wire. In this case, the slope is
steeper the higher the initial capacitor voltage U, is. At a certain point each curve (except the
curve for Ugo=4,42kV) shows a significant bend (t,¢nq). When comparing the timing of these
bends with Figure 4.7 (a), one notices that these time values fit together with the timing of the
local minima from the current curves. This is the exact moment, when the plasma pulse occurs.
From then on, the energy is not only absorbed by the wire itself but by the wire and wire
plasma combined. After the first power peak, the power in the wire respectively wire plasma
decreases rapidly, so that the curves of the absorbed energy increase slower than before.
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Actually, in a first approximation after the bends the curvature of the energy absorption within
the wire plasma is negative:
d’E,, (t)
dr?
Mathematically speaking this means that the values for the absorbed energy converge towards

<0  for t>t,, ., (4.24)

a fixed value E, . This also becomes more obvious by expressing the derivatives as:
d’E,, (t) _dpP,(®) <0
dt* dt
This means that the power curve which decreases, is responsible for the asymptotic behaviour

(4.25)

of the curves from the absorbed energy within the wire plasma. However, the final values in
regard to the absorbed energies are distributed between 2366 ] (Uco=6,00 kV) and 1306 ]
(Uco=4,42KkV) (Figure 4.9). When placing these values in relation to the initially stored energy
within the capacitors E¢, one is able to compute the efficiency 1 of the absorbed energy within
the wire:

7= iﬂ (4.26)

Cco

The attained values concerning the efficiency are shown in the inset within Figure 4.8 (b). By
increasing the values of the capacitor voltage U, the efficiency decreases starting at 17=0,85 for
Uco=4,42KkV. At an initial capacitor voltage of U;y=6,00kV the efficiency 1 lies at only 0,61.
By analysing the location of the bends in Figure 4.8 (b) one finds the amount of absorbed en-
ergy within the heat pulses (Figure 4.9). These values are significantly different from one an-
other, and show the tendency of the absorbed energy within the heat pulse (view italic bars).
At an initial capacitor voltage of U;,=6,00kV the heat pulse energy lies at 1639], which is about
69% of the total absorbed energy, which is 2366 J. Compared to the heat pulse energy of
1229], which occurs at an initial capacitor voltage of Ugy=4,42kV, the heat pulse in this case
lies at 94% of the total absorbed energy, which is 1306] (view the black bars). However, the
heat pulse energy seems to increase far less when one increases the initial capacitor voltage
U¢p in comparison to the total absorbed energy. So, for higher initial capacitor voltages U, the
fraction of E,/E,,. increases progressively.
By numerical evaluation one is finally able to compute the specific resistance characteristic for
the performed experiments. As shown in Figure 4.10 the energy densities within the interval
[0; 23] ]/l overlap quite perfectly. Concerning higher energy densities (23]/ul<ey ;), the given
curves differ from one another. The higher the initial capacitor voltage U¢ is, the earlier the
specific resistance starts to increase. Regarding an initial capacitor voltage of Ugy=4,42kV the
specific resistance diverges towards a very high value (A) of nearly 500 uQm. For the same
curve the specific resistance decreases rapidly at 26,6]/ul<ey ;, this represents the pulse event
starting at 530 ps after the dark break, which itself takes 579 us (Figure 4.7). For the experiments
without a dark break, the maxima in regards to the specific resistance is discoverable at energy
densities (points B, C, D, E in Figure 4.10), which are able to be fitted by an parabolic equation:

P ey ;) =69,75+4,705¢, , —0,0736e; | (4.27)

Here the values for e, ; must be expressed in J/ul, in order to attain the values of the specific

resistance in pQm.
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4.2.2 Effect of Wire Length and Diameter

4221 Wire Dimensioning and Sublimation Energy

Within this chapter the influence of wire dimensions (length I and diameter d) on discharge
behaviour will be investigated. The required sublimation energy for a total vaporization Wgyy,,
which depends on the given wire length I and radius 7, is easily computed by:

Wop = AH, "l (4.28)
So, for a given wire volume with equal sublimation enthalpy, one may use long and thin wires
on the one hand, or short and thick wires on the other hand. However, the choice of wire
dimension will have an influence on the involved field strength €, and the surface of the wire.
Figure 4.11 shows the wire volume V dependant on the wire length [ as well as the wire diam-
eter d=2r. The experiments within this chapter have been performed with the wire
diameters d equals 600 um, 700 um and 800 um. The wire length implemented varies within a
spectrum between [=[20;180] mm. All experiments were completed with fixed circuit parame-
ters (C=150 uF, Ucp=6,00kV, L=4,36 uH), apart from the wire dimensions, so that the initial en-
ergy within the capacitance was 2700]. When assuming a sublimation enthalpy of AHg,,=76
J/ul (chapter 4.1.1), it is possible to vaporize a volume V=2700]/76 ]J/ul=36 ul made of the steel
alloy X5CrNi18-10. This corresponds to a wire mass of 284 mg (colour scale given in Figure
4.11). The performed experiments are able to be separated into the wire dimensions where
Eco>Wsyp and the wire dimensions where E¢y<Ws,;,. In Figure 4.11 the grey dotted line sepa-
rates both areas. So in this chapter the wire dimensions were specifically choosen in order to
make 11 experiments fulfil the condition E¢y>Wj,;, as well as another 12 experiments fulfil the
condition E;o<Wg,,. However, all the experiments drawn as a blue circle in Figure 4.11 were
successfully performed.

4.2.2.2 Analysis of Discharge, Wire Energy and Resistance

Figure 4.12 shows the discharge current of wires with d=600 um (a), d=700 um (c), d=800 um
(e) together with the measured wire voltages U, (t) for d=600 um (b), d=700 um (d), d=800 pm
(f). The measured curves represent experiments performed with the wire lengths of 40 mm,
80mm, 120mm and 160 mm. By comparing the measured current curves with each other, one
is able to determine the current values reached at the peak, which increase by decreasing the
wire lengths. These peak values may either be part of the heat pulses (1=120 mm&700 um (c),
1=160 mm&700 pm (c), =80 mmé&800 um (e), 1=120 mm&800 pm (e), 1=160 mm&3800 um (e)) or
part of the second pulses resp. plasma pulses (d=600 um (a), 1=40 mmé&700 um (c),
1=80 mm&700 um (c), I=40mm&800um (e)). In general, when one increases the wire diameter,
then the local peak maxima of the heat pulses increases, while at the same time the local peak
maxima of the plasma pulses decreases (Figure 4.12 a, ¢, e). The voltages measured across the
wires U, (t) have the shape of a local peak maxima, followed by a local minima and a voltage
spike (Figure 4.12 b, d, f), which is caused by the effects of induction (compare chapter 4.2.1).
By increasing the wire lengths, the peak values of the first local wire voltage maxima increases
as well. Furthermore, an increase of the wire diameter decreases the peak values of the first
local minima from U,,. However, the highest voltage peaks are spikes which are reached with
wire lengths of 1=80 mm independent of their diameter.
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The wire power is shown in Figure 4.13 (a), (c), (e). These curves look similar to the wire volt-
age curves. After a local maxima peak, they all show a local minima followed by a spike. In
general, the power peak values of the first maxima increase when one enlarges the wire diam-
eter. The highest value of wire power may be found with wires of a length equalling 80 mm.
This length of wire with a diameter of 700 um allows one to reach a total power peak of
127,5MW. By using equation (4.10) one is able to compute the time dependent wire resistance
Ry (t). The attained curves are plotted in Figure 4.13 (b), (d), (f). In the beginning the resistance
values of the wire Ry, (t=0us) quite perfectly fit to the initial resistance one receives when using
equation (4.14). In this case the specific resistance is py, (t=0)~0,7 uQm. Up to around 10ps all
resistance curves grow in a nearly linear fashion and afterwards reach a plateau. Then all the
curves show a characteristic spike, which correlates with the current and wire voltage curves
(compare with Figure 4.12). Right after the spikes the wire resistance decreases rapidly due to
the plasma discharge which has a low resistance [4].

The absorbed energy within the wire is shown in Figure 4.15 (a), (c), (e). These curves were
computed by using equation (4.12) and show a nearly linear growth up to the bends (compare
chapter 4.21). Then the curves of the wire energy approach asymptotically towards a specific
end value Eyy . In general, longer wires show a steeper curve growth than shorter wires, there-
fore they also reach higher end values Ey,,.
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Figure 4.12: Discharge curves for different wire diameters and lengths
(C=150 uF, U,=6,00kV, L=4,36 uH, X5CrNi18-10 wire)
wire with 600 um diameter: (a) current, (b) wire voltage
wire with 700 um diameter: (c) current, (d) wire voltage
wire with 800 um diameter: (e) current, (f) wire voltage
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Figure 4.13: Wire Power and Resistance for different wire diameter and lengths
(C=150 uF, Ugy=6,00kV, L=4,36 pH, X5CrNi18-10 wire)
wire with 600 um diameter: (a) wire power, (b) wire resistance
wire with 700 um diameter: (c) wire power, (d) wire resistance
wire with 800 um diameter: (e) wire power, (f) wire resistance
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The energy density ey, ;(t) within the wire may be computed by using the equation (4.13) com-
bined with the attained energy curves E, (t). The specific resistance values p,, may be gained
by using the equation (4.14) together with the time dependent resistance curves R, (t). How-
ever, the values for the specific resistance p,, are able to be plotted against the energy density
ey ; within the wire. The result offers an analysis of a time independent characteristic.

Figure 4.14 shows a scatter plot of all specific resistance data. Starting with values of
pw=0,65 uOm at ey, ;=0]/ul the specific resistance begins to grow and finally reaches a value of
pw=1,27 uOm at ey ;=25,3]/ul. In this interval [0; 25,3]]/ul the data may be fitted quite perfectly
by the following fit curve:

pw (e, )=1,27-0,617-0,69"" (4.29)

Only for data points where 25,3]/ul <ey ; the resulting values of the specific resistance within
the wire differ significantly from one to another depending on the used length and diameter
of the wire. These specific characteristic curves are presented in Figure 4.15 (b), (d) and (f).
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Energy Density e, ; [J/pl]
Figure 4.14: Specific Resistance Characteristic for all experiments from chapter 4.2.2. The fluid state

of aggregation is reached at an energy density related to the initial volume of e; ;=14,0]/pl, the boiling
point at an energy density related to the initial volume of ey, ;=25,3]/ul (compare chapter 4.1.1, Fig. 4.1).
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Figure 4.15: Wire Energy and Resistance Characteristic for different wire diameters and lengths
(C=150 uF, Ur=6,00kV, L=4,36 uH, X5CrNil8-10 wire)

wire with 600 um diameter: (a) wire energy, (b) resistance characteristic

wire with 700 um diameter: (c) wire energy, (d) resistance characteristic

wire with 800 um diameter: (e) wire energy, (f) resistance characteristic
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The maximum value of the specific resistance p,,(ey ;), which is dependent on the used wire
length, will be reached within a spectrum range of between ey, ; = [28; 42]]J/ul. The longer the
used wire is, the earlier the specific resistance will reach its peak value. The correlation be-
tween energy input, maximum current density and specific resistance was also investigated
by Tucker [35]. Reithel and Blackburn [31] explained the resistance anomaly via a “hydrody-
namic model, in which it is assumed that the exploding wire is strongly contained by the in-
ertia of its own material so that, as the current density in the wire is increased, the expansion
of the wire is hindered in such a way that the electrical resistance of the exploding wire ap-
proximates that of a liquid long after an amount of energy capable of evaporating the wire at
ambient pressures has been deposited in the wire.” However, this explanation is not prooven
as a real physical model, but never the less is considered within a newer publication [36], as a

basis for numerical modelling.

4.2.2.3 Action Integral and absorbed Wire Energy

For each experiment presented within this chapter, the involved action A(t) was able to be
computed with equation (4.16). The final values were determined by the assumption that
Ao=A(t=250us). Figure 4.16 shows the final action A, in dependence of the used wire dimen-
sions. According to chapter 2.2 the action A (R) increases more highly, the lower the re-
sistance within the RLC circuit is. However, this tendency is also noticeable by looking at the
magnitude of action values during the performed experiments. The thinner and shorter the
used wires are, the higher the final action value A, becomes. Concerning the shortest and
thinnest wires (I=40 mm, d=600 um) their action reaches a value of up to A,,=32kA%s. In com-
parison, the action of the longest and thickest wire (I=160 mm, d=800 um) is only about 6 k4?s.

The energy finally absorbed within the wire respectively wire plasma is discoverable via the
assumption Ey,~Ey, (=250us). By taking these values from Figure 4.15 (a), (c), (e) one is able
to receive Figure 4.17. Hence the energy fraction which is absorbed within the wire during the
heat pulses (Energy Heat Pulse, Ep,) is shown in red. The energy fraction absorbed during the
plasma pulse is shown in blue (Plasma Energy, E,,). By comparing the total sum of absorbed
energy within the wire respectively wire plasma (Ey = Epp+Ey)), one is able to see that when
one lengthens the wire Ey,, increases as well. Furthermore, the fraction Ep,,/Ey . also increases
when one lengthens the wire, it reaches its highest value of 0,91 at a wire length of =160 mm
and d=800 um. When comparing wires of the same length, but different diameters, one may
see the following dependency:

Thicker wires (e.g. 800 um) absorb more energy than thinner wires (e.g. 600 um). At the same
time with ticker wires the fraction Ej,,/Ey, is also higher compared to thinner wires. However,
the described tendencies are correct concerning the investigated wire dimensions but are not
necessarily accurate for other wire dimensions. So, for very thick and short wires one may
assume that Ey,o, will decrease again, because of it’s low resistance, which prevents an energy
absorption within the wire. Furthermore the amount of energy absorbed while the heat pulses
is exactly stacked in the order of the used wire volumes when E¢o>Ws,,;, counts (Figure 4.11).
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4224 Averaged Wire Resistance and Circuit Efficiency

The time averaged wire resistance during the experiments is able to be computed with the
equation (4.17), when solved for R; [37], [38]:

Tuw(t)l(t)dt
Ewe _ 3 (4.30)
A o0
” j I(t)dt
0

R =

With the expression E, = R wA, one may further deduce the term for the total energy in the
system, which is:

E. .. =Eo=(Ry+R;)A, 4.31)
Since the efficiency of an exploding wire experiment is described by the quotient presented in
equation (4.26), one is able to eliminate the involved action in order to determine

E R
b o R (4.32)
E RW+Rcir

sum

n

Via numerical computation of equation (4.30), combined with the assumption that
Eye=E,, (t=250us) and A,=A(t=250 ps) one receives the numerical values for E,,, A5 and ﬁw.
The results for these values in relation to the performed experiments, are presented in Table
4.2. Since a significant fraction of the total energy is also absorbed within the circuit resistance
R.ir, this value should be analysed for each experiment. However, R, is given by:
5 _Euw—Ew.

o = (4.33)
When one inputs the initial capacitor energy of E,=2700] and the previously found values for
Eye and A, one receives the averaged circuit resistance R;,. The description “averaged” is
used because of mathematical correctness and should not imply that the circuit resistance dur-
ing the pulse discharges changes significantly. Due to the fact that the total conductor volume
of the used supply lines is rather high (compare chapter 3.1), the circuit resistance should be
rather constant throughout time. Even though, one may notice a slight change concerning the
computed values R, presented in Table 4.2. However, the mean average of all values R,
from Table 4.2 shows the value 36,4 m() with a standard deviation of 1,9mQ. By putting this
value into equation (4.32) one is able to compute the efficiency curve n(Ry,), which is shown
in Figure 4.18. In the case of a wire resistance equal to the circuit resistance, Ry=R,,=36,4mQ,
one half of the initially stored energy from the capacitance would be absorbed by the supply
lines, while the other half of the energy would be absorbed by the exploding wire (red dot).
The coloured triangles in Figure 4.18 exhibit the operation points of the performed experi-
ments, whereby the numbers next to the triangles show the used wire lengths in [mm]. All
things considered, the efficiency n grows when one increases the wire length [ or diameter d.
When remembering the resistance, which would be needed for a critical damping,
R.q =341 mQ) (chapter 2.2), one may compute the needed wire resistance as: Ry=Rcq- Reiy=
341 mQ-36,4 mQ=305 mQ). The wire, which is the closest to §W=305 mQ), is the wire with a
length of 120mm at a diameter of 800 um.



Experiments 51

wire length [mm]

40 60 80 100 120 140 160

Eweo | 1526 1767 1989 2131 2253 2346 2369

o | 4o | 31688 24295 18563 14926 12707 10431 9771

e r, 48 73 1071 1428 1773 2249 2425

R 37,0 38,4 38,3 38,1 35,2 33,9 33,9

g Ewe | 1671 1995 2160 2303 2375 2400 2462
5 | o 4o | 29530 20619 14103 11005 8179 7522 6868
2 | R| Ry 56,6 96,8 1532 2093 2904 3191 3585
S R 34,8 34,2 38,2 36,1 39,7 39,9 34,7
E Eveo | 1679 2013 2211 2330 2387 2465 2490
o| 4w | 28725 19316 13699 10508 8052 6571 6090

g R, 58,5 1042 1614 2217 2964 3751 4089

Roir 35,5 35,6 35,7 35,2 38,9 35,8 34,5

Table 4.2: Tabular data of circuit and wire resistance: Finally absorbed energy within the wire E,,,o,
], final action values A, [A%s], averaged wire resistance Ry [mQ), averaged circuit resistance
R,y [mQ]. Assumptions combined with equation (4.30-4.33) are: E\,,,=E,, (t=250 pis), A,,=A(t=250 us)
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Figure 4.18: Efficiency graph. The triangles represent the wire diameters 600 pm, 700 um and 800 pm,
while the numbers next to the triangles indicate the wire lengths in [mm].
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5. Design of a simulation model

5.1 Motivation

Since the performed experiments within this thesis show many correlating quantities (e.g. I(t),
Uy (t), Py (t), Ry (t), Ey (t) etc.), a detailed understanding and interpretation of their intercon-
nections is an exciting challenge. The understanding of the attained resistance characteristic
pw (ey ;) curves and their correlations with the time dependent quantities I(t), Uy, (t), Py (t),
Ey (t) may help to improve further experiments and optimisations. So far almost no effort has
been made by researchers in the field of exploding wires in order to show a vivid depiction of
the involved quantities. This part of the thesis outlines the development of a usable software
tool, which enables the simulation of pulsed wire discharges and its main correlating quanti-
ties.

From the outset, the goal was to programme a software with a graphical user interface, which
is easy to use. Furthermore, it should allow one to perform fast experiment computations
(t<60s) on a laptop with contemporary performance capabilities (Core i5, 8 GB DDR4-RAM).
If required, the accuracy of the computations should also be adjustable by changing the solving
methods as well as numerical step sizes. In order to compare the results of the simulations
with real experiments, one should also be able to import experimental data. As an additional
benefit, the software should allow the computation of solutions regarding time dependent re-
sistance curves from the wire Ry, (t), which don’t exhibit strong deflections caused by diver-
gence effects (compare spikes in Figure 4.13 (b) for 70 ps<t).

In the past, several approaches were carried out in order to find usable methods which allow
the simulation of exploding wire experiments. Tucker and Toth [30] tried to find analytical
solutions, which describe the resistance of the wire through exponential functions. The applied
methods allowed the computation of experiments, but were restricted by the implemented
mathematical approach, which did not enable the definition of a resistance characteristic in
various ways. By using the WKB® method, Good [39] assumed that the variation of Ry, (t) is
minor with respect to itself and takes place within a short time period compared to the basic
period of oscillation. Some modern publications try to simulate the behaviour of exploding
wires via numerical computation of the magnetohydrodynamic (MHD) equations [40]. However,
these approaches need profound data sets in regard to the material properties (density, heat
capacity, resistivity etc.) within a wide spectrum range, which are not known or hard to obtain
[40]. Moreover, plasma instabilities complicate the simulations concerning the already very
time-consuming computations [41]. Instead of using Pspice, as Hogg [42] et al. used for dy-
namic sparc simulations, within this thesis a semi physical model with direct knowledge of
the differential equations should be conceived.

5 The WKB method is a method for finding approximate solutions of the one-dimensional stationary
Schrodinger equation. It takes its name from the phycicists Gregor Wentzel, Hendrik Anthony Kra-
mers und Léon Brillouin.
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5.2 Model assumptions

According to Lindskog and Ljung [43] a semi physical model is “an application of system
identification, where physical insight into the application is used to come up with suitable
nonlinear transformations of the raw measurements, so as to allow for a good model struc-
ture”. Applied to the modelling here, several assumptions had to be made in order to derive a
usable system of differential equations, which describes exploding wire circuits:

(1) Capacitance C

First of all, the used capacitors within the experiments had to be approximated as one capaci-
tance C. This assumption is possible as long as the inductance of the wires, which interconnects
the individual capacitors, is small compared to the total inductance of the circuit. Regarding
the experimental setup implemented within this thesis, the assumption of one capacitance C
was also able to be proven by simulations with PSpice (compare chapter 3.1).

(2) Sparc gap resistance

Another assumption is the neglection of the spark gap resistance Rs;. By using the Toeplers
spark gap law [44] one is able to easily determine the involved resistance, which is approxi-
mately 18 u€2° concerning the spark gap, which in turn is around 1/2000 of the circuit resistance
(R.ir =36mQ)).

(3) Circuit resistance

During the experiments the supply lines of the circuit, with a total circuit resistance R, are
assumed to be constant. This means that no substantial heat will cause a significant increase
of R, even though up to 43% of the initially stored energy within the capacitors is able to be
absorbed in R (compare Figure 4.18).

(4) Mechanical deformation of coaxial cables

Since the volume between the inner and outer conductor within a coaxial cable is pretty small,
the Poynting flux [45] resp. power density of the electromagnetic field (when 10kA<I) is pretty
high. The magnetic component is responsible for quite a strong magnetic pressure, which is
equal to the energy density of the magnetic field’. However, the pressure acts against the other
conductor of the coaxial cable and may create a small radial outward movement within the
sleeves. This mechanical stress may result in a deformation, which in turn will absorb energy
from the experimental circuit. Regarding the dimensions of the used experimental setup in
combination with the RG164U coaxial cable, this energy loss should be assumed as negligible.

6 According to [44] Toepler's spark gap law allows to compute the averaged resistance of a spark gap:
Esg = kF /Q, where k [QQC/cm)] is the spark constant, F the spark gap distance [cm] and Q [C] the total
charge, which flows through the spark gap. With k=0,08- 1073QC/cm, F=0,2cm and Q=0,9C the averaged
spark gap resistance becomes approximately 18 puQ.

2 -
Te, = ZBE=pm, where e, is the magnetic energy density [J/m3], B the magnetic flux density vector,

[o the vacuum permeability and p,, the magnetic pressure [N/m?].
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(5) Stray capacitances

Stray capacitances between the supply lines are also assumed to be negligible. This is able to
be done because of to the low values from the stray capacitances (C<1000 pF), since the capac-
itance of the capacitor bank (C=150uF) is more than 150000 times larger. When building a sim-
ulation model, the disregard of the stray capacitances has no significant influence.

(6) Specific Resistance and energy density

As described in chapter 4.1.3, the resistance of the wire is a quantity, which may be attained
through equation (4.10). Since the curves of the wire resistance Ry, (t) do strongly depend on
the used wire dimensions (7, [), a more general quantity to describe the material properties is
the specific resistance gained by equation (4.14). In real, the dimensions of the wire are not
constant during the heating and vaporization process (e.g. wire radius increases). Therefore,
within the modeling here, the wire should be viewed as a special material which retains its
dimensions during the pulse discharges (Figure 5.1). This isochoric assumption furthermore im-
plies, that the energy density within the wire is able to be computed by the equation (4.13).
Clearly, one is able to view the expression ey ; as the energy Ey,, which is inserted into the
initial volume V;. Bearing this in mind, an expansion of the real volume V (t) is not important.
By describing the specific resistance dependent on the inherent energy density within the wire,
one receives the expression py (ey;), which assumes a homogenous distribution of energy

density and specific resistance.

O<t<t

end

/

Figure 5.1: Modelling of the specific resistance and energy density regarding the used wire material.
(a), (b) and (c) illustrate the actual heating and vaporisation behaviour, while (d), (e) and (f) represent
the assumption of constant wire dimensions (7, /, V) during the entire range of time. Within this model-

ling, the energy density ey, ; and specific resistance p,, are both assumed to be homogenously distributed
throughout the fictitious wire material.
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5.3 Derivation of a coupled differential equation system

5.3.1 Parameterisation of resistivity depending on energy density

Together with the previous explained assumptions (1-6) one may write the equation of the
circuit voltages in Figure 2.5 by using Kirchhoff's second law:

U (#)+U, (£)+Ugg, (£)+ Uy (£)=0 (5.1)

The differential equation for the current then becomes

1 dI(t) dl dR, (t
Sl()+L dt(2 )+E(Rm+RW(t))+I(t)$:O. (5.2)
When solving for the second differentiation with respect to the time on receives
cI(t) 1)1 dR,, (t) dl
— T El(t)+%l(t)+(1{m+Rw(t))a , (5.3)

while assumption (6) allows to write the wire resistance as
l

Rw(t):pw(t)g : (5.4)
Then, then change of the wire resistance with respect to the time becomes:
dR,, (t) _ dpy, (t)i (5.5)
dt dt S

Since the specific resistance py, of the wire material is a function of its temperature T, one could
construct expressions for py, (T). As the temperature is further a function of the involved en-
ergy density (T(ey ;), one may express py, without T. However, one may assume the specific
resistance as a linear function py, depending on of the energy density ey ; inside the wire:

Pw (t) = Py (eV,i (t)) = Py T Mey (t) (5.6)

Here, py, represents an initial value of specific resistance, while m is the slope factor of the
linear equation. The time deviation of equation (5.6) gives:

dpw(t)_ dey, (1)

= . 5.7
a0 ar G7
When putting in equation (5.4- 5.7) into equation (5.3), one receives the term
I(t) 1)1 dey () 1 1\dl
=——| =I(t)+m—=—===I(t)+| R, + + At))=|—1. 5.8
o Fa UM a0 [ o + (oo me””)sjdt 69

which includes the time deviation of the energy density. Since the time deviation of the energy
density is equal to the volume power density, one may write:

de, (t) dP,(t z pwlt) 1 >
A 2610 (1= PO - Ko, ()P0 59

By putting this expression into equation (5.8) one finally receives

() _ _l{ll(t% msis(pwo +mey ()1 (£)+ [Rm (o +mey, (t))i)ﬂ} (5.10)

dt? L|C S )dt

The deviation of the capacitor voltage may be expressed by
au. (t I(t
() 1) (5.11)

dt c ’
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while the deviation of the action integral (compare equation 4.16) may be written as

dA(t)
—2=1(t) . 5.12
" (t) (5.12)
If one defines a function s(t) as the time derivative of the current I(t),
dl
t=—, 5.13

one may gain a system of ordinary differential equations (ODEs). By defining the boundary

conditions as 1(0) = 0, d;—(to) = UCL(O) ,eyi(0) =0,Uc(0) = Ug, A(0) = 0, one may write down

all the discovered differential equations as a coupled system (Table 5.1).

nr.  boundary cond. differential equation solved function
0 1(0)=0 % =s(t) 1(t)
R R CRLE R [£10+ %5 (b0 + me0, ) PO + (R + (o +mevsong) | | <= &
2| e (0)=0 dezit(t) = Siz(pwo+ meyli(t))lz(t) ey,i(t)
3 | U0)=Ug dujt(t) - _% Uc(t)
4 A(0)=0 % =1%(t) A(t)

Table 5.1: ODE system for numerical simulation of pulsed wire discharges with a linearized re-
sistance characteristic (o (ey,;) = pwo + mey,)

pw(ev,i)=pwo+ mev,i

w

Specific Resistance p

Energy Density e, ,

Figure 5.2: Example of a linearized resistance characteristic. The specific resistance is defined as a lin-
ear function, it depends on the inherent energy density within the wire (Pw(ev,i) = pwo + mey ;).
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5.3.2 Proof of Simulation Accuracy via energy conservation

The differential equation system presented in Table 5.1 may be numerically solved by using
the Runge Kutta Algorithms. In order to prove the accuracy of the simulated functions, one may
use the computed values I(t), ey ;(t), Uc(t), A(t) so as to derive the following energies:

(1) Capacitor energy
The capacitor energy may be easily computed by

E.(t) :%Cué(t) : (5.14)

(2) Magnetic Energy created by circuit inductance
The energy related to the inductance is defined by
L,

E (t)==LI"(t), 5.15

(t)=5L0(t) (5.15)

which is the value of the total magnetic energy created by the current carrying circuit.

(3) Energy absorbed within the circuit resistance
By multiplication of the action with the circuit resistance, one obtains the lost energy of the
circuit:

E. = A(HR (5.16)

(4) Energy absorbed in wire
The energy absorbed within the wire may be derived through multiplication of the energy
density together with the wire volume (radius r and length I):

Ey(t)=ey (t)r"1 (5.17)

All together the accuracy of the simulations is provable by summation of all 4 involved ener-
gies:

1 !

1 +ELI2(t)+e(t)r27rl+A(t)Rcir¥const. (5.18)

B =5 CUE(t)

total —

For a precise simulation the total energy should be similar to the initially stored energy in the
capacitor E¢, over the whole simulation time. The difference of the total energy in the system
Etotq:(t) and the initial energy stored in the capacitor E;, may be written as:

AEsim(t) = Etotal(t) - ECO (519)
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The absolute maximum of the curve (max|AEg;, (t)|) further allows to quantify the maximum
error in relation to the initial energy:
max |AESim (t)|

energyerror(%)=100- 3

(5.20)
Co

To get a more precise simulation result with a smaller energy error one may reduce the step
rate h. In addition, one may also use adaptive step size integration algorithms like Cash Karp
[46] for example, which enables a much better simulation accuracy. However, when increasing
the accuracy then the required simulation time also goes up significantly, so that one has to
find a compromise between the two.

5.3.3 Stepwise linearisation of resistivity depending on energy density

A stepwise approach was conceived, since the resistance characteristics presented in
Figure 4.10 and Figure 4.14 are not linear. By fitting against an experimentally gained re-
sistance characteristic py, (ey ;), which includes individual linear functions (control variable k)

one may write:
Pwky = Pwoky Txev,i (5.21)

Hence, at room temperature the start value of the first linear function (k=0) is equal to the
specific resistance of the wire material (€.g. pwo(k=0)=0,70uQm). Up to the boiling point, which
is reached at an energy density of ey ; #25]/ul, one may use the experimentally gained fit equa-
tion (4.29) to compute the needed values for pyo) and m,. Figure 5.3 shows the experi-
mental data (red) together with adapted linear fit functions (dashed in white).

The end values of each individual fit spline are called P, and furthermore represent the start
value within the subsequent fit function below. However, one may use arbitrary supporting
points (owok); €v,ick)), which do not have to be necessarily equidistantly related to the energy

density ey ;.

By using the defined spline equations py, (x(ey,;) one may modify the previously gained sys-
tem of differential equations (Table 5.2). Then the system represents an individual problem for
each spline, with specific new parameters. After starting with the first boundary conditions
Iie=0y =(0), S(k=0y(0)=Uo/L, ey ik=0)(0)=0, Uck=0y=Uco, A(k=0)(0)=0, the next splines are com-
puted with modified differential equations, but now taking the last values of the computed
quantities from the previous splines as starting conditions:

L) (tstare) = I(k-1) (tena), S(k) (tstare) = S(k—l)(tend)/ ev,i(k) (tstart) = €v,i(k—1) (tena),

Uck) (tstart) = Ucre-1)(tena), Ay (tstart) = Ak—1) (tena)

The accuracy of the numerically solved differential equation system is able to be proven
through the equation (5.18).
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Figure 5.3: Step by step fit of the specific resistance data. (a) experimental data curve (in red) is fitted
on manually through linear functions (white dashed lines), (b) table of the supporting points P;.

nr.. boundary condition ] differential equation _solved function
: dl g (t) ‘
0 Loy (Estare ) = Tk—1)(tena ) % = 500(0) Loy ()
1 m(k)l
dsgn (0 1|7l ® + —5— (Pwo(k) + m(k)el/,i(k)(t)) IHGES
1 - ) c S
Sty (Estare ) = S(k—1)(tena ) —_— = S0 ()
dt I\ dlgy(t)
+ (Rm + (owogy + Muoyev,io () —)—
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, s/oae o]
: deyin(®) 1 :
2 | ey, (Estare) = €v,igie—1)(tena) % =57 (pWO(k) + m(k)ev.i(k)(f)) I(Zk)(t) ev,i(i(t)
: AUcy(t) Loy (8) 5
3| Ucoo(stare) = Ucge-1)(tena) ét) == )C i Ucun(®
dAgy ()
4 Aoy Estare ) = Age—1)(ena ) (d; IENG) Agy(®)

required initial boundary conditions: Ix=¢y =(0), S(k=0)(0)=Uco/L, ev,i(k=0)(0)=0, Uc(r=0)=Uco, A=0y(0)=0

Table 5.2: ODE System for numerical simulation of pulsed wire discharges with stepwise linearized
resistance characteristic functions (pW(k)(eV,i) = Pwok) + Mo ev,i)
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5.4 Software implementation

5.4.1 General handling

After the mathematical derivation of the semi-physical dependencies and its assumptions, a
software with a graphical user interface was built. The differential equation system was im-
plemented within a self-built application inside Labview (Figure 5.4).

Hence, the resistance characteristic yield by previous experiments (chapter 4.2) may be up-
loaded for an individual data fit ®. After defining the capacitance C, initial capacitor voltage
Uco, circuit inductance L, circuit resistance R, B), one should specify the wire dimensions
(length I, diameter d) ©. ). Whenever the user found a suitable resistance characteristic, the
data of this characteristic may be saved in a library and used afterwards for simulations with
other discharge circle parameters (for example different capacitance, voltage, wire dimensions
etc.). However the user has to decide, whether he wants to use a resistance characteristic from
the library, or to perform an own fit ©. When one decides to click “Self-Fitting of Resistance
Characteristic” it’s also possible to create an arbitrary design characteristic py, (ey ;). After spec-
ifying the number of the fit splines “Spline Number” and the start value pyox=0) ®, one may
fit manually the resistance characteristic with linear splines @. By using adaptive step-size
integration algorithms such as Cash Karp instead of Runge Kutta, it is possible to simulate even
more accurately the different resistance characteristics. Furthermore, the accuracy and step
number are able to be defined and individually adapted ®. By clicking on the button “Simu-
late”, the software will define the individual differential equation system (Table 5.2) with re-
spect to the implied boundary conditions. The status of the numerical computation is dis-
played in the “Progress” bar B. Since the operation principle of the software is much more
complicated (e.g. many different interpolation methods for data array synchronisation are
used), a detailed explanation of all the implemented methods, would go far beyond the scope
of this thesis.

Hereafter, the handling of the software should be explained via a concrete example:

Because of the nice double hill shape regarding I(t), the performed experiments in chapter 4.1.4
should be analysed via a precise simulation. Firstly, the resistance characteristic of the wire
experiment (d=700 pum, 1=120 mm) was loaded and fitted with linear splines @. Simulations
with this fit data O provide a nearly perfect match between the “simulated current” (blue) and
“measured current” (mint green) (D). The buttons on the upper right-hand side within the chart
W allow one to show or hide individual curves. By comparing the wire voltage curves con-
cerning “measured wire voltage” (yellow) and “simulated wire voltage” (black), one recognises an
excellent overlap of the given data. This confirms in a very illustrative way the applicability of
the used methods, concerning simulated Pulsed Wire Discharge Experiments. Furthermore, the
curve of the capacitor voltage U.(t) is also displayed in (), which allows the experimenter to
predict the quantity of voltage reversal. This is an important factor in order to be able to cal-
culate the lifetime estimation of the used pulse capacitors [47]. The boundary conditions or
rather end values of the individual differential equation systems are shown through circles.
Their viewability may be also disabled. The accuracy of the simulation may be checked by the
chart “Accuracy- Time” ® (compare chapter 5.4.2) on the one hand, or by the “Total Energy in
System” chart © on the other hand.
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Figure 5.4: Screenshot of simulation software (main frontpanel), (C=150 uF, U,=6,00kV, R ,=36,5mO, L=4,36 uH, X5CrNi18-10 wire, 1=120mm, d=700 um)

@Experimentally gained data concerning current, voltage and @Input of a fit spline number n;

resistance characteristic may be uploaded here as a txt. file.
Data input for capacitance, capacitor voltage,

circuit inductance and circuit resistance.

Wire data input (diameter, length) gives as a result the

cross section [mm’] and wire volume [ul]

Selection of a fitting method (manual or by library fit)

k in (k/n) displays the actual computation progress
Selection of a solver method, end time, step number
(only for Runge Kutta) and step accuracy

Chart uploaded as a resistance characteristic (red);

manual fit (white dashed lines) of the experimental data
Button to start simulation; progress bar of the computations

@Display and data input of the supporting points (0w €yviw);

written on the right is the total number of simulation values (array length)

@ Chart which shows the simulated current, capacitor voltage, wire voltage;
The points indicate the boundary conditions of the ODE systems.

Chart which indicates points in time related to the array indices.

Simulations performed with Runge Kutta would show a linear curve.
Total system energy (this curve represents the accuracy of the simulation results)
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Figure 5.5: Screenshot of simulation software (data analysis frontpanel), (C=150 uF, U.=6,00kV, R_=36,5m(2, L=4,36 uH, X5CrNil8-10 wire, I=120mm, d=700 pm)

(i-p) are not part of the simulation software, but represent the results from (e)
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5.4.2 Simulation Results and Data Analysis

After the simulations, the simulated data may be analysed in greater detail. To be more precise,
all the quantities mainly involved, are able to be analysed regarding their values within time
(Figure 5.5). The pointer slide enables a precise definition of the point in time, that the user is
interested in. While sliding along the timeline (Figure 5.5 h), a red dot travels along all the
curves and indicates the correlating quantities. So, one is able to compare for example at which
specific resistance py, (Figure 5.5 a) the current reaches a certain value (Figure 5.5 b). Further-
more, the wire voltage and capacitor voltage are not only represented by a red dot but are also
displayed by their specific values (right upper inset in Figure 5.5 b). Figure 5.5 (c) shows the
path of the simulated experiment as an U,,(I)-chart. The absorbed energy density within the
wire ey ;(t) is shown in Figure 5.5 (d), which is also able to be switched on, in order to display
the absorbed energy within the wire Ey,(t). This is possible by selecting the button on the
bottom right hand side. The inherent energies, computed by equation (5.14- 5.18), are dis-
played as a dynamic bar chart (Figure 5.5 e), while at the same time showing the absolute
quantities E¢(t), E;(t), E¢;-(t) as well as E,, (t) together with their percentage portions. De-
pending on the previously choosen solver method (Figure 5.4 ®), the “Accuracy-Time line”
chart in Figure 5.5 (f) represents a linear (Runge Kutta) or a nonlinear fashion (Cash Karp). Fig-
ure 5.5 (g) represents the resistance of the wire R, (t). Since the movement of the timeline cur-
sor in Figure 5.5 (h) is not able to be shown dynamically within this thesis, the following spe-
cific points in time should be investigated in more detail:

Number ‘ @ ‘ @ ‘ @ ‘ @ ‘ @ | @ ‘ @ ‘

Time[us] | 0 | 1940 | 3340 | 41,18 | 4260 | 7860 | 167,00 | 250,00

Table 5.3: Specified points in time in order to be able to perform a detailed system analysis

One may receive the energy distributions shown in Figure 5.5 (i-p), through analysis of the
energy distribution (Figure 5.5 e), which is related to the specified time values. However, in
the following sections, the mechanisms presented in Figure 5.5 should be briefly discussed:

At the beginning (1) all the involved system energy (E;otq1=Ec=2700]) is stored within the ca-
pacitor (Figure 5.5 i). As the start resistivity was set to 0,65 uQm (Figure 5.4®), the chart in
Figure 5.5 (a) represents this value precisely at (1), while the wire resistance in Figure 5.5 (g)
starts at 203 mQ. After 19,40 us (2) the current curve in Figure 5.5 (b) reaches its peak value
(11,4kA), while the energy density increases in a roughly linear fashion. When regarding the
wire voltage in Figure 5.5 (b), one is able to notice a local minima (3) at 33,40 ps. The point (3)
represents the beginning of a rapid rise concerning the specific resistance in Figure 5.5 (a), as
well as the beginning of a rapid rise regarding the wire resistance R, (t), shown in
Figure 5.5 (g). The peak value of the specific resistance (4) is reached at 41,18 us (Figure 5.5 a).
Hereby one may notice, that the computational effort in-between (3) and (5) is very high, since
the time slope within Figure 5.5 (f) is relatively low. Furthermore, point @ represents the peak
value within Figure 5.5 (c) and Figure 5.5 (g). Interestingly as widely assumed, point (4) in
Figure 5.5 (a) does not represent the beginning of the plasma pulse, because the current curve
still drops drastically at this exact moment in time (Figure 5.5 b).
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However, the actual beginning of the plasma pulse is represented by the pointes (5). This is
clearly identified by the local minimum of the current curve (Figure 5.5 b), as well as with the
bend in Figure 5.5 (d). By comparing the bar charts concerning the energy distributions at (4)
(Figure 5.5 1) and (5) (Figure 5.5 m), a significant difference in regards to the wire energy E,, is
noticeable: Hereby E,,=1573 | at (), while E,,~1636 | at (5). This difference of approximately
3,9%, may have a significant influence, when one does not precisely define the term plasma
pulse. The second local maximum of the current curve in Figure 5.5 (b) is indicated by point
(6). Hereby the specific resistance indicates a value of p,,=0,400 uQm (Figure 5.5 a). Concerning
point (6) in Figure 5.5 (c), from this moment onwards, one is able to notice the beginning of a
nearly constant resistance behaviour (compare also Figure 5.5 g). The minimum of the current
curve (7) presented in Figure 5.5 b is reached at 167,00 us. Even though the current reaches a
value of I=-1,8 kA, the magnetic energy of the circuit inductance lies at only 7,3 ], that is only
around 0,3% of the total system energy (Figure 5.5 0). Finally, the end value of the simulation
is reached at 250 us, which is indicated by point (8). At this moment in time all the curves in
Figure 5.5 (b) represent values, which are less than 1,7% of their peak values over the entire
simulation. According to Figure 5.5 (p) the capacitor and inductance energies are only
E.=0,3] and E;=0,1]. So, the energy finally absorbed within the wire is E,,=2387,3] (88,4% of
Etota1), while the lost energy within the circuit (Heat Circuit) is E;4,#=312,7] (11,6% of E¢ptqr).

As described earlier in chapter 5.3.2, the total system energy Ey,¢q,; (t) should be proven. Within
the presented simulation, Figure 5.6 (a) shows the total energy E;,¢q,(t), where the Cash Karp
Algorithm of the 5 order was implemented. In contrast to this occurrence, Figure 5.6 (b) shows
Etotai(t) concerning a simulation, which was performed by using the 4" order of Runge Kutta.
In this case the maximum energy deviation, regarding the Cash Karp Algorithm is only:
max|AEg;, |~0,54] (0,002% of E¢y). In contrast, the maximum energy deviation for the Runge
Kutta Algorithm is reached at max|AE;,,|~94] (3,48% of Ecg).

(a) Total Circuit Ene: (b) Total Circuit Eneray
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Figure 5.6: (a) total Energy E;,.4;(t) of simulations performed with Cash Karp Algorithm 5% order
(b) total Energy E.q;(t) of simulations performed with Runge Kutta Algorithm 4t order
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6. Summary and conclusion

6.1 Summary

Starting with the theoretical principles of the exploding wire phenomenon (EWP), the different
types of discharge behaviour were discussed at the beginning of this thesis. By introducing the
Chace and Levin schema, it was possible to explain that “exploding wires”, do not all behave
in the same way. Through the explanation of MHD instabilities, the importance of time scale
was able to be elucidated, what subsequently allows the classification into “slow” and “fast
explosions”.

Since the energy transformation during wire explosions is quite similar to the discharge be-
haviour of RLC circuits, the discharge current for the different kinds of damping behaviour
were discussed. Hereby special emphasis was given to the energy absorption and critical
damping behaviour of RLC circuits. Due to the fact that the wire resistance is not constant
during exploding wire experiments, the description of an RLC circuit with variable resistance
R(t) was introduced in chapter 2 and further elaborated in chapter 5.

The experimental setup used for the presented investigations was explained in sufficient de-
tail, so as to be able to comprehend the procedure of the performed experiments. Since the
capacitor bank includes a network of 23 capacitors and many cable connections, which act as
inductances, an equivalent circuit diagram (RLC) was derived. However, the experimental
setup may be described by a circuit resistance (without wire) of R.;,=36,4m(), a capacitance of
C=150 uF and a circuit inductance of L=4,36 uH. During the experiments the discharge current
was measured with a Rogowski coil (CWT 300LFB- 0,1mV/A). At the same time the wire volt-
age U, was measured with a high voltage probe from Tektronix (P6015A), which itself is
placed within a shielded construction. Together both the curves of wire voltage and current
were able to be captured by a battery driven digital oscilloscope (Owon DS6062).

In the experimental part, the choice of wire material (X5CrNi18-10) was reasoned by its high
specific resistance (p~0,73 Qmm?/m at 20°C [20]), as compared to pure metal elements. This
enables one to reach the ideal resistance R.;, which is required in order to reach a critical
damping behaviour with much less wire volume, in comparison to pure metal elements. The
use of this alloy is particularly interesting, since no systematic study, with the alloy X5CrNi18-
10 as a wire material in pulsed wire discharge experiments has been done so far. Through a
broad literature review, one was able to compute with sufficient accuracy the sublimation en-
thalpy of the alloy X5CrNi18-10. This in turn allowed the approximation of the needed wire
dimensions in order to perform the experiments. Hereby the sublimation enthalpy of the steel
alloy was determined as AH,;,=9618 J/g, which is equal to an energy density in relation to the
initial volume of ey ;(sub)=76 J/ul.

The description of the data analysis involves a personally conceived operation algorithm,
which allows data filtering, voltage correction and computation of many important quantities.
Then, the experimental data stored by the oscilloscope is able to be post processed, in order to
receive the curves for wire voltage U,,, wire resistance R,,, absorbed energy within the wire
E,,, energy density within the wire ey, ;, specific resistance of the wire py, (t) and action A(t) etc.
Finally, the curve which is given through the specific resistance of the wire, in dependence of
the energy density py(ey ;), is able to be computed for each individual experiment.
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The usefulness of separate experiments for a systematic evaluation could be substantiated by
performing repetitive experiments with identical circuit parameters (C=150 uF, Uy=6,00kV,
L=4,36 uH, X5CrNil8-10 wire, I=120mm, d=800 um). Hereby, an excellent repeatability of the
experiments (at least for this parameter combination) could be shown.

The results of the experiments, in which the effect of capacitor charging voltage was investi-
gated, may be summarised as follows: When one fixes the circuit parameters
(C=150 uF, L=4,36 uH, X5CrNil8-10 wire, I=120mm, d=800 um) and enlarges the wire voltage
Uco=[4,42; 6,00] kV,

the peak values of the current I(t) increase: Imax =[8,86; 11,17] KA
the peak values of the wire voltage U,, increase: Uy max =[3,30; 10,80] kV
the final energy absorbed within the wire E,, increases: Ewe =[1306; 2366] ]
the efficiency n=Ey «/Eco decreases: n=[0,85; 0,61]

the peak values of the specific resistance, dependent on the energy density py,(ey ;), are shifted
towards higher energy densities: ey {[max(py)]=[25,7; 34] J/ul

The results of the experiments, where the effect of wire length and diameter were investigated,
may be summarised as follows: When one fixes the circuit parameters (C=150 uF,

Uco=6,00kV, L=4,36 uH, X5CrNil8-10 wire) and modifies the wire dimension (I= [40; 160] mm)
by enlarging the wire diameter d=[600; 800] um),

the peak values I(t) of heat pulses increase: 8 max=[11,68; 16,59] kA

the peak values I(t) of plasma pulses decrease: 8 max=117,72; 13,59] KA

the finally reached action value A, decreases: 84,,=[18,56; 13,70] kA?s
the finally absorbed energy within the wire E,,, increases: 8Eve =[1989; 2211] ]

the ratio Ep,: Ep, increases: 8Enp: Epp=[46%:54%; 69%:31%]
the efficiency 7 increases: 1=[0,74; 0,82]

When holding on to the circuit parameters (C=150 pF, U;(=6,00kV, L=4,36 uH, X5CrNil8-10
wire) and modifying the wire dimensions (d=[600; 800] um) by enlarging the wire length
(I=[40; 160] mm),

the total peak values of the current I(t) decrease: M max =[22,56; 9,67] KA
the peak values of the first local peak from U,,(t) decrease: Lnax =[19,07;9,67] KA
the peak values of the specific resistance py, (ey ;),

are shifted to lower energy densities: %ey i[max(py)]=[42,0; 29,9] J/ul

the finally reached action value A,, decreases: 94,,=[29,53; 6,87] kA?s
the finally absorbed energy within the wire E,,, increases: °E\,0o=[1671; 2462] |

the Ey): Ey,,, decreases: Enp:Epp=139%:61%; 75%:25%]
the efficiency 7 increases: n=10,62; 0,91]

8 results with a wire length of 1=80 mm
9 results with a wire diameter of d=700 um
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Up to ey ;=25,3 J/ul, the specific resistance depending on the energy density py (e, ;) may be
titted quite perfectly by the function:

pwle, )=127-0,617-0,69""

Only for data points where 25,3]/ul <ey ; the resulting values of the specific resistance within
the wire differ significantly from one to another depending on the used length and diameter
of the wire.

In the modelling part of the thesis the motivation for creating a simulation software was ex-
plained. From start, the goal was to develop an easy to use software with a graphical user
interface. By using suitable model assumptions (single capacitance C, constant circuit re-
sistance R, no mechanical deformation of cables, neglection of stray capacitances, isochoric
behavior of the wire) a system of ordinary differential equations (ODEs) could be derived. This
system was implemented in a software tool with graphical user interface in Labview. By line-
arising stepwise the resistivity depending on energy density py (ey;), the system may be
solved by using Runge Kutta algorithms. However, the user has to decide, whether he wants
to use a resistance characteristic from a library included in the software, or to perform an own
fit with arbitrary supporting points. Since the resistance charcteristics py (ey ;) are inde-
pendendent from the wire dimensions for ey ;<25,3J/ul (Figure 4.14), therefore the simulation
software is highly suitable for computations of at least the boiling point concerning the alloy
X5CrNil8-10. Only higher temperatures resp. energy densities cannot be predicted by the soft-
ware, regarding the discharge behaviour at later points in time. Nevertheless, for a given re-
sistance characteristics, the accuracy of the numerically solved differential equation system,
can be validated through the total energy E,,, (t) of the simulated model.

For a first investigation on the software performance, the experimental results of an exploding
wire experiment (C=150 puF, Ugo=6,00kV, L=4,36 uH, X5CrNil8-10 wire, 1=120 mm, d=700 pum)
were reproduced numerically. By using the Cash Karp algorithm 5% order, the energy devia-
tion from the initial energy was extremely low: max(AE;;,)~0,54] (0,002% of E¢g). This allowed
a precise analysis of the main time dependent quantities involved: I(t), Uc(t), Uy (t), Ry (%),
Ey (t). By comparing the simulated current Ig;,,, (t) with the experimentally measured current
I(t) a very good accordance could be found. Comparing the simulated wire voltage U,,,sim (t)
with the measured wire voltage U, (t) the accordance found was even better. Altogether the
software appears to be an excellent tool to plan and analyse exploding wire experiments. Fur-
thermore, a very interesting outcome could be found:

The peak value of the specific resistance characteristic max[py, (ey ;)] does not correlate in time
with the local minima of the current min; [py (ey;)]. Actually, the point in time, where the
plasma pulse starts, correlates with the bend of the absorbed energy in the wire E,, (t). At this
point in time the specific resistance py, (ey ;) is situated in the falling edge already.
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6.2 Discussion

All the experiments performed for this thesis were done with a constant capacitance C=150 uF
and circuit inductance L.;,=4,36 uH. The experiments performed in chapter 4.2 investigated
the effect of capacitor charging voltage within the spectrum of U;o=[4,42; 6,00] kV. The analysis
of the resistance characteristic p,,(ey;) shows a strong dependency towards the location
max(p,,(ey,)) related to Uco. This effect, together with the dependency of wire length towards
py (ev,), was figured out in chapter 4.2.2. Even though one is able to interpret this effect [31],
the real physical mechanism is nowadays still not fully understood. In general, the physical
understanding of a wire’s resistance behaviour, be it in a solid, liquid and plasma phase, could
help to find further rules and conditions, as to how the resistance characteristic p,, (ey,;) must
be modified. This could possibly be achieved via the correlations between field strength de-
pendencies ¢, current I or power dependencies Py, which might be valid for all experiments.
However, the suggestion from Yin et al. [36] to use an additional condition, be it in the form
of a linearisation of the specific action, which reaches a certain resistivity and the involved
maximum current density, seems not to be an ideal approach, because the measurement data
scatters a lot in comparison to the fitting line (compare Fig. 9 in [36]). Instead of this correlation
other correlations may be found, which allow one to adjust the resistance characteristic in a
recursive pattern within simulations up until the point that they are able to reach the identified
condition. Finally, a researcher interested in this field, has to make their own decision whether
such semi-physical approaches are helpful, in order to improve simulation algorithms, or is it
more promising to take the approach of using the MHD equations. The numerical approach
of solving the MHD equations, could be verified with experimental data, which may be at-

tained in further experiments.

Future experiments could involve high speed photography, combined with X-ray flash pho-
tography. With such photography, triggered by suitable time delays, one would be able to
analyse the density and homogeneity of the wire, during the explosion phases. This could help
to understand the beginning of the plasma phase. Furthermore, one would be able to identify
restrike regions [11], which could be the reason for anomalies in the resistance

characteristic [31].

The presented experiments could be repeated under water (UEWEs), for practical applications
like sheet metal forming. Hence one would be able to analyse the created pressure waves, com-
bined with spectroscopic methods, which together allow one to measure the propagation
speed, of the pressure waves. Such research, combined with sheet metal forming experiments,
could help to facilitate future industrial applications [7].
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