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1. Introduction and motivation

Pulsed wire discharge (PWD) experiments 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 dl/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 within plasma physics, high
speed forming of sheet metals through Hydrosparc Forming as well as other technological processes
[3].

In 1965 Frank Friingel published the book "High Speed Pulse Technology" [4] 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
exploding wires, but in practical use such setups e.g. for sheet metal forming appeared to be too large
and bulky [5]. Nevertheless, the technology behind high voltage capacitors has improved considerably
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? [6]. This technical advancement, from an economic stand
point, 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 material and dimensions, a detailed understanding of the
dependencies and mechanisms involved is essential.

Presented within this report is the creation of an experimental setup, for the purpose of analysing
pulsed wire discharge experiments. After familiarising the reader with the basic theoretical principles,
the main aspects of the experimental setup will be explained in detail. Therefore special emphasis was
placed on the construction of a discharge chamber, a clamp device to attach the wires as well as on
measurement techniques so as to be able to capture the voltage and current curves which occur during
the discharges. In the final chapter of this report a first experiment with a X12CrNi18-8 steel wire is
introduced and briefly mentioned.

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 discharged
through a metal wire [4] via a switching spark gap, ignitron or thyratron. 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 schematic setup can be simplified so as to solely contain a circuit
with a capacitance C, a switch, an circuit inductance L, a time dependent wire resistance Rw(t) and a
constant circuit resistance R (Fig. 1).
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Fig. 1a: 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 Rw(t). Due to the high current density the metal wire
melts and vaporizes violently within a few microseconds. Fig. 1b: High speed photograph of an exploding wire
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Fig. 2: Different types of discharge current behavior during pulsed wire discharges (qualitative presentation)

Depending on the discharge parameters (capacitance, voltage, inductance, wire material and
dimensions) one is able to distinguish four different types of current curves I(t), which are shown in
Fig. 2.

When a High Voltage Capacitor is discharged through a wire with large mass, the capacitors energy
may not be adequate to vaporise the metal [7]. In this case the discharge curve is characterised by only
a single pulse with one individual peak of current (Fig. 2a).

Depending on the capacitors energy and the given wire dimensions a second pulse of current (Fig. 2b)
is able to occur after a so-called Dark Break [8]. 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.

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 (Fig. 2c).

By using very thin or short wires the heat pulse (Fig. 2a) is not visible anymore within the graph (Fig.
2d). In this case, solely a direct discharge plasma occurs as a current of damped oscillation.



2.2 The theory behind CLR circuits

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 comprehend the discharge behavior of a capacitor
through a constant resistance R as well as a fixed circuit inductance L (CLR circuit). However the
discharge of a charged capacitor through a constant resistance is similar to a circuit with an exploding
wire. The examination of CLR circuits could help to improve and understand experiments with
exploding wires.

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

Uc@)+ U (0 +Uxr(® =0 (2.1)

When expressing the occurring voltages through the current I(t), capacitance C, circuit inductance L
and resistance R one is able to deduce the differential equation for the current:

d?I dI®)
— +R =0
dt? dt

Depending on the implemented resistance R one can distinguish three different types of discharge:

1
1) +L (2.2)
C

Uo (8-5« Vo2-wle _ -5\ -wg:)
2L\ 6% - w? R> 2y~ (@)
_ Up _ L
)= Z0,p-% R=2u/= (b) (2.3)
L c
U,
To w? - §%e7% sim/w? - §°t . R< 2‘/5 (c)

The first equation (2.3a) describes an overdamped circuit, the second (2.3b) a critically damped circuit
and the last one an oscillating circuit which is underdamped (2.3c). A more detailed deduction of these
equations is shown in [9]. The relationship between the angular frequency wo and the damping factor
6 can be formulated in the following way:

1 R
— d=— (2.4)
LC 2L

The requirement for critical damping is given when

2 _
wo—

wg = &° = R=2 \é

counts, which can facilitate the approximation of the ideal average wire resistance.

(2.5)



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 Ec is converted into heat energy within the given resistor, it is useful to
deduce an expression regarding the absorbed energy inside the resistor Eg(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 Eg(t) of these different situations below, is of particular interest.

Through analytical integration the energy absorption in the swing case (2.3c) occurs as:

¢ -0y (@? - 52)Sin(2r (02 =52) - 52 cos(Zr (02— 52)) + e — )6+ ) + wz)
Exh = | I*(ORdt = RUe 2
R ,/()

452 02(5 — )(8 + w) (2.6)

Regarding long periods of time all the stored energy from the capacitor is transformed into heat
energy within the resistor:

260 (5\/((02 - 62)sin(2t\/(¢u2 - 62)) + (52(—cos(2t\/(w2 -8?) D +eP9(5 - w)(5 +w) + wZD] i

48L2w?(6 - w)(8 + w) (2.7)
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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 20, U, C
I I =
e s I (2.8)
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The equation below is provided by integration of I?(t)R within the damped circuit and represents the
total energy absorbed by the resistor:

2f 2
|t (&
s ids
Ey()=U2{0,5C—e {E+ IEHO,SC] 9)

For long durations of time t->eo the absorbed energy within the resistor becomes 0.5CUo? which is the
value of the total stored energy inside the capacitor, prior to the discharge pulse. The value Eg(t) within
a critically damped circuit is always greater! compared to Eg(t) in an underdamped or overdamped
circuit. This is a very important phenomenon in regards to considerations concerning energy
conversion during pulsed wire discharge experiments. Equation (2.9) provides an overview for any CLR
circuit, as to how fast the energy stored in a capacitor is capable of being transformed into the resistor.

! Nevertheless for long times Eg(t=) converges to the same value 0.5CU¢? for any kind of damping.



By utilising the equation (2.3) in combination with (2.9) the energy transformation process of CLR
circuits can be calculated in order to receive a rough estimation of how a similar exploding wire
discharge could look like. Fig. 3 below shows the discharge current and capacitor voltage for a CLR
circuit with a capacitance of C=147uF, capacitor voltage of U=6kV, line inductance of L=9.0uH and a
resistance of R=0.495Q. The inherent energy distribution curves of a CLR circuit containing the just
mentioned parameters are shown in Fig. 4 below.
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Fig. 3: A critically damped CLR circle (C=147uF, U=6kV, 9uH). The discharge current (blue) was calculated with the equation
(2.3b) and reaches a maximum value of nearly 9kA (in comparison to with equation (2.8)). The capacitor voltage (red curve)
shows no reversal of voltage.
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Fig. 4: Energy flux diagram: The energy flux which occurs during a pulse discharge is split into the Capacitor Energy

Ec(t) = %CU? , Magnetic Energy E; (t) = %le(t) and Resistor Energy Eg(t). 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 the resistor.



2.3 The theory of discharge and pulsed wires

Up until now the CLR circuits viewed above depending on the absorbed energy, had a constant resistor
R with no alteration of conductance. In practice the wire is vaporised by a capacitor discharge which
changes its own resistance Ry during the occurrence of a pulse. Therefore, the variation in regards to
the electrical resistivity p of a wire, must also be taken into consideration throughout experiments with
pulsed wire discharges (Fig. 5).
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Fig. 5: Schematic of a CLR(t) circuit. The given capacitor is discharged through a circle with a constant inductance L as well
as a resistor R. The wire contains a resistance Ry (t) which is temperature dependent, that is able to be modeled by a defined
resistivity behavior p(t).

When assuming a constant line resistance R and a variable wire resistance Ry(t), Kirchhoff's second
law states the following:

U@ +U @+ Ug@+ Uy@® =0 (2.10)

Here the current is incorporated into the differential equation:

1 d’I) dIw) dRy, ()
=IO +L — + (R+ Ry () +1(® =0 (2.11)
c dt* dt
Through second derivation in respect to time one receives:
d*Iee) 11 dRy, (8 dI
— = - (— 1) + ——— I8 + (R + Ry (D)) - —) (2.12)
dt* c dt dt

The time dependent resistance of a wire with the length | and cross section A can be approximated as
follows:

I
Ry () = p(®) Z (2.13)

To solve this differential equation the electrical resistivity p(t) can be expressed as a linearised
function, which depends on the absorbed energy density pe(t) within the given wire.



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
(Fig. 6). The entire setup contains two different types of capacitor bank: a basic capacitor bank (KB1)
with a capacitance of Cys;=50uF and an additional capacitor bank (KB2) with a capacitance of
Cke2=100pF. The networks total capacitance lies at 150uF and its energy storage is 2700J, when charged
up to 6000V (Fig. 7).
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Fig. 6: Circuit diagram of the whole capacitor bank

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 voltage
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 6.2kV. The input voltage of the
transformer is able to be controlled by a variac transformer which supplies the HV-transformer with
electricity from a safe distance. After reaching a certain voltage, which lies between 1000V and 6000V,
the charge circuit is switched off by a charge relay. Then the discharge switch is triggered by a
pneumatic system, which allows a totally safe firing of the system. The discharge current is conducted
through a high voltage coaxial cable (RG164U) to the plasma chamber (Fig. 8, (5)), which allows for a
low inductance energy transformation (compare chapter 2.2.2). Inside the massively constructed
chamber, wires of a length of up to 250mm are able to be attached onto a special clamp device (chapter
3.2.2). The discharge current returns within the outer shell of the coaxial cable back to the device,
where an additional inductance (Fig. 8, (7)) can be mounted if so required. Over a coaxial shunt resistor
(Fig. 8, (9)), the discharge current is measured and stored by a digital oscilloscope. When one activates
the High Current Switch, the energy of the capacitor is also distributed throughout the Safety Discharge
System 1 (Fig. 8, (4)). This Safety Discharge System 1 contains 12 ceramic resistors from Rosenthal
(GK19.5x120, 2.5kOhm, Umax=1600V), which are connected to one another in series. With a total
resistance of 30kQ, the decay constant t provides: RC=30kQ-150uF=4.5s. When one compares this
value with the time constant of the circuit containing a metal wire (T=200us), the loss of energy during
the pulse discharge dissipation in the safety discharge system 1 is neglectable. Nevertheless,



dangerous charges of high voltage inside the capacitor bank are capable of dissipating after 6t=27s, so
as to be left with safe voltage values (Uc<15V), even in the event of no metal wire being placed between
the electrodes within the discharge chamber.
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Fig. 7: An energy diagram from the capacitor bank

Fig. 8: Experimental setup: (1) capacitor bank KB2, (2) capacitor Bank KB1, (3) high current switch, (4) safety discharge
system 1, (5) discharge chamber with metal wire, (&) high voltage divider, (7) digital storage oscillosope nr. 2, (8) variable
inductance L+, (9)coaxial shunt resistor, {09 digital storage oscillosope nr. 1
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3.2 The concept and construction of a discharge chamber
3.2.1 The discharge chamber

The construction of the vaporisation chamber is made of massive steel (30mm thick, type 235JR) and
sites on high voltage isolators. In order to discover the ideal geometry required, different CAD-models
(Fig. 9a) were constructed digitally. Afterwards the geometries were imported into ANSYS Explicit
Dynamics STR so as to be able to simulate the stability during shockwaves. In order to account for this
different high explosive charges were placed in the middle inside the virtual chamber in order to be
able to identify the weakest point of the construction (Fig. 9b). In future experiments it should also be
possible to do pulsed discharges underwater with an energy of up to several 100kJ, so as to be able to
create underwater shock waves, without the risk of damaging the chamber.

o]
Fig. 9b: Shockwave simulation: A virtual charge of 100

Fig. 9a: CAD-model of the discharge chamber grams of plastic explosive was placed inside and in the
middle of the discharge chamber. Via numerical

simulations in ANSYS Explicit Dynamics STR an ideal
geometry and size for the chamber was attained.

Different dimensions of 235JR steel were designed and
compared by thickness, stability and weight.

After completing the CAD models, all the needed individual parts where converted into STEP data files
and then cut by laser into the required shapes. The main pipe was ordered from a large steel trader as
saw cut. The pipe was MAG-welded together with the bottom plate and supporting angles in three
layers (Fig. 10a). The assembled and brushed construction was then varnished with a so called Fitter
Coating (Fig. 10b).

Fig. 10a: MAG-welded chamber Fig. 10b: Coated chamber post welding and brushing
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3.2.2 The construction of the clamp device

Because strong shock waves are produced by the exploding wires inside the discharge chamber, 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
250mm (diameter 100um-1000um) 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 and also nearly completely elevates the dependency of wire length.
After taking all these requirements into consideration, a CAD model of a clamp device was built
(Fig. 11). The central conductor of the high voltage cable RG164U which runs away from the capacitor
bank is fastened to a threaded M16 rod at the place ®, while the outer conductor is attached to
another threaded M16 rod at the place of ®. The threaded rods are fixed in place by massive terminals
made of brass at the places © and @. Within each of these terminals a horizontally drilled hole was
milled, they each allow a single threaded M16 metal rode to be place through them. These two
threaded rods act as electrodes with a variable distance, between which a wire is able to be attached
between them. Halfway between ®-© and ®-© an RG213U coaxial cable is put in place so as to be
able to measure the decline in voltage between the place ® and ©.

RG164U

from Capacitor Bank

to HV Divider_

Fig. 11: CAD model of the clamp device inside the discharge chamber (geometric section)
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3.2.3 The inductance of the clamp device

L r=2.5mm
FAN [=250mm

® ®

In order to be able to achieve an high increase of
current dl/dt during the pulsed wire discharge
experiments, the total value of inductance of the

circuit should be low. As the inductance of the clamp

r= 7mm r= 7mm
device itself takes up a significant amount of the total “2somm ) Lor Lack zsomr
circuit inductance, figuring out the specific amount is
of special interest. By measuring the geometric

dimensions of the clamp device (Fig. 11) a circuit

< r=[0.1mm; 7mm]
CD |=250mm
©@ ©

Fig. 12: Inductance model of the clamp device

model in regards to inductance was possible to be
drawn (Fig. 12). According to Jackson [10] the inductance of a straight wire with the length | and a
radius r is able to be calculated with the following formula:

27 r 4
The mutual inductance M=L; of two paths of wire j, j can be determined by integrating Neumann’s

formula [11]. In the special instance, that two wires are parallel concerning length / and distance d,
Rosa and Grover [12] derived the mutual inductance as follows:

(3.1)

L+ +VI?+ d?
M=l T 2z 44 (3.2)
21 d
The inductance matrix of the system given in Fig. 12 is:
Lacac Lacep Lacpr  Lacra
- L L L L
i = | bcpac Eepep  “eppF o LepFa (3.3)
Lprac Lprep Lprpr Lprra
Lraac Lracp Lrapr Lrara

By combining the two equations (3.1) and (3.2) with one another and also taking the geometric
values given in Fig. 12 into consideration one receives the following:

211.76 0 —30.65 0
= 0 [388.36; 175.93] 0 —20.51 nH
—30.65 0 211.76 0
0 —20.51 0 227.42

The sum of all the elements throughout the matrix, provides the specific value of inductance when a
wire of the length [=250mm and radius ruwire=0.1mm is used, concerning the clamp device:

Lclamp device (Twire = 0.1mm) = Z Lij ~ 937nH
ij
When a wire of the length 1=250mm and radius rwire=7mm is used, it functions in the same way as a
short circuit with a threaded rod does instead of the wire. The inductance then becomes:

Lclamp device (Twire = 7mm) = Z Lij ~ 725nH
ij
Hence, the maximum deviation of the value of inductance, which is caused by the geometry of the
implemented wire, is determined with the following calculation: AL =937nH-725nH=212nH. This
effect should be taken into account, when analysing the data from experiments in future.

13



3.3 The setup in order to measure discharges

3.3.1 The measurement of voltage

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 (Fig. 13).
With this configuration the charge voltage is able to be adjusted up to an accuracy of approximately
10Vv.
t=0
R, L ] R, L, L coax

RG164U

N CWT300LFB
Rogowski coil

VOLTCRAFT
A
w
@
—
—
S—

6.00

voltage divider

P6015A

v [lesce
mulimeter K-5000-10 coil inductance -’ | oo
— oscilloscope nr. 2

Fig. 13: Schematic of the setup required for discharge measurements

The main interest of this project are the discharge measurements, which display the characteristics 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 geometric 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 (Fig. 11, Fig. 13), the voltage Uge is not exactly the same
voltage as is Ucp. So as to be able to estimate this voltage difference one has to determine the
inductance of the bridge circuit. The voltage Uge is capable of being found out with the following
formula:

di(t)
Uggp(t) = (Rpc + Rep(t) + Rpp)I(t) + (LBC + Lep + Lpg — 2LBC,DE)7 (3.4)

If one ignores Rsc and Rpe this formula occurs:

di(t)
dt -

The value for Laamp is calculable with the equations (3.1) and (3.2). By incorporating the geometric

values from Fig. 11 one is able to gauge the existing inductance:

Ugg ) = Rep ®I) + Lclamp (3.5)

Letamp = Lpc + Lep + Lpp — 2Lpepp = 97nH + (282 + 106)nH + 97nH — 2 - 10nH ~ (456 + 106)nH

When one assumes a total circuit inductance of 4.5uH the current rise at t=0us is able to be
approximated by:

dI(t)
Tdt

_Uc(t=0) _ 6kV
t=0 Lcircuit 4-5#

~ 1.33kA/us
If an inductance of Laamp= 456nH is given, then the maximum voltage error is determined by:

dl
AUnmax = Leiamp (a) = 0.456uH - 1.33kA/us = 606V
max

14



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 (Fig. 14a) for the high voltage probe (Fig. 15a, b). The low voltage
output from the voltage divider is attached to a battery-driven oscilloscope from RIGOL (DS1054). This
oscilloscope with four channels is placed inside a shielding steel box (Fig. 14b), isolators separate it

from the floor.

HY Teiler

Fig. 15a: CAD-model - a section of the high voltage divider Fig. 15b: Practical realisation of the high voltage divider
(1) HV probe Tektronix P6015A

(2)turned part made of POM as attachment

(3)Isolation made of acrylic glass

(#) housing made of S235JR steel

(5 HV feed through with RG213U coaxial cable
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3.3.2 The procedure of current measurements

After triggering the discharge of the capacitor bank, the given discharge current is measured by a high
current coaxial shunt resistor (Fig. 16a) 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 300LFB- 0.1mV/A), which is placed around one of the current-carrying threaded rods within the
discharge chamber (Fig. 16b). 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 discharges take place. This scope is also placed in a shielding
steel box (5235JR), which is electrically isolated from the ground by high voltage isolators (Fig. 17a).

A comparison of the two types of measurement resulted in a perfect overlap of the current curves
(Fig. 17b). 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 determine significant differences in comparison to measurements made
with the coaxial shunt resistor. However the positioning of the Rogowksi coil seems to be even less
critical than as it is mentioned within the producers manual [13].

Fig. 16a: Coaxial shunt resistor

Rogowski Coil

17*=4 88KA
! : Coaxial Shunt

I7=1,98kA

Current [kA]

C,,.=150uF
U, =1,00kvV

T=163ps no coil used

-4 1 1 1 1 1 1 L | L 1 1 1 1 1 L 1 L L 1
0 50 100 150 200 250 300 350 400 450 500
Ta— . R ——— : Time [us]
Fig. 17a: battery powered digital oscilloscop inside a Fig. 17b: a comparison of current measurements

shielded box (Owon DS6062)
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4. The results of the experiments

4.1 The evaluation of the circuit inductance

4.1.1 Measurements made with an impedance analyser

By using an impedance analyser it was possible to determine the resonance frequency of the capacitor
bank network including the discharge circuit. When no coil was used within the circuit, the resonance
frequency was measured at 6206Hz (Fig. 18). By installing a coil with an inductance L*=4.1uH
(see Fig. 13), the resulting resonance frequency was at a lower value of 4462Hz.

0,45
circuit with coil circuit without coil Lli
' =)
0,40 - 0
b II_—!
3
0,35 |- 5
(@]
G 0,30
N
o A
e
S 025 -
O
g L L=8,48uH
E o2}
0,15

resonance frequency

o

=
! I

(o))
N

el O
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\@
N

=

1

>

)

00

=

L

005 | f

o ] o ) o i Vel R e L DA S vl B e i ] |

2000 3000 4000 5000 6000 7000 8000
Frequency [Hz]

Fig. 18: The characteristic of impedance from the capacitor bank network

The total capacitance of the capacitor bank was measured with an LCR meter, which showed a value
of Ceircuit=(150£2)uF. By ignoring damping effects, the circuits inductance is able to be approximated by
the Thomson equation:

1
L=———
47T2f02C (4.1)
Taking the two circuits into consideration one receives an inductance value of:

. . 1
L(without coil) = 72 (6206H D2 150 10-6F — 4.38uH.

. . _ 1 _
L(with coil) = T (4162 150 105F = 8.48uH.
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4.1.2 Shortcut discharges with low voltage

After short circuiting the electrodes inside the plasma chamber, the capacitor bank was charged up to
a voltage of 1000V, which is equivalent to 75J (Fig. 7) of stored energy. In practical terms the inductance
can be determined via the analysis of the low voltage bypass discharge oscillations within the given
circle (Fig. 19a, b).

max, Rogowski Coil —— Coaxial Shunt
- 17=4 88kA 4 -
5 1 —— Ceaxial Shunt 5
N 4l| I™=364KA
3 3
I7°=1,96kA r
g 2 L g 2
E1F T 1
£ £
3 3
O 0 i} oo
Ak -1
2 2
C,pi=150uF L C,,~150uF
a3l U, =1,00kv aH L _ U, =1,00kv
T=163us no coil used k =227us | | coil used
4 i | L | L 1 L 1 L 1 i 1 ) 1 ) 1 i 1 i -4 1 1 i 1 L | ! | i 1 L | 1 | 1 1 ) | 1
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 8OO 900 1000
Time [us] Time [us]
Fig. 19a: discharge current without a coil Fig. 19b: discharge current with a coil

The averaged logarithmic decrement A is able to be determined from n current maxima I%,,, with the
same algebraic sign:

I
A= -Z, . m| (4.2)
After incorporating the result into
T2
= m (4.3)

one receives a relatively accurate value concerning the equivalent circuit inductance. For the
experimental setup with no coil the Inductance is:

. . (163us)?
L(without coil) = ~ 4.35uH

(o + [ (n(158) + i (558))] - 15007

In the second instance concerning a coil usage, the value of inductance for the entire circuit is:

(227us)?
a2+ i (in(a) in(32))] 15007

With a deviation of less than 2% both results relatively accurately confirm the previous
measurements made with the frequency analyser (compare chapter 4.1.1).

L(with coil) = ~ 8.59uH.
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4.1.3 The determination of an equivalent circuit diagram

By analysing the discharge diagrams as well as current measurements one is capable of designing a

circuit diagram which also incorporates the inductance values of the bussbars (Fig. 20).

tcjose:ous
12
ur v
£ Ls
{ 020uH
gy O { M.
...... LWL B3 YV
0001 Y3 0.39uH
(i
L 027uH
vi :
= 1000v +
'—|— R4 L Low
100000k = | 100uF
o
KB1 L
€ 046uH
{
RS L | cla
100000k =~ 100uF
W T
L15D1 IKBVT'U
| o7

LaD2 liotar x
VYT /
0.14uH C
load circuit §
R6 &
0.04
LkOa Lkia Lk2a Lk3a Lk4a Lk7a
|~ vy VY g VTV VYV VTV S
5004 ] 00 ] 100nH ] 100nH ] 1000H ] 00H ] 100nH 1 1000
- e ; b - -
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150nH 100nH 100nH 100nH 100nH 100nH

Fig. 20: A circuit diagram of the experimental setup. The main capacitor bank KB1 (50uF) is connected in parallel to the
additional capacitor bank KB2 (100uF). The whole capacitor bank has a capacitance of 150uF at a max. charge voltage of 6kV.

Within Spice the designed circuit model of the capacitor bank was simulated. Variations regarding the
utilised inductances produced a qualitative overlap compared with discharge measurements (Fig. 21).

Current [kA]

4 N P B |

eeece | .. simulated

eeese | . Simulated
otal

IKB ; measured

— Il measured
otal

0 50 100 150

200 250 300 350 400 450 500

Time [us]

Fig. 21: Discharge current of the capacitor bank network. Solid lines represent measured
values, dotted lines represent simulated values.
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4.2 The discharge of a steel wire mid air

4.2.1 The voltage and current measurements

In a primary experiment a steel wire (X12CrNi18-8/ 1.4300) was fastened between the two electrodes
inside the discharge chamber (Fig. 11). With a diameter of 820um and a length of 80mm the used wire
had avolume of V = r2xl = (410 - 1073mm)? - = - 80mm ~ 42mm3. In accordance with the density
of steel, the wire has a mass of approx. m = pV = 7.9mg/mm3 - 42mm3 ~ 332mg. If one assumes
that the vaporisation energy is 6.26kJ/g, then the required energy in order to vaporise the metal is:

Eyap = 6260]/g - 0.332g ~ 2078]

At a voltage of 6kV the stored energy within the capacitor bank lies at

E.=2CU? = %150 +107®F(6000V)? = 2700/, which is around 622) more energy than is actually

T2
needed for total vaporisation. After charging up the capacitor bank the steel wire was able to be
vaporised including a load bang. With the oscilloscope nr. 2 the voltage of the wire as well as the

discharge current was captured (Fig. 22).

X12CrNi18-8- steel wire: d=820um, [=80mm

10 voltage U, (measured) o=t 15(0) uF 20
9 _ VOItage UCD (CompUted) UC= 6.00kV 18
] current measured L=4.36uH
g ] - == current filtered L 16
" — 14
6 -

Voltage [kV]
S
Current [KA]

O 20 40 60 80 100 120 140 160 180 200 220 240
Time [us]

Fig. 22: The voltage and current measurement of a pulse discharge through a X12CrNi18-8 steel wire. The given wire had a
diameter of 820um and a length of 80mm. The voltage Ugg is measured at the points @ and © (see Fig. 11, Fig. 13) and rises
to a maximum of around 3.4kV in 25us. By using the equation (3.5) the voltage Upe was corrected numerically by assuming
Leiamp=456nH, which provided the curve voltage Ucp. The current reaches a total maximum of around 16kA after 30us and
decreases afterwards to 13kA. The plasma discharge starts at around 39us and reaches a maximum at approximately 13.6kA.
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4.2.2 The power and energy absorption within wire and the wire plasma

The electrical power during the wire discharge is able to be calculated via simple multiplication of the
voltage and current curve:

Ry(®) = Uw () - Iw () (4.4)

Fig. 23 shows the power of the wire discharge dependent on time.

X12CrNi18-8- steel wire: d=820um, I=80mm
110

— power without correction
power with clamp correction U.=6.00kV

—
o
o

[(e]
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B [6)]
o o
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o

Power in Wire resp. Wire Plasma [MW)]
(©)]
o

N
o

—_
o

o

0 20 40 60 80 100 120 140 160 180 200 220 240
Time [us]

Fig. 23: The power curve during the pulsed wire discharge. The curves “power without correction” and “power with clamp
correction” deviate from one other to the order of approximately 18% at 70us.

The power curve reaches a primary maximum of around 53MW after 25us. Straight after a brief dip
down to 50MW occurs. At around 40us a power value of approximately 107MW is reached. Through
numerical integration of the power curve the absorbed energy within the wire resp. the wire plasma
is able to be computed with:

Ew(t) = [, P(t)dt. (4.5)

After numerical integration of the equation (4.5) the curve which represents the absorbed energy
within the steel wire resp. the wire plasma was able to be plotted (Fig. 24).
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X12CrNi18-8- steel wire: d=820um, [=80mm

3000
- C=150 uF
[ U~=6.00kV
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8 2950 - - final absorbed wire energy » = = == = = e c = == o s e
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o | f 1 2 | 2 | 2 | 2 | f 1 2 | 2 1 2 | 2 | f | f |
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Fig. 24: The absorbed energy within the steel wire during the pulse discharge. Between 10us and 40us the energy within the
wire is nearly absorbed in a linear fashion and reaches a value of around 1500J. After 250us a total energy of 2283/ is absorbed

by the wire resp. the wire plasma. The deviation of the absorbed energy with a correction (red curve) and without (black curve)
reaches its maximum at around 60us and differs in this case by approximately 2.5% from one another.

Through numerical computation of the action integral

t

A(t) = j I?(t)dt (4.6)
0
over long periods of time, a value of A(t->=2)=14034A42%s can be obtained. With a given start energy

of 2700J the energy loss within the circuit lies at:
AE = E.(t =0) — Ey(t » ) = 2700] — 2283] = 417]

Because the total energy in the system is
. t t
Ec(t=0) = th_{g [fo Iz(t)dt *Reircuit + fo Iz(t)dt "‘Ryire (t)dt]: (4.7)

one is capable of calculating the circuit resistance:

AE 417]

Rewrewit = 075700 = 14032425 ~ S0mé

This value represents the averaged circuit resistance including the spark gap resistance.
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5. The summary and discussion

This report describes the construction of an experimental setup in order to realise pulsed wire
discharge experiments. The planning involved the personal construction of numerous special parts,
which could not be purchased. Therefor a variety of pieces had to first of all be constructed in CAD and
after that manufactured by utilising machine tools (a milling machine, a lathe and a welding machine).
As the description of all these made parts would go far beyond the scope of this report, only the basic
pieces and theoretical considerations where able to be presented. Nevertheless, a functioning
experimental setup was able to be built, which allows pulsed wire discharges to be performed in order
to generate shock waves in the air or under water. In a first experiment it was possible to demonstrate
that the constructed setup is capable of explosive steel wire vaporisation. The captured waveform of
the current and voltage represent a reliable measurement of the electrodynamic behavior during the
pulsed discharge. The theoretical considerations regarding the inductance of the clamp device
facilitated the correction of the measured voltage curve. Even though the determination of the clamp
devices inductance value as 456nH appears to be rather appropriate, this value should be computated
more accurately through FEM simulations.

Future experiments could also include a detailed analysis of the influence that wire dimensions have
in regards to the specific characteristics of resistance which the chosen metal of the wire has.
Experiments can be executed with standard conditions of atmosphere, in the air or underwater so as
to be able to analyse the shock waves creation. By installing Turmalin pressure sensors inside the
discharge chamber one is able to measure the dependency of shock wave creation related to the
electrodynamic behavior during the explosion process of the used wire. By taking all these parameters
into consideration it should be possible to discover a principal model for the resistance characteristics
of the chosen wire. In future this model could be used for the simulation of arbitrary pulsed wire
discharge experiments.
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