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SYNOPSIS

In the Pulsed power systems, the energy is accumulated over a relatively long period of time and
release it into a load in a short time interval (also called energy compression) to obtain a transient
huge power (GW) (voltage and currents in MV and MA respectively). This pulsed power
technology has wide ranging applications in food processing, water treatment, medical treatment,
research, industry, and defence applications etc., [1-3]. Many such applications require the pulsed
power systems which can be operated in high voltage (kV), high current (kA), short duration
(ns), high peak power ratings (MW) and high operating frequency (kHz). The switch used in the

pulse power system plays an important and critical role in achieving the required performance.

“High pressure gas spark gap” switch can be the choice for such applications [4, 5]. This device
exhibits many of the desired characteristics for pulsed power, including peak voltage and current
handling capabilities. Spark gaps are triggerable with nanosecond jitter, have a large operating
range, and give good time compression per switched stage. In addition they are rugged,
lightweight, inexpensive, and relatively easy to use. On the negative side, they suffer from
recovery problems at high repetition rates [6-8]. These limits the maximum PRF (pulse repletion
frequency) of a pulsed power system to a few hundred Hz. Improvements in the voltage recovery
time are possible by employing gas flow techniques which clear the remnants of the switching
arc from the inter-electrode region during the inter-pulse period [9-11]. However, as the required
PRF extends into the kHz regime, the gas flow requirements become expensive and tend to
dictate the switch design and therefore considered undesirable approaches when designing in-
expensive pulse generating systems. The study of voltage recovery rate of an un-blown gas spark
gap, has received considerable attention in recent years due to the demands from the pulsed
power field for the development of high repetitive pulsed power systems. The estimation of the

recovery time is an important issue for the repetitive pulse power systems. The dielectric
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Recovery data of spark gap plays a basic role, but it has been inadequately studied for the
repetitive pulse charge conditions. Despite extensive research and theoretical studies, the
understandings of the recovery process in a gas spark gap switch after the electrical breakdown,
is far from complete. The present research problem has been taken up in order to develop a
suitable high pressure gas sparkgap so that the single mode operating systems can be operated in
repetitively pulsed mode. The area of research is focused on further understanding the recovery
process of the dielectric strength of the spark gap with Argon and N2 as gas mediums in
Nanosecond time scales by developing a pulse transformer based double pulse generator capable
of generating 40 kV peak pulses with rise time of 300 ns and 1.5 ps FWHM and with a delay of
10 ps -1 s. Further, the study extended to find the effect of electrode materials (copper and
stainless steel) on the recovery rate of spark gap switch, for developing repetitive pulsed power

systems. Following chapters give brief introduction to work carried out in this thesis.

Chapter 1 is the introduction to the insulation aspects in high voltage pulse power systems and
the application of pulse power system in industrial, defense and research areas. The phenomena
of spark gap recovery in vacuum which is extensively reported in literature and the need to study
the phenomena in compressed gas environment which forms the basis of this thesis is presented
in this chapter. To understand the recovery process in an un-blown switch, the voltage recovery
time has divided into three distinct phases. The phase one of the recovery is the de-ionization of
the spark channel by recombination, de-excitation and attachment for about few 10 ps [12]. The
second phase is the cooling of the hot neutral gas to its ambient temperature in few milliseconds
time [13]. The third and last phase of the voltage recovery is the ability of the spark gap switch to
recover to a greater voltage than its DC breakdown voltage level. The measurement of voltage
recovery of a gas spark gap in this study was found by using a well-known two pulse method [14,

15] shown in Figue.1.
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Figure 1. Voltage recovery time measurement by two pulse method

In this method, initially the first pulse is applied to the sparkgap. Next the second pulse (recovery
pulse) is applied with a predefined time delay. This pulse can be same as the original pulse or of
high voltage, low energy pulse. The amplitude of the second pulse shows the over-voltage
recovery capability of the gas gap. The experiments have to be repeated a number of times with
different time delays, to get complete data of the recovery time. The effect of heat dissipation
capacity of the switch cannot be tested. The recording of breakdown voltages is very simple.
This method has been widely used in recovery voltage / time measurements. The characterization
of sparkgaps, types of measurements of recovery times and voltages are also presented in this

chapter. Finally the aim of this work is also stated in this chapter.

Chapter 2 provides a review of the literature on spark gap recovery in gases and summarizes the
different factors influencing the recovery rate of the spark gap. The mechanism in high pressure
gases is discussed along with the different physical processes responsible for the delayed

recovery of the spark gap switch. A few of the existing spark gap literature explaining physics of
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the recovery process is also discussed. Based on this review, a high pressure gas sparkgap has
been selected for the recovery study. The summary of the review and necessity of the present

research are also presented in this chapter.

Chapter 3 gives the details of the experimental set up developed for present studies. A Pulse
transformer based generator was designed and developed two conduct the recovery experiments
by using two-pulse method. The pulse generator produces two identical pulses of having 40 kV
amplitude and 300 ns rise time with an inter pulse period of 1 ms to more than Isec. A matrix
transformer topology is used to get fast rise times by reducing LiCq4 product in the circuit [16].
The main components include a capacitor, an IGBT switch with effective triggering circuits, a

spark gap chamber made with Perspex and a capacitor charging power supply as shown in figure

2.
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Figure 2. Experimental schematic of double-pulse generator with matrix transformer topology
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The sparkgap chamber was fitted with 15 mm thick, Rogowsky profile type electrodes made by
Stainless steel material with an inter electrode gap of 1 mm to 10 mm. The A two-pulse method
is used to determine the voltage recovery times of gas spark gap switch with argon and nitrogen
gasses [17]. The operating gas pressure range for the testing chamber is from 1 bar to 4 bars. First
pulse is applied to the spark gap to over-volt the gap and initiates the breakdown (FPBDV) and

second pulse is used to determine the recovery voltage of the gap (SPBDV)

Chapter 4 contains a detailed analysis on the spark gap voltage recovery results obtained by
using a double pulse method. The effect of different parameters on the spark gap recovery rate
was studied in detail and a better spark gap configuration has been suggested. The recovery data
with effect to gas, gap distance, pressure, electrode shape and size, pulse rise time and also
discharge current was obtained. Recovery Experiments has been conducted for 1 mm to 4 mm
gap length between 0-4 bar pressure range for Argon and Nitrogen gases. The recovery time
estimated for Argon and Nitrogen gases and a comparison have been made with the Sfs gas
recovery time. The experiments show a significant effect of Pressure on the recovery of the spark
gap. It is observed that time taken for complete recovery without gas flow techniques is more
than 1s [18]. The percentage recovery voltage v/s time graphs show that the spark gap dielectric
recovery is not linear and an intermediate plateu is observed in the recovery curves. This was
observed by previous researcher Scott Macgregor [19] in high pressure gasses. It is attributed to
the residual particles on the cathode to produce the initial electrons for the second breakdown.
Recovery time of the spark gap decreases with increase in pressure and Shorter gaps in length are
recovering faster than longer gaps. Also the factors which affect the recovery of spark gap switch
for pulse charged operation like electrode size, pulse rise time and conduction current have been
studied. The spark gap electrodes of 34 mm, 40 mm, 68 mm diameter and a point type were used
in the study. The effect of rise time was studied by changing the charging capacitor to 100 nf,

500 nf and 1000 nf in the circuit. An increase in the output impedance resulted in a decrease in
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the time taken for recovery of spark gap. Also, the switch recovery appears to be largely

dependent of electrode shape and size compare to the pulse rise time [20].

Chapter 5 describes a two-dimensional axisymmetric computational model of the spark gap
developed by using a CFD code ANSYS/Fluent to provide a better understanding of the
dynamics of the recovery process. The understanding on recovery of temperature and density of
the spark gap channel after breakdown provides a better knowledge for designing a high reprate
spark gap. For this purpose, we investigate the recovery of temperature and density of the spark
gap channel after breakdown through the computational method. The spark gap voltage recovery
time measured from the two-pulse generator experiment in chapter 4 is compared with the
recovery of temperature and gas density inside the spark gap. This comparision shows the gas
density in a 2 mm spark gap filled with argon gas recovers to 100% in 58ms, but the hold-off
voltage of the spark gap after breakdown recovers about 45% of its original overvolted
breakdown voltage. This confirms that the voltage recovery of a spark gap is significantly slower
compared to the gas density recovery. This mechanism for delayed recovery of the ability to be
over-volted was also observed by Xinjing Cai [21] for nitrogen gas. In his experiments, the
nitrogen gas density recovery (100% recovery in 50 ms) was investigate by using Mach-Zehnder
interferometry and the hold off voltage (21.4% in 50 ms) of a spark gap after breakdown by two
pulse method. The processes governing the delay recovery of voltage was not fully clear, but we
guess there may be long-lived particles that can continuously produce the electrons to quickly
initiate the second breakdown [22]. For Argon, the long-lived metastable atom is famous for
producing electrons [23]. These particles in the gap results in non-linear recovery curves which
clearly has 3 time phases. First phase is the de-ionization of the arc channel by recombination,
attachment and diffusion etc. This takes for the gap less than 1ms and R (breakdown recovery
voltage) recovers around 20%. Neutral gas density Recovery takes around 58 ms and it is due to

energy decay of the gap by conduction, convection and radiation. At this point the voltage

16



recovers around 50% only. Later recovery attributes to over voltage capability of the spark gap.
This 3™ recovery phase causes the long delay for the spark gap to recover to its full self-break
down voltage level. Increasing the pressure also reduce the time required for 1 and 2 phases. We
can improve the repetition rate by operating spark gap at reduced self breakdown voltage by
triggering at lower break down voltage. (We can reduce the time required for the plateau). The
possible operating frequencies that can be obtained by operating the spark gap at below self

break down voltage level are also presented in this chapter.

Chapter 6 presents a method to estimate the effect of electrode temperature rise and decay on
repetition rate of spark gap. The surface temperature variation of the anode during switching
plays decisive role in recovery of spark gap. The breakdown in the gap is initiated by the
breakdown of micro-projections on the cathode. The plasma produced acts as a source of
electrons and results in breakdown of the gap due to gaseous discharge. In low current discharge,
the anode is basically passive and acts as a collector of positive ions. In high current discharges, a
fully developed anode spot is formed. This anode spot has a temperature near atmospheric
boiling temperature of anode material and is a source of metal vapors and ions. The formation of
anode spot is preceded by anode foot-point, which is luminous but cooler than anode spot [24],
[25]. In present calculations it is assumed that anode foot-points can be formed as per [26], [27].
These have low temperatures compared to anode spots. Electrode surface evaporates due to
discharge current in the gap depending upon the energy transferred to anode. The recovery
process depends upon the metal vapor ejected from the electrode due to temperature rise of
anode. The metal vapor decreases the pressure in the gap that reduces the breakdown voltage of
the gap. In this chapter, a theoretical method has been proposed to estimate the effect of anode
temperature rise and decay on repetition rate of spark gap. By using this method, the behavior of
copper and stainless steel materials were studied for a current pulse of 30 kA. During the pulse

period of 10 ps, the temperature rise for SS is higher than Copper [28]. After current zero, the
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anode temperature decays to the vaporization temperature of the material and determines the
recovery time of the spark gap. The vaporization temperature for copper and stainless steel at
atmospheric conditions are 2868 K and 3233 K respectively. The temperature decay is
exponential for temperatures greater than 3273 K for Cu and 3773 K for SS. This temperature
decay is also verified by a heat transient computational model developed in FEM based software.
The spark gap chamber dimensions used in the simulations are length-160 mm, hight-80 mm and
depth-80 mm. Simulations have been carried out for different materials including Cu and SS.
Some simulations are in good agreement with existing experimental data. The decay time for
current pulses 5 kA, 10 kA, 15 kA, 20 kA, 25 kA and 30 kA are estimated. Similar experiments
of measuring the decay of anode temperature after interruption of high current arcs was done by
Edgar Dullini [29]. In his experiments, the anode temperature decays to 1600 K in 4 ms for a

current pulse of 7 kA. This decay time is around 4.15 ms in our simulation results.

Chapter 7 presents the conclusions, findings and summarizes the future work. The following is

the summary of the work reported in the thesis.

1. A pulse transformer based double pulse generator capable of generating 40 kV peak
pulses with rise time of 300 ns and 1.5 ps FWHM and with a delay of 1 ms - 1 s was
developed. The voltage recovery study was carried out by employing double-pulse

method without employing any gas flow technique.

2. Recovery Experiments has been conducted for 1 mm to 4 mm gap length between 0-4
bar pressure range for argon and nitrogen gases. The recovery time estimated for
Argon and Nitrogen gases and a comparison have been made with the Sfs gas recovery
time. Due to its electronegative nature Sfs has high percentage of voltage recovery than
Argon followed by N2. Pressure has significant effect on the recovery of the spark gap.

It was observed that time taken for complete recovery without gas flow techniques is
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more than 1 s. An intermediate plateu was observed in the spark gap recovery curves.
Recovery time decreases with increase in pressure and Shorter gaps in length are

recovering faster than longer gaps.

The factors which affect the recovery of spark gap switch for pulse charged operation
like electrode size, pulse rise time and conduction current have been studied. An
increase in the output impedance resulted in a decrease in the time taken for recovery of
spark gap. Also, the switch recovery appears to be largely dependent of electrode shape

and size compare to the pulse rise time.

. A two-dimensional axisymmetric computational model of spark gap recovery is
presented to provide a better understanding of the dynamics of the recovery process. In
this model, we investigate the internal changing parameters through the computational
method, while the voltage recovery of spark gap was measured by two-pulse
experiment. It was shown that the gas density in a 2 mm spark gap filled with argon gas
recovers to 100% in 58ms, but the hold-off voltage of the spark gap after breakdown
recovers about 45% of its original overvolted breakdown voltage. This shows the
voltage recovery of a spark gap is significantly slower compared to the gas density

recovery.

The repetition rate was improved by operating spark gap at reduced self breakdown
voltage by triggering at lower break down voltage. The possible operating frequencies
that can be obtained by operating the spark gap at below self break down voltage level

are obtained.

A theoretical method has been proposed to estimate the effect of anode temperature
rise and decay on repetition rate of spark gap. By using this method, the behavior of

copper and stainless steel materials were studied for a current pulse of 30 kA. During
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the pulse period of 10 us, the temperature rise for SS is higher than Copper. The
temperature decay is exponential for temperatures greater than 3273 K for Cu and 3773

K for SS.

7. The temperature decay is also verified by a heat transient computational model
developed in FEM based software. Simulations have been carried out for different
materials including Cu and SS. Some simulations are in good agreement with existing
experimental data. The decay time for current pulses 5 kA, 10 kA, 15 kA, 20 kA, 25 kA

and 30 kA are estimated.

Further research is open for studying and analyzing different gas mixtures at higher pressure
levels for understanding and minimizing the problem of recovery problems of spark gap. Finally

some suggested future work is outlined

1. The recovery study in gas mixture can be studied in future and also data on D20 gas

recovery can be useful for achieving faster repetitive pulse power systems.

2. The use of streak camera to study the recovery phenomenon inside the spark gap with gas

mixtures.

Present work has contributed to a better understanding of recovery in a spark gap used as a
switch in high voltage pulse power systems. The study carried out in this thesis is useful in the

development of reliable, efficient and high rep-rate spark gap switch for pulse power systems.
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CHAPTER 1

1.1 Introduction

Pulsed power is the term used to describe the technology of accumulating energy over a
relatively long period of time and releasing it into a load in a short time interval (also called
energy compression) to obtain a transient huge power. We can do a simple calculation to see the
effect of energy compression. If we have one Joule of energy in the energy storage system and
we release this energy within one nanosecond, we can achieve one Giga-Watt of instantaneous
power (Figure 1.1). This unique characteristic of high peak-to-average power ratio makes pulsed-
power techniques successful in applications such as accelerators, high power pulsed lasers,
fusion research and electro-magnetic weapon research etc., which are not possible with other

methods.

A A Ener gy:_l‘PDm dt
Power Power Output
Power
Energy=/P;, .dt Poy [777777- V
Input %
Power /
P.
i, 4,
Is t — lus * t
(a) (b)

Figure 1.1 A pulsed power system converts a low-power, long time input (a) into a high-

power, short-time output (b). [1]

Pulsed power was first developed during World War II for usage in Radar and afterwards, it has
mainly been driven by military requirements, both for the advancement of pulsed-power-based

weapons and for the evolution of new simulation and diagnostic tools. Considerable effort has
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been undertaken to develop pulsed-power-based weapon systems such as electromagnetic mass
launchers and beam weapons. Nowadays, pulsed power is widely spread into civil low energy
compact systems like the ignition system in automobile [2, 3], pollution control [4, 5], food
industry [6], bio-medical applications [7, 8] and others. The pulse power systems are classified
as single shot systems and repetitive operating systems. The repetitive pulse power systems are
the pumping source for gas lasers, as a driving source for plasma chemical reactors, microwave
radiation curing of coatings, polymerizations and sludge disinfections etc. The switch used in
pulsed power system, play a crucial role in deciding the total repetition rate of the system for a

particular application.

1.2 Pulsed Power System

An overall scheme of a pulse power system consists of (i) a power source, (ii) primary energy
storage system of capacitor banks at voltages of 10-100 kV, with charging times of a few ms to
a few minutes, (ii1) voltage multiplication / pulse compression to produce pulses of duration one
micro-second to tens of micro-seconds, or even pulses of durations ranging from a few ns to less
than a micro-second and (iv) the load impedance matching network. The typical structure of the

pulsed power system is shown in figure 2.1.

Power Energy Pulse Impedance
Source Storage Conpress Matching

Load

Figure.2.1 Block diagram of a typical pulsed power system

Once we turn on the power source, the energy is delivered to the energy storage components via

the power charging circuit. The charging time for the energy storage is determined by the power
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source and charging circuit. The primary / secondary switching devices employed in energy
storage devices play an important role in transfer of stored energy and pulse compression.

There are two major methods for storing the electromagnetic energy: energy stored in an electric
field (capacitive storage), and in a magnetic field (inductive storage). The simplified way to
calculate the energy W stored in the capacitor can be written as W = CV?/2, wherein C is the
capacitance of the capacitor, and V is the voltage on the two electrodes of the capacitor. The
maximum energy density stored in the capacitor is not only limited by the breakdown strength of
the dielectric material, but is also limited by the capacitor package methods and the operation
condition (such as working frequency, charging speed and voltage reversal). In another hand,
inductive storage components are able to store the energy W = LI*/2, wherein L is the inductance
and I is the current flowing through the inductor.

The pulsed power switching is one of the main factors which not only determines the maximum
energy transfer in the system, but also determines the speed of the energy transportation.
Typically, the pulsed power switches are applied between the energy storage and PFN to transfer
energy from relatively low power level to form higher power output. Based on the operation
status, high power switches can be classified into two basic types: closing and opening switches.
“Terms as ‘opening’ or ‘closing’ are used to describe which transitional state of the switch is
controlled to achieve the desired circuit function.” In most cases, charge transportation through
the previous medium requires maintaining the switch closure to construct the conduction path. In
comparison, opening switches are not used as widely as closing switches. They are typically used
in the inductive system. In addition, on the basis of the property of the medium that is employed
between the switch electrodes, the pulsed power switches can be classified as gas switches, solid

state switches and liquid switches. Although the specific terminology of the pulsed power switch

37



is sometimes different, the parameters that are used to evaluate the switch performances have

much in common. The regular switch parameters are described below [9],

Hold-off Voltage:

It is the maximum voltage that can be provided between the electrodes of the switch without
breakdown. It is also called stand-off voltage, self-breakdown voltage or blocking voltage
sometimes. The units are volts (V) or kilovolts (kV). The value of the hold-off voltage is
determined by the medium property between the electrodes and the dielectric strength of the
insulating envelope outside the switch. In some special cases, the switch is charged up rapidly in

pulse mode with voltage higher than the DC hold-off voltage, which is called over-voltage.

Peak Current:

The highest current conducting capability of the switch is called peak current. The usual units are
amperes (A), or kilo amperes (kA). It is limited by the medium conducting property and the
geometry of the electrodes. Especially in the gas switch, the hollow structure of the switch

cathode improves the peak current.

Delay Time:

It is the time interval between the application of a trigger command and the initiation of switch
conduction. The usual units are second (s), micro-second (us) or nano-second (ns). This time
interval is composed of processes which involve the generation of the initial charge carriers and
the pre-breakdown phases to establish conducting channels between the electrodes. In addition,
the inductance of the switch itself and the pulsed power system also increases the delay time of

the switching.
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Jitter Time:

The jitter time of a spark gap is the shot to shot variation in switching time and rise time
characteristics. It depends upon the material of the electrode. Aluminum electrodes have been
found to give less jitter compared to brass electrodes. Jitter reduces with gas flow compared to
static gas. It plays a very important role in reliability of the switching operation when the switch

is used for repetitive pulsed applications.

Recovery Times:

The recovery time is an important parameter of the spark gaps generally used in repetitive pulse
power systems and circuit breakers. Full recovery (100%) means the spark gap has to recover to
its original pre-breakdown status before the application of the next pulse. The recovery time
mainly depends upon (i) the first pulse (or main pulse) breakdown voltage (FBDV), wave
shapes, current magnitude and reversal, (ii) peak temperature and type of discharge, (iii) gas
(iv) pressure and (v) gap distance. Special type of switches like photo-conductive switches and
Saturable reactors can also be used for the pulse power applications. These switches are more
suitable for repetitive pulsed applications due to absence of discharge. They have faster recovery
time compared to spark gaps. However they have their own limitations like lower peak voltage,

peak current capability, low current reversal ratings and poor capability to withstand surges.

Repetition Rate:
It is the rate at which the switch can be operated without degradation of characteristics. The
usual units are Hertz (Hz) or kilohertz (kHz). The rate is limited by the switch recovery time and

forward drop.
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1.3 Pulse Power Switches:

In pulse generator design the switch is one of the most critical considerations. In particular, the
main problem in developing high-voltage (10-100 kV) short pulse (1 ns - 100 ns) and high-
repetition rate (up to 1 kHz) pulse generators is to choose a reliable and fast high-voltage switch
[10]. A switch can be categorized by function, e.g. a closing or an opening switch, and by type,
e.g. solid, liquid, gas, or plasma. Each switch has different limitations, including opening and
closing times, maximum repetition rates, forward voltage drop, voltage hold-off strength, and
peak current ratings. Typical characteristics for different switch types used for high voltage
pulsed power applications are shown in Table 1.1 [11], and the use of these switches is discussed
in the following sections.

Table 1.1. A summary of various switch parameters for pulsed power applications [11].

Switch type Hold-off voltage | Peak current (kA) | Forward drop (V)
(kV)

Spark gap 100 10 to > 1000 20

Thyratron 125 20 150

Pseudo-spark gap 100 5-100 200
Thyristor 1to9 1 to 50 2

MOSFET 1 0.1 Vbs
IGBT 7 1 3

1.3.1 Gas Switches:

Gas switches are commonly used for high-voltage and high-power applications because they
have very high hold-off voltages and current capabilities. The gas between the electrodes inside
the switch acts as in the insulator while the switch is off, so the breakdown voltage is determined
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by the dielectric strength of the gas and the gap between the electrodes. The switch is typically
electrically or optically triggered [12], which causes a portion of the gas to become ionized,
producing a plasma. The plasma allows very fast switching times and the transport of very high
currents, and the power dissipation is relatively low. The most common gas switches for pulsed

power applications are spark gaps, thyratron, and pseudo-spark switch [13, 14].

Spark Gaps:

Spark gaps are a gas closing switch that are among the most commonly used switches in
laboratory pulsed power experiments because they are simple, inexpensive, and have extremely
high operating voltage and current [15]. Despite the fact that spark gaps have been used for over
a century and many of these properties have been known for years, it has only been in the past
few decades that the need for high peak power repetitive pulsed power systems has forced
serious efforts to engineer systems compatible with these idiosyncrasies. A spark gap typically
consists of two electrodes separated by a gas (or another insulating medium such as a vacuum,
liquid, or solid). The switch is closed when the gap is significantly overvolted (self-breakdown),
or by applying a trigger (electrical or optical) to a third electrode (breakdown by triggering
mechanism) [16]. For high peak power pulsed power applications spark gaps are the normal
choice for switches. This device exhibits many of the desired characteristics for pulsed power,
including peak voltage and current handling capabilities which extend into the MV and MA
ranges. They are triggerable with nanosecond jitter, have a large operating range, and give good
time compression per switched stage. In addition they are rugged, lightweight, inexpensive, and
relatively easy to use. On the negative side, they suffer from recovery problems at high repetition
rates and have some instability (pre-firing) problems even in single shot applications. These

limits the maximum PRF (pulse repletion frequency) to a few hundred Hz. The trend in repetitive
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pulsed power is to higher peak power and higher repetition rate. Pushing spark gaps to higher
repetition rates has long been a prime effort in the field. High peak power, single pulse systems
historically have been spark gap switched but the sparks are formed in the device's insulating
fluid, oil or water. Liquid spark gaps do not appear to be serious contenders for repetitive service
because of the shock waves generated by sparks in liquids. Improvements in the voltage recovery
time are possible by employing gas flow techniques which clear the remnants of the switching
arc from the inter-electrode region during the inter-pulse period. However, as the required PRF
extends into the kHz regime, the gas flow requirements become expensive and tend to dictate the
switch design and therefore considered undesirable approaches when designing inexpensive

pulse generating systems.

Thyratron:

A thyratron is a gas closing switch that can have hold-off voltages greater than 100 kV and can
handle peak currents greater than 10 kA. Thyratron is a switch with a sufficiently long lifetime at
a reasonable cost for high-power applications. The basic thyratron consists of an anode, cathode,
baffle, control grid, and gas reservoir. The gas reservoir is filled with low-pressure
(approximately 0.5 torr) hydrogen (Hz2) or deuterium (D2) [17, 18, 19], and the cathode is heated
to emit electrons into the neutral plasma formed by the gas. An electrical pulse is applied to the
grid to cause the switch to close by ionizing the fill gas. Compared to the spark gap, the thyratron
has a much longer lifetime (billions of shots), however, a major disadvantage of this switch is the

hot cathode, which adds significant overhead to the pulse generator design.

Pseudo-spark switch:
A pseudo-spark switch is a gas closing switch similar to a thyratron in that a plasma is formed in

a gas that is around 0.5 torr, but the pseudo-spark differs from the thyratron in that it uses a cold
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(hollow) cathode. A heater is still used [20], but it is used to control the gas pressure in the
reservoir, not to heat the cathode. The limitation in the peak current capability for both the
thyratron and the pseudo-spark switch is in the cathode, and the pseudo-spark was designed with
the goal of increasing the peak current capability of the thyratron. In the pseudo-spark switch, a
hollow cathode discharge is formed, which results in the self-heating of a thin cathode surface
layer due to the field and the plasma. The cathode layer reaches extremely high emission through
both field emission and thermionic emission [21]. Peak currents can be greater than 100 kA. The
pseudo-spark switch used in this work is capable of switching 30 kA, with a rise time of 8 kA/ns.
Similar to the thyratron, a major disadvantage of the pseudo-spark is the overhead associated
with heating, as well as the size of the switch itself. However, because of special properties of
the pseudo-spark discharge, which can prevent arcing at very high current densities, these

switches have lifetimes comparable to Thyratron [22].

1.3.2 Solid state switches

Solid state switches are attractive because they eliminate the overhead (e.g. heating) associated
with a gas switch, reduce size and weight, and increase reliability and lifetime. The drawback of
solid state switches is lower hold-off voltages and peak current capacities compared to gas
switches, which place strict requirements on the rest of the system to compensate for those
limitations. The most common solid state switches for pulsed power applications are Thyristors,
MOSFETs, and IGBTs. A detailed review on power semiconductor switches was given in [23].
Undergoing research efforts in solid-state switches are focusing on two directions: 1) to push
performance limit of silicon-based power switches by adapting advanced materials and device
processing techniques, this direction is mainly driven by the semiconductor industry; 2) to

develop devices based on advanced semiconductor materials with the higher carrier mobility and
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wider band gap than Silicon. For more than a decade, GaAs has been considered as an attractive
candidate to develop power switches for its optoelectronic properties and very high electron
mobility [24 to 27]. The latter, the carrier mobility, suggests that this is a great solution for
pulsed power — fast rise. However, due to possible scattering through intrinsic defects (EL2) or
electron-electron collisions, the electron velocity of GaAs saturates as a function of applied
electric field, which results in a high forward drop and limits switching performance [28].
Recently, SiC and GaN have attracted interests for their wide band gaps (> 2 eV), resulting in
higher hold-off voltages. Significant progress in SiC power devices has been reported by [29, 30]
including the fabrication of UMOSFETs with breakdown voltages of 1400V (10um drift region)

and 5050V (100pum drift region).

1.3.3 Magnetic Switches:

Magnetic switches are based on the nonlinear relation between the magnetic field H applied to a
core made from amorphous metals (i.e., metallic glass) and the resulting flux density B. The
inductance of a winding around the magnetic core depends on the current passing though the
winding and can change very quickly. Magnetic switches can operate in the 10 ns range with a
repetition frequency in the kHz range with no moving parts and no discharge. A disadvantage of
using magnetic switches for high-power applications is that they have an efficiency of 50-70%
so the core requires cooling because the saturation flux density is temperature dependent [31].
The basic operating principle of magnetic switching is that sufficient current is driven through
the winding on a magnetic core so that the applied field H produces a flux density B in the core
in excess of the core’s saturation flux, causing the inductance in the winding to change from a
relatively high value to a very low value. The change in u can be greater than three orders of

magnitude, e.g. from around 1000 to around 2.
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Magnetic switches are excellent for pulsed power applications because they have a very long
lifetime and are very reliable compared to gas switches, they can be operated at high repetition
rates (>1 kHz), and they can allow pulse rise times comparable to gas switches. Their biggest
disadvantage is that they must be cooled in high-power applications, and that core reset must be
monitored carefully to ensure pulse consistency.

So, at present, the spark gap switch is still not replaceable when a compact pulsed power system
is required to generate high voltage (> 10 kV) and high current (> 1 kA) with fast rising (sub-
nanosecond) electric pulses for pulse power applications. The primary limitation lies in lifetime
and repeatability. Other shortcomings with spark gaps are related to strong electrode erosion,
insulator degradation, high arc inductance, and costly triggering [32]. Operating gas spark gaps
at high pressure can reduce the switching time and obtain the stable switching performance.
Small liquid spark gap switches, typically using water as breakdown medium because of its high
dielectric constant, have been developed [33, 34]. In order to reduce the water recovery time,
hence to increase the repetition rate, post breakdown phenomena and dielectric recovery have
been studied [35]. The main disadvantage is the water contamination and shock waves generated

by sparks in liquids [36]. Thus a water circulation system is required at this time.

1.4 Two-pulse Method:

The recovery time is an important parameter of the sparkgaps generally used in repetitive pulse
power systems and circuit breakers. Full recovery (100%) means the sparkgap has to recover to
its original pre-breakdown status before the application of the next pulse. The recovery time
mainly depends upon, the first pulse (or main pulse) breakdown voltage (FBDV), wave shapes,
current magnitude and reversal, peak temperature and type of discharge, gas mediums and (iv)

gas pressure.
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There are a number of ways by which the recovery time of a sparkgap can be measured. The
most important ones are (i) repetitive pulsing method [37 to 41], ii) two pulse method [42 to 45]
and (iii) three pulse method [46]. In these methods the first pulse should be the normal discharge
pulse. The second (recovery pulse, RPBDV) and subsequent pulses can be same as the first pulse
or a probing pulse. These pulses may be electrical in nature like 1.2pus/50us impulse. Here the
recovery time is directly measured. The other recovery time measuring methods are (a)
microwave interferometer [47], (b) laser Schliren techniques and (c) spectroscopic method (48).
These are used to study the recovery process in a discharge, by measurement of the charge
particle density or neutral particle density. Even though they can be used in principle for

measurement of recovery time, these methods are not preferred.

(1) In repetitive pulsing method, normally same type of pulses are applied repeatedly and the
breakdown voltages are measured. This method gives full information on recovery time with
rated current and heat dissipation capability of the sparkgap. Another alternative is to apply
recovery pulses like 1.2us/50us impulse to record the breakdown voltages till the full recovery
of the gap. The recovery pulses are selected such that they do not affect the discharge conditions
during recovery process in the gap. The heat dissipation capacity of the sparkgap cannot be
tested by this method. This method is suitable in case of circuit breakers where large currents
have to be handled and normally they do not have to withstand high voltages except while
breaking the gap. The recording of breakdown voltages is somewhat complicated. Advantages

of this method is that complete recovery data can be obtained in one discharge.

(i1) In two pulse method, initially the first pulse is applied to the sparkgap. Next the recovery
pulse is applied with a delay. This pulse can be same as the original pulse or of high voltage, low

energy pulse similar to 1.2us / 50us impulse (probe pulse). The experiments have to be repeated
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a number of times to get complete data of the recovery time. The effect of heat dissipation
capacity of the switch cannot be tested. The recording of breakdown voltages is very simple.

This method has been widely used in recovery voltage / time measurements.

(ii1)) The three pulse method is a slight variation of the two pulse method. This method is
generally used while using the same type of pulses for second and third pulses for recovery time
measurements. However the low energy pulses can also be used for recovery time measurement.
The third pulse is used for confirmation of the second pulse breakdown voltage. The first pulse
is applied to the sparkgap followed by two recovery pulses applied in sequence with same delay
between them. The effect of heat dissipation capacity of the switch cannot be tested by this
method. This method has not been widely used in recovery time measurements due to additional
requirement of power supply. The experiments have to be repeated to get complete data of the
recovery time.
We choose the two pulse method over other methods in this work for obtaining voltage recovery
time of the spark gap. An experimental setup was made based on the matrix transformer
topology to produce two voltage pulses of 40 kV amplitude, 300 ns rise time, with controlled
delay between the pulses.
There are 3 recovery phenomenon’s that can be observed in the repetitive operations of a
spark gap namely,
1. Under recovery
2. Full recovery
3. Over recovery (at low pressures)
These phenomenon can be explained by two similar voltage pulses which over volts the

spark gap. The measurement is as follows: first a fast rising voltage pulse applied to spark gap
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which breakdown at point A, represents first pulse Breakdown voltage (FPBDV). Now a similar
second pulse is applied after some time delay, which breakdown the spark gap at a voltage
known as second pulse Breakdown voltage (SPBDV). If the second pulse breakdown voltage
(SPBDV) at lower voltage level compared to first pulse breakdown voltage (FPBDV), then it is
called under recovery. Similarly, if SPBDV is equal to FPBDV, it shows full recovery. And if
SPBDV is higher than FBBDV, it represents an over recovery in the spark gap. This 3
phenomena (over recovery) was observed in only at low pressure experiments [49, 50]. For over-
recovery of the gap, the recovery pulse voltage should be higher than the first pulse voltage. The

under-recovery, full and under recovery times and voltages are shown in the figure 1.3.
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Figure 1.3 Voltage recovery phenomena explained by by two pulse method.

The under-recovery time (Tar) is from point ti to point t2 and the full recovery time (Tda2) is from

point t1 to point t3 and the over recovery time (Td3) is from point t1 to ts. The under-recovery
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voltage is from point B to point C and the full recovery voltage is from point D to point E and

over recovery voltage is from point F to point G.

1.4. Aim of the Work

A few pulse power systems have been developed at Bhabha Atomic Research Centre, Mumbai
for wide ranging applications, which are presently working in single shot mode. The various
applications require systems to operate in the range of a few Hz to 10 kHz. Some systems
operate in the burst mode involving high repetition frequency for a short period. These bursts
may be single or repetitive in nature. The sparkgap is the most important and complicated
component in the repetitive pulse power system and plays an important role in deciding the
ultimate performance. The sparkgaps for repetitive pulsed applications should have a short rise-
time, low jitter and fast recovery rate. The aim of this work is to develop and study sparkgap
system having a peak voltage of 40 kV and a rise time of 300 ns and a pulse width of 1.5 us.
Also to study the effect different operating parameters like pressure, type of gas, gap distance,
pulse rise time, the electrode shape and size, which are useful for designing a suitable spark gap
for repetitive applications. The sparkgaps suitable for the above applications could be in the

configurations of high pressure gas devices.

1.5 Outline of the thesis

The thesis highlights the study on the recovery of spark gap with Argon and Nitrogen gases as
insulating medium at high pressure range. The study further involves the use of different
Electrode shapes and sizes, discharge currents, pulse rise times and also gap distance and its

impact on the recovery rate of the spark gap switch.

The thesis has been organized as follows:
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Chapter 1 is the introduction to the insulation aspects in high voltage pulse power systems,
application of pulse power system in industrial, defense and research areas, types of switches
used in pulse power applications, the phenomena of spark gap recovery and the method used in
the study. Also, the need to study the phenomena of spark gap switch recovery in compressed

gas environment which forms the basis of this thesis.

Chapter 2 provides a review of the literature on spark gap recovery in gases and summarizes the
different factors influencing the recovery rate of the spark gap .The mechanism in high pressure
gases is discussed along with the different physical processes responsible for the delayed
recovery of the spark gap switch. A few of the existing spark gap literature explaining physics of

the recovery process and effect of operating parameters is also discussed.

Chapter 3 gives detailed design and development of the double pulse generator, which produces
two identical pulses of having 40 kV amplitude and 300 ns rise time. A matrix pulse transformer
was used to give fast rise times for the voltage pulses and selection procedure for the components
used in the experimental setup was given. The main components include a capacitor, an IGBT
switch with effective triggering circuits, a spark gap chamber made with Perspex and a capacitor

charging power supply.

Chapter 4 contains a detailed analysis on the spark gap voltage recovery results obtained by
using a two pulse method. The effect of different parameters on the spark gap recovery rate was
studied in detail and a better spark gap configuration has been suggested. The recovery data with
effect to gas, gap distance, pressure, electrode shape and size, pulse rise time and also discharge

current was obtained.
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Chapter 5 describes a two-dimensional axisymmetric computational model of the spark gap
developed by using a CFD code ANSYS/Fluent to provide a better understanding of the
dynamics of the recovery process. In this work, we investigate the recovery of temperature and
density of the spark gap channel after breakdown through the computational method. The
mechanism for the delayed recovery of breakdown voltage compared to gas density was
discussed. Based on the observations, the possible operating frequencies that can be obtained by

triggering the spark gap at below self-break down voltage level was also suggested.

Chapter 6 presents a method to estimate the effect of anode temperature rise and decay on
repetition rate of spark gap. By using this method, the behavior of copper and stainless steel
materials for a range of specific heat flux densities corresponding to different current pulses were
studied. This temperature decay is also verified by a heat transient computational model
developed in FEM based software. Simulations have been carried out for different materials

including Cu and SS.

Chapter 7 presents the summary and future scope of work in this area.
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Chapter 2
Literature Survey

2.1 Introduction:

The continuous development of high peak power applications has resulted in an increasing
demand for the development of reliable high power switches capable of operating at pulse
repetition frequencies (PRFs) of 1 kHz and above. One of the most widely employed devices for
high peak power switching is the high pressure gas spark gap switch [51]. Advantages of this
device include, simplicity, robustness, a wide range of voltage and Current handling capabilities
(up to MV and MA levels) as well as excellent switching characteristics such as high dV/dt (up
to 105 Vs™) and low jitter (few ns) [52,53]. The major disadvantage of the spark gap is the time
taken after switching for the hold-off voltage to recover. This limits the maximum PRF to a few
hundred Hz. This problem severely limits the application of these switches in repetitive systems.
Improvements in the voltage recovery time are possible by employing gas flow techniques which
clear the remnants of the switching arc from the inter-electrode region during the inter-pulse
period. However, as the required PRF extends into the kHz regime, the gas flow requirements
become expensive and tend to dictate the switch design.

This chapter discusses some of the findings of an extensive and ongoing investigation into the
repetitive operation of spark gap switches. Also, the existing spark gap literature explaining
physics of the recovery process and effect of operating parameters like insulating medium type,
pressure, electrodes shape and size, mode of operation and conduction current upon the voltage

recovery characteristics are discussed.
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2.2 Fundamentals of a gas closing switch:

Ionization processes in the inter—electrode space and the secondary electron emissions from the
cathode cause rapid increase of the current. This rapid transformation of current produces a non—
self—sustaining discharge to some form of self—sustaining discharge. This phenomenon is known
as electrical breakdown. Electrical breakdown in a gas is a rapid sequence of irreversible events,
which quickly lead to a transition of the gas from its ‘normal’ insulating state (conductivity~10-
40 'm™) to high conducting state (e.g., overl4 orders of magnitude larger for the transition to an
arc discharge). Gas filled spark gaps employ high or atmospheric pressure gases such as air,
nitrogen, hydrogen and Sfs. The voltage standoff capabilities of the switch are determined by the
breakdown characteristics of the dielectric and the field emission characteristics of the separated
electrodes. For high pressure gas switches, breakdown of the bulk dielectric medium is usually
close to but before the field emission from electrodes becomes a problem. One of the desirable
operating characteristics such as voltage & current relationship pertinent to a closing switch is

shown in Figure 2.1.
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Figure 2.1 Voltage and current versus time in a spark gap closing switch [54].
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The efficient operation of the closing switch requires a gaseous medium with a large breakdown

strength V5, extremely small forward voltage drop or low conduction voltage Vr, and a short

formative time lag or turn—on time (Tr = Tc — Tb). The switch is initially opened (non—
conducting) at time T<Tv. At this stage, the voltage V» applied between the electrodes of the spark

gap is high in the ambient temperature 7. When the switch closes (start conducting) at time T=Tb

the voltage v(¢) drops and the current i(¢) increases. This is referred to be as the breakdown phase
or turn—on time or closure phase. The voltage Vracross the two electrodes during the conducting
stage is much lower than V5 depending on the degree of ionization. The gas temperature is very
high during this stage. It is highly desirable that such switches should close quickly and with a

minimum energy loss.

2.3 Electrical breakdown in a gas gap under repetitive operation

The self-breakdown characteristics of a gas gap are dependent upon many parameters, including
the duration, which the gap has been exposed to the applied voltage. The important time intervals

associated with the pulsed charged spark gap are illustrated in Figure 2.2:

1) The time required to raise the gap voltage to the self-breakdown voltage Vp is the charging
time Te.

2) The time lapse between the self-breakdown voltage Vs and the application of the voltage Vo
for the appearance of a suitably located initiatory electron in the electrically stressed system is
known as the statistical delay time Tsa.

3) The time interval after the statistical delay time to the onset of breakdown is related to

streamer formation Ty
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4) The time required for the gap closure through heating of the electrons is the column heating

time Teh.
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"iu}'w .......................................................................................
Vg
0 »
-— - »
e T }'E T
ad I%sfl “ch
— T

Figure 2.2 Illustration of pulsed charged and self-breakdown gas gap time scales [55].

When the pulses are applied at a higher repetition rate, the ionization produced due to first pulse
is to be cleared before the application of next pulse. So, the recovery time generally refers to the
time for the recovery of dielectric properties of the plasma gap so that the voltage can be
reapplied to it at some rate (dV/ dt). The corresponding re—breakdown voltage is referred to be
the recovery voltage. The recovery voltage of spark gaps that are operated at the high PRR has
typically been below the DC hold off voltage. Most plasma gaps require the concept of
recombination and attachment of electrons in the recovery processes. The recovery processes are
functions of the plasma kinetic characteristics of the conducting medium,; i.e., charge density,
mobility temperature, recombination, attachment and other cross sections, mean free paths,
externally applied fields, etc. Only after a finite delay, the recovery phase will progress to a point
that a certain voltage can be withstood. This leads to the recovery characteristics that limit the
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PRR of the switch operation. If a certain rate of reapplication of voltage is exceeded, then there
is a high probability that a conducting state will be reestablished.

In many cases, recombination and attachment may occur rapidly but the gas is then left in a
highly heated state. Therefore, low gas density regions may persist. It means the mean free path
of stray charges is much higher and sudden reapplication of voltage may initiate an avalanche.
Thus, the gas should not only be deionized but also be cooled and homogenized to allow full
voltage recovery. This is the primary reason why gas flow is employed in many situations. Some
switches may require little or no flow if the electrode gap geometry or operating conditions result
in sufficient cooling and reduced energy deposition. At very high pressures, the recovery
processes are such that the recovery time may decrease significantly because, in part, of intense

cooling of the arc plasma.

2.4. Dielectric recovery properties

Many physical processes affect the dielectric properties of gases. These involve electrons,
positive and negative ions, excited and unexcited atoms and molecules, and photon interactions
with the gas and with the electrodes. The principle physical processes associated with the gas are
listed in Appendix: Table 2.1 and Table 2.2. The majority of these processes affect the dielectric
behavior of the gas directly or indirectly by their effect on the number density and energy of the
free electrons, which are present in the electrically stressed system.

Principle physical process [56]: AB (A*) represents an unexcited and AB*(4*) an excited
molecule (atom); the double arrow indicated that the reaction can produce a multiplicity of
products.

Photon interactions may follow interactions viz.

AB*(A*) —AB (A) + hv
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For the parent negative ion AB" to be formed, the excess energy of the metastable 4B~ ion must

be removed in collision with other molecules (a much less likely way is radioactive stabilization

of AB™).

Table 2.1: primary interaction of electrons

Representation

Description

et AB — AB +e

e+ AB — AB*+ e

etAB =>4 +B+e

=>4 +B*+e

etAB =2A"+B te

(a) e+ AB —AB "+ e
—AB (AB)"+ e

(b) A+ 5B

(c) »AB+ energy

a)e + AB —AB*+ 2e

b)=>A+ B +2e

Elastic electron scattering (direct)
Inelastic electron scattering (direct)
Dissociation by electron impact
Dissociation excitation by electron impact
Ion pair formation

Elastic (inelastic) electron scattering

Dissociative electron attachment
Parent negative ion formation
Ionization by electron impact

Dissociative ionization by electron impact

Dissociative ionization with fragment excitation
C)A* B+ 2e &

Principle physical process [56]: AB* (4, B) represents an unexcited and AB* (4* B*) an exited
species while AB ™ (4 ™, B (Y) represent species in either an excited or an unexcited state; the

double arrow indicates that the reaction can produce a multiplicity of products.
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Table 2.2: Secondary Interaction of electrons

Representation

Description

Photon—Molecule Interaction
hv+ AB —AB*
hvt AB —AB ™+ e
>A+B +e

hv+AB —A + B®

hv+ AB (B)—AB (B)+ e

=>4 +B

Photo absorption

Photoionization

Dissociative photoionization

Photo dissociation with(*)/without excitation of
the fragment (*)

Photo detachment

Negative ion photo dissociation

Ion—Molecule (Atom) Interaction
AB (A )+ C —AB (A)+ C
AB (A )+ C—AB (A)+C+e
AB (A)+ C ->ABC(AC)+ e
AB+n C — AB Cin>1
AB"+n C — AB"Cwn>1
AB (4")+ CD (C)=>products

AB*(A")+ CD (C)=products

Ion conversion (charge transfer)
Collision detachment

Associative detachment

Cluster formation involving negative ions
Cluster formation involving positive ions
Negative ion—molecule (atom) reactions

Positive ion—molecule (atom) reactions

Electron—Ion and Negative lon—Positive

ion, Recombination reaction

e+ BT (A" )—AB)(AY)

=>4+ B"

Electron—positive ion recombination with(*)/
without excitation

Dissociative recombination with(*)/without
excited fragment (s)
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—AB (A)+ hv Radioactive recombination
A +e—A+2e Detachment by electron impact

A+ B*—AB® Negative ion—positive ion recombination with (*)/
without excitation

Interactions Involving Excited and Neutral
Species

AB*(A*)+ C —>AB (A)+ C*+e
Penning ionization

A+ B —-AB+e o
Associative 1onization

ABXAt e(e)>AB (4)+ e (¢) &> e Super elastic collision

AB(4) + C =products Chemical reaction involving neutral species

2.5 Gas Sparkgap recovery under static pressure condition:

Gas filled sparkgaps employ gases at atmospheric or high pressures. Commonly used gases are

nitrogen, air, Sfy and argon. High pressure spark gaps are the most versatile switches available

for the design of repetitive pulsed power system. These gas spark gaps conduct current through a
hot, diffuse, partially ionized Plasma channel. The parameters of the channel depend upon the
circuit driving the spark. They combine good trigger ability with the largest operating voltage
and dI/dt available from any switch. On the negative side, high pressure spark gap switches,
which tend to be rather simple to use in single shot applications or in repetitive service at low
energy per pulse, can develop a variety of "quirks" in high average power repetitive service. The
most common problem is a collapse of the triggering range. Normally for any switch at any fixed
pressure, there is a voltage below which the switch will not trigger acceptably and a voltage
above which the switch will self-fire. Generally the switch operates better near the self- firing

Voltage in the sense that it is easier to trigger there and closes with minimal time dispersion
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(jitter). Unfortunately, when operated even as low as 70% of the nominal self-firing voltage there
seems to be a finite probability of un-triggered switch closure, at least in high current operation
(~100 kA). This is equally true for repetitive or single shot service; however, as a result of
repetitive operation the self-firing voltage is reduced without their necessarily being a
corresponding reduction in the minimum triggering Voltage. A few of this type of sparkgaps

used in repetitive pulse power systems are described below.

Moran et. al [46, 57, 58] describe a high repetition rate hydrogen sparkgap operating at
pressures up to 7MPa and 0.1mm to 10mm gap. In a triggartron mode, a recovery time of 100us
has been obtained. Faster recovery times have been reported when the sparkgap was operated
well below the self BDV. Recovery times lower by an order of magnitude can be obtained
by operating the sparkgap below fifty percent of self BDV. A two-pulse system was used for
these studies. The recovery times were found to be independent of the energy transferred. The
recovery times of hydrogen were slower at low pressures by an order of magnitude compared to
argon, but an order of magnitude faster at very high pressures. The recovery of a mixture of
hydrogen and argon falls between the curves for separate gases. Experiments of fast recovery of
hydrogen gas switch were also conducted on a 600 kV, 10 ps, 5 pulse, and 10 kHz burst mode

pulse power system.

The recovery and break down study of a small nitrogen gaps of 0.8 mm to 3.7 mm distance, was
done using two pulse method by Xinjing Cai [60, 61]. He found that the breakdown voltage of
the gap changes from shot to shot even with the same experimental conditions and obeys
Gaussian distribution. The over-volted factor is reduced with an increasing pressure. With a 2.7-

mm gap the over-volted factors are 4.53 for 0.1 MPa pressure and 1.74 for 0.4 MPa.
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Figure 2.3 Interferograms showing the recovery process of the gas density in a 2.7 mm gap at
atmospheric pressure. (a) t <0, (b) t=266 ps, (c) t=302 us, (d) t=504 us, (¢ ) t= 1 ms, (f) t=2 ms,

(g) t=5 ms, (h) t=10 ms, (1) t=15 ms, (j) t=20ms, (k) t=30ms, and (1) t=50 ms. [60].
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And also his experiments shows that the over-volted breakdown voltage depends individually on
the gap spacing d and the gas pressure p, rather than on the product of Pd. The second spark
generally does not follow the path of the first spark. And also the recovery of the gas density and
the hold-off voltage of a spark gap after breakdown were investigated with Mach—Zehnder
interferometry and compared with two pulse experiments. The interferograms of gas density
recovery process is shown in Fig.2.3. It was shown that the gas density in a 2.7 mm gap filled
with atmospheric nitrogen almost fully recovers at t=50 ms but the breakdown voltage of the gap
only recovers to its static hold-off voltage, about 21.4% of its original overvolted breakdown

voltage.

A number of Tesla-transformer type accelerators from 500 keV to 5MeV has reported by
Abramyanet. al., [58]. These transformers are of helical wound type, and contain the accelerating

tube at the center. These transformers are Sfg / N, insulated. ELITA-1.5 (1.5MeV, 100A),

ELITA-3 (3MeV, 20/40A) are Tesla-transformer type accelerators. The pulse width can be
varied from 50ns to 10ms at 1 to 100 pulses per second (pps), with a triode electron gun. The
average beam power is 20 kW with a maximum energy/pulse of 1kJ. RIUS-5 is a 5SMeV, 30kA,
40ns pulse duration system with repetition rate of one pulse in 2-5 minutes, operates with a

mixture of Sfs and N, gases (static filling) over-volted secondary sparkgap.

The experimental study [62, 63] of the voltage recovery characteristics of spark gap switch with
Ha2, N2 and Sfe gases under the breakdown voltage of 450 kV (the vacuum diode voltage is about
200 kV), and current 30 kA. His experiments show that hydrogen has the best recovery
characteristic. At a pulse interval of 8.8ms, recovery percentages of both gas breakdown voltage
and vacuum diode voltage exceed 95%. For Sfs, N2 with the interval of 25ms and 50ms, 90%

voltage recovery percentages are obtained. The experiments also prove that the repetitive rate of
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high power accelerator with pulse forming line is mainly restricted by the gas switch repetitive
rate. He also analyzed theoretically the electric field stress of the switch under high pressure. The
electric field distribution of the spark gap switch is shown in Fig. 2.4. The results of simulation
show that electric field distribution between electrodes of the switch is the strongest, and the
field distribution alone axis is better uniform. It is favorable to the breakdown and improving
performance of the spark gas switch. The pressure of hydrogen gas in the switch was
hydrostatically tested up to 30atm. Such a switch was employed on high power pulse modulator
with water dielectric PFL (Pulse Forming Line). At the switch breakdown voltage of 520 kV and
the pressure of hydrogen 12atm, a 230 kV, 31 kA and 60ns during time electron beam is
obtained at the field-emission diode. The results show that the rise times of diode voltage is

reduced obviously when hydrogen is used as the dielectric of spark gap switch.
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Figure 2.4 Electric field distributions simulation in the spark gap switch. [63]
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It has been demonstrated [64, 65] that the free voltage recovery process (no gas flow) which
occurs in a spark gap following breakdown can be divided into three distinct phases.

The first phase of the free voltage recovery process is the deionization of the arc channel
following voltage breakdown. Deionization occurs through processes including recombination,
de-excitation and attachment [66]. The degree of ionization existing in the arc channel is
assumed to approach the background level relatively quickly after the current ceases to flow (a
few 10ps).

The second phase in the recovery process is the cooling of the hot, electronically neutral
gas left in the region of the former arc channel. During conduction, the gas in the arc column is
heated to several thousand Kelvin which results in a severe drop in the local value of the gas
density. If the second voltage pulse is re-applied to the switch too quickly following the initial
pulse, the gap can break down at a much lower voltage. Full voltage recovery to the initial
breakdown voltage of the electrode gap only occurs when the gas is given time to cool to the
ambient temperature. This normally takes a few ms [67] to occur and is thought to limit the PRF
to several hundred Hz. Under continuous repetitive operation, electrode heating can also
significantly affect the gas temperature, which in turn limits the PRF even further.

The third phase of the voltage recovery process is the recovery of the ability of the switch
to be pulse charged to a level greater than the dc breakdown level. In some switching
applications, the pulse charged breakdown voltage may be up to three times the dc breakdown
voltage in order to improve switching characteristics (voltage collapse time, jitter). It is therefore
important in pulsed power applications requiring faster rise times and higher voltages. The
recovery of the pulse charged breakdown voltage may be delayed by as long as several hundred

ms and has been attributed to the existence of residual ions in the gap.
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Fiorentinoet.al. [68] reported a high repetition rate electron beam generator using resonant
transformer at 300keV, 20ns, 20kA, and 25pps for laser pumping. The primary gas sparkgap
having a low stray inductance of 10nH was triggered by a 50 kV, 100ns, 20ns rise-time pulse.

The secondary gas sparkgap has been operated with gas mixtures of N, - Sfg for 600 kV,
triggered by a spiral wound double wire line with impedance of 300Q. The system has been

operated with static gas pressures at low repetition rates of one Hz and up to 25 Hz, 290 kV

with gas purging, for a few seconds.
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Figure 2.5:
(1) Geometries of electrodes. (a) Rod-plane gap. (b) Plane-parallel gap (c) Sphere gap. [44]

(2)Convection heat loss model from hot gas sphere to ambient gas. [69]

Tsuruta et. al., [44, 69] describe the voltage recovery characteristics of small air-gaps between
0.3 to 0.9mm gap spacing, 50us to 100ms delay time and 40 to 200A for copper, aluminum and
stainless steel, rod / sphere gap electrodes. The electrode arrangement is as shown in fig 2.5
(1).His experiments also shows, the shorter gaps recovered faster than longer gaps. The authors

proposed a gas temperature decay model according to which the air-gap recovery depends upon
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the heat flow from the arc. The convection heat loss model from hot gas sphere to ambient gas is
as shown in fig 2.5 (2). The recovery of long air-gaps, for gap greater than 8mm, depends on
radial heat flow and for medium gap lengths on the total heat flow from the sparkgap. The
temperature decay model includes the properties of (a) geometry of the gaps, (b) arc temperature,
(c) Physical properties of the gas like, thermal conductivity, density, specific heat and kinematic

viscosity. There is a reasonable agreement between calculated and experimental recovery times.

2.6 Gas Sparkgap recovery under Dynamic pressure condition (Purged Sparkgaps):

The purging gas flow pattern generally takes one of two forms namely straight (axial) or vortex
(rotary). In essence, straight line flow follows the shortest oath from the gas source to the exhaust
port (center of the electrodes). In vortex flow the gas velocity has a large azimuthal component.
The argument for vortex flow is that a given element of gas sweeps over the entire electrode area
and is available for cooling wherever the spark may occur. The countering argument at rates
below 100 Hz is that the heat disperses itself via conduction in the time between pulses so that
the gas flow needs to cool the entire surface at all times. Gas flow is needed over the entire
electrode, independent or the current spark location. The speed of -flow becomes the relevant

parameter together with the presence or absence of dead air spaces that are not cooled.

Gas purged sparkgaps employ generally high pressure air, Ny or mixtures of Ny and 5 to 8% of
Sf¢ gases. The gases are either purged out as in case of air or re-circulated under high velocities,

in case of other gases, through the arc which removes the plasma and ionic debris before
occurrence of the next pulse. The required velocity of purging increases with the repetition rate

linearly. The purging rate should increase in proportion to the product of the voltage and the
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active switch electrode area because this product determines the STP volume of heated gas times

the density. The factor F is given by

_ gas flow (SCFM)
~ Voltage (kv) * electrode area (cm?) * rep rate (Hz)

It is important to realize that having an appropriate value for F does not guarantee success
in a repetitive spark gap. Any gaps with even higher F values have been failures. Nevertheless, it
is noteworthy that a variety of workers with different geometries and with switching parameters

covering a wide range have a remarkably consistent value of F in their final design.

The recovery of these Purged sparkgaps is limited by gas de-ionization and subsequent cooling
by the gas circulation. A few kHz repetition rate is the practical limit with high pressure
sparkgaps due to high blow power requirements, which varies as the cube of the velocity. A few

of the repetitive pulsed power systems having this type of sparkgaps are described below.

Sandia Laboratories, USA [70], as a part of development of fusion research program, developed
repetitive pulsed power systems based on Tesla-transformers (1.5 MV, 10pps, 30ns and 350 kV,
100pps, 30ns,) and Marx generators (1 MV, 10 kJ, 10-100Hz). The primary switch has been
operated at 30% of self BDV, for stable operation over a wide range. The high voltage self-
triggered sparkgap switches 35 kA, 30ns up to 100pps with IMPA pressure and 3 to 6cms gap
length. Minimum required gas flow rate as a function of maximum repetition rate data has been
reported. An air flow of about 56.6m3/hour is required for operation at 80pps, 550 kV, 14 kA.
Cylindrical annular plant and flat button three electrode switches have also been developed for
various applications. A repetitive pulsed Marx generator has been developed with ratings of

IMV, 10J, 10 to 100pps. A new low inductance sparkgap named half switch has also been
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developed for discharging capacitor banks of positive and negative polarities. Ramrus et. al. [38,
39] report the 100 kV, 10 kA, 10mC/shot, 100 pps, burst mode sparkgap. This gap has been
tested up to 100 kV, 250Hz, 0.25C, 5 kA with flow rates of 59.5 m3/hour of dry air. The
breakdown probability data with respect to pressure of the gas have been reported for negative
and positive polarities having velocities of 2.5 and 5m/s. The estimated jitter works out to be
12% in about 100 shots. The Cross section of gas-dynamic spark gap used in his experiments is

shown in figure 2.6.
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Figure 2.6: Typical cross section of gas-dynamic spark gap. [39]

A 20 kHz repetition rate miniature triggered, continuously purged, nitrogen gas sparkgap in the
pressure range of 101.3kPa to 346.6kPa is reported by Rose et. al., [40, 71]. The electrode
damage, jitter and BDV of the switch have been reported for electrodes of brass and aluminum.

Watson et al., [72, 73] reports a high voltage pulse generator with a triggered sparkgap and a
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pulse forming network for CS: laser cavity load. This pulse generator produces a 300J, 700ns,
100ns rise-time, 1 to 50pps, +100ns jitter pulse when charged to 116 kV. The system has been
insulated by nitrogen gas at 310.3kPa (purged). The performance of two electrode and three
electrode sparkgaps have been compared and the conclusions are reported. The loss increases
with arc length and non-uniformity of the gap. The jitter has been slightly higher in air

compared to nitrogen, due to inferior trigger mode.

2.7 Low Pressure Sparkgaps

The low pressure sparkgaps can be operated over a wide range of working voltages and can
switch large currents. They have long life, high pulse to pulse repeatability and can be operated
at high repetition rates. Their construction is relatively simple. These sparkgaps normally operate
on the left hand portion of the Paschen's minimum. Some types of low pressure sparkgaps are
(1) simple low pressure sparkgaps, (ii) low pressure pseudo spark sparkgaps and (iii)) low
pressure crossed field tubes. A few repetitive pulse power systems using these types of
sparkgaps are described below.

K.V Nagsh et al., [49, 50] observed the Over Recovery phenomena in low pressure spark gaps.
He conducted experiments in the time interval of 300 ps to 50ms and observed the influence of
gap spacing (2.5 and 10 mm), and pulse voltages of 45 kV rising in 2.5 us for positive and
negative polarities at a pressure range of 1.3 to 34.7 Pa. The gases used in the experiments are
hydrogen, argon, and deuterium. A two-pulse system, capable of generating two pulses rising to
45 kV each in 2.5 pus and separated by a variable delay of 100 ps to 50ms, has been used to study
the recovery characteristics. It has been observed that the breakdown voltage under the second
pulse is higher than the breakdown voltage under the first pulse along the left-hand side of

Paschen’s’ characteristics and this has been defined as over recovery (>100% recovery) in these
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studies. The over recovery was found to be up to 120% and is dependent on the gas pressure
{<23 Pa for argon, <12.1 Pa for Hz, <4.5 Pa, -ve polarity, and <14.3 Pa, +ve polarity for D>
gases}, discharge current magnitude (>1 kA), and its reversal. This over recovery in low pressure
sparkgaps is due to pressure reduction in the gap after the first pulse discharge. The sequence of
recovery process is shown in figure 2.7. The recovery times are independent of gas pressure for

negative polarity. It increases with pressure for positive polarity and also with increase in

molecular weight of the gas in the gap.
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Figure 2.7

(1) Sequence of recovery process in low pressure sparkgaps [49]

(2) Pulsed Paschen’s characteristics [49]

The Over recovery phenomena in low pressure spark gaps is explained as follows. The first pulse
is applied to the electrode E1 at a time ti with a pressure in the gap P1 as shown in Fig. 2.7(1-a).
The gap breaks down at a voltage V1 (point A) and produces plasma and shockwaves in the gap
as shown in Fig. 2.7(1-b). The possible ways the breakdowns of second and subsequent pulses

are affected can be explained as follows. The first pulse breakdown increases temperature and
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pressure in the discharge column of the gap. The temperature and pressure in the gap starts
reducing due to diffusion of plasma to the walls, resulting in recovery of the gap. The pressure in
the gap reduces to P2 at a time t2 (point B). If the second pulse is applied at this instant, the gap
breaks down at a voltage Vo<V as shown in Fig. 2.7-(2) (point B). This shows that the gap has
not recovered to its pre-breakdown status (under recovery). It can be seen from Fig. 2.7-(2) that
increase in pressure results in reduction of the breakdown voltage and vice-versa. If the second
pulse is applied at a later instant t3, at which time if the pressure P3 is equal to Pi , it will
breakdown at a voltage V3. It is called full recovery if V3 is equal to V1. It is presumed that all
ionizations in the gap have been neutralized by this time. Alternatively if the pressure P3 is less
than P (point C), it will breakdown at a voltage as shown in Fig. 2.7 (1-c) and Fig. 2.7-(2),
which is called over recovery. This over recovery is possible only in case of low pressure
sparkgaps where the pressure can reduce below nominal operating pressure under large discharge
currents. The interval from A to B and to C is called over-recovery time and the corresponding
breakdown voltages are over-recovery voltages. Dufouret. al. [74] Report a sealed off low
pressure, quenching high voltage sparkgap capable of switching voltages up to 25 kV. This
sparkgap operates at a repetition rates of a few kHz having recovery times of a few
microseconds. The recombination of positive ions and their diffusion to the walls are mainly
responsible for fast recovery times of the sparkgap. The recovery time of the gap can be reduced
by proper gas pressure and additives like Sfs. Reduction of spacing to the wall, results in faster
diffusion of positive ions and faster gap recovery. Filling in the gap with a porous material
reduces the mean free path of ions and distance to the walls. A long capillary glass tube filled
with sand (1-30 mesh) has been used in this switch for higher static BDV. Two metallic

electrodes are attached to the glass tube by two rubber sleeves for connections. Sparkgap has
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been triggered by a coil (surrounding the capillary tube) which develops a 30 kV pulse. The
sparkgap having an internal diameter of 2mm and 500mm in length, can switch 15 kV pulses
with a recovery time of 4ms. Glass-wool filling density of 200kg/m3 in 7mm internal diameter
tube, 100 kV/m length are required for operations of voltages higher than 15 kV. The resistance
of the sparkgaps are high when compare to normal gas sparkgaps (~110Q). Cooling of
sparkgaps is required at high repetition rates. Lauer et. al. (75 -77) presented the design of a low
pressure sparkgap to replace the existing high pressure gas sparkgap currently being used in
Experimental Test Accelerator (ETA) / Advanced Test Accelerator (ATA). The parameters of
the sparkgap are 250 kV, 10.8Q), 50ns pulse. The pressure in this sparkgap is maximum at the
centre and reduces towards the insulator surfaces. This sparkgap operates near Paschen's
minimum where the critical pd is almost independent of applied voltage. The flow of gas is
controlled by pulsed piezo-electric gas valve. This pressure remains constant for about 1ms
during which a burst of pulses are applied. The sparkgap can be triggered with a maximum of 12
trigger pulses on cathode. Rate of rise of current increases proportional to molecular weight of
the gas, for constant gap and charging voltage. The rise times are longer for charging voltages
greater than 100 kV and gap lengths greater than 10mm, due to very low pressure region under
slow charging mode. The pressure in the gap can be increased to three times for constant gap
spacing with faster charging mode. This leads to three times faster rate of rise of current in the
gap. The stainless steel electrodes suffered large damages in localized regions and deposition of
a layer of tungsten (0.75mm) results in less damage. Large 0.25m diameter electrodes suffered
less damage. Recovery times of 0.1 to 0.2 ms have been obtained for slow charging modes (8 to

20 ms charging time) with 50 to 100 kV charging voltage for nitrogen gas. The recovery time
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has increased to several milliseconds due to negative polarity voltage applied to the gap by the

reset pulses of saturating magnetic cores, under fast charging modes.

2.7.1 Pseudo Spark Switch

Claudius Kozlik et. al [78] report a triggered low pressure pseudo spark based high power
switch rated 40 kV, 25 kA, 40J, 8x10'! A/s and 95% current reversal. The pre-ionization is
provided by a 0.1-0.3mA glow discharge. The low current gas discharge trigger pulse rated 2 to
3kV, 1ms has unlimited trigger life time and can be operated up to 1 kHz. The trigger electrode
has been protected from main discharge by a cylindrical metal cage. The positive auxiliary
voltage of a few hundred volts prevents misfiring and pre-firing of the switch. The delay time
of the switch is 250ns with a jitter time of 4ns. The short circuit current rating is 32 kA with 95%
current reversal. The rate of rise of current varies from 3.5x10'" A/s to 8.4x10''A/s depending

upon voltage and pressure. This switch has been operated for about 5x10° discharges at 50 Hz,

20kV, 10J, 15 kA.

2.7.2 Crossed Field Switches

Low pressure crossed field switches operate at the far left of Paschen's minimum region (=
3.9Pa). The field emission and vacuum breakdown phenomena limit the maximum stand-
off voltage in this switch. The maximum gap length is limited to less than one mean free path so
that the glow discharge cannot be self-sustained. Application of magnetic field makes the
electrons spiral around the magnetic field lines, thereby increasing the probability of
ionization collisions and results in glow discharge between electrodes. Removal of magnetic
field results in de-ionization of plasma and recovery of the switch. This switch can be used in
either the glow discharge mode or in the arc mode. The arc mode has the advantages of

simple trigger requirements, and probability of arc spot occurring at different locations on
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cathode and anode. This enables the device to operate at high average powers and at high
repetition rates with less localized heating. Harvey (79) describes the characteristics of a
crossed field closing switch, rated 40 kV, 20 kA, 125Hz, 1ms rise time and 10ms pulse width.
The details of (a) inductive, and gas clean-up effects, (b) grid and anode ignition characteristics,
(c) grid response, (d) current rise-time with magnetic field triggering, (e) hollow cathode mode

and (f) anode and grid pulling have been discussed in detail.

2.8 Vacuum Sparkgaps

Vacuum sparkgaps used for repetitively pulsed operation are relatively simple, require
minimum support systems and has high electric field hold-off capability, of the order of
10MV/m. These have good trigger capability down to fairly low voltages. They have faster
recovery and capable of high repetition rates. The disadvantages of vacuum switches are
slow closure times of more than 100ns, longer trigger delay times, large jitter, high power
dissipation, inconsistent recovery performance and decreased rate of recovery with large rate
of fall of current. Sampayanet. al. (43) reported the recovery properties of a 90 kV, 15 kA
multiple site triggered vacuum spark gap (1.32 kPa). The authors have reviewed the past work
in the field of low pressure sparkgap and presents the results of vacuum sparkgap recovery
studies in the areas of high current, short duration pulses of less than 5us having large current
fall rates. Trigger configurations of (i) capacitive coupled plasma source and (ii) resistively
coupled plasma source have been investigated. A recovery rate of 75V/us with a current fall of
4000A/us has been obtained, with a fibre glass substrate. The mean value of the recovery voltage
is 46 kV. Results of ceramic substrate plasma source show a sharper degradation of full

recovery rate of 120V/us having a current fall rate of 7000 A/ps.
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Figure 2.8 Two sources contribute to plasma injection. The initial source is formed by flashover
of the trigger insulator, and the second source is formed by the electron impact heating of the

anode. Both plasmas expand into the gap to form the conduction channel. [80]

Dougalet. al. [80] report a low loss high repetition rate vacuum sparkgap. This trigatron sparkgap
operates in series with a saturable inductor at a high repetition rate. The authors devised a
method by which the poor turn-on and high power dissipation characteristics of vacuum
sparkgap has been modified to fast turn on, low power dissipation and low electrode erosion
sparkgap. This has been accomplished by the addition of a suitable saturable inductor in series
with the sparkgap. This is called magnetically delayed vacuum switch. The mechanism
contribute to conduction of plasma due to the triggering is shown in figure 2.8. The saturable
magnetic core delays the onset of significant current conduction till sufficiently dense ionized
vapours have been developed in the inter electrode gap, to carry the current with low losses. This
vacuum switch operates at a pressure of 5x10 Pa with aluminium planar profile electrodes,
50mm diameter and 3 to 5mm gap. This is triggered by a kryotron tube connected to 25Q, 200ns
pulse forming line, and charged to 5 kV. This inductor of 300nH, has been designed for a
voltage hold-off of 45 kV with 100ns hold-off interval. This can switch voltages from 20 kV

to OV smoothly, with forward conduction drop of less than 200V, peak power dissipation of
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less than 65mJ and 4ns jitter. This has been operated up to 10 kHz repetition rate in burst mode
up to 200 pulses.

2.9 Summary

This chapter reviews the work carried out in the field of gas switches in pulsed power technology
mainly under pulse voltages in High pressure gas, low pressure gas and also vacuum
environment and the factors influencing their dielectric strength recovery with an emphasis on
studies related to pulse voltages. The understanding of the mechanism of recovery of gas
medium in a high pressure spark gap and the development of a fast recovery spark gap is a step

forward in the design of repetitive pulse power systems.
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CHAPTER 33

DESIGN AND DEVELOPMENT of DOUBLE PULSE
GENERATOR

3.1 Introduction

In order to design the sparkgap switch for repetitive pulse power system, as discussed in previous
chapter, it is proposed to develop an experimental facility to study the voltage recovery times of
high pressure sparkgaps. The Two-pulse method was used for the measurement of voltage
recovery time of the spark gap. A Pulse transformer with matrix topology was made to generate
Two Voltage pulses with predefined delay, which are going to over-volt the spark gap. An IGBT
triggering circuit was developed to generate trigger signal with controllable delay time. The
details of design and development of the experimental setup to study the recovery characteristics

of the sparkgap are described in this chapter.

3.2 Design of Double Pulse Generator

In this study, a two pulse method was adopted to study the voltage recovery time of the spark
gap. So, a double pulse generator is developed to generate two identical fast rising pulses with a
predefined delay between them, which over volts the spark gap switch. The generator made with
series pulse transformer topology to achieve the high output voltage keeping input voltage low.
In order to achieve the fast rise time of the generated pulse, the Pulse Transformer was
developed with Matrix configuration. To keep current in the switches to minimum, primary
windings of Pulse Transformer will be split on both legs of the core and will be excited

separately. An Insulated Gate Bipolar Transistor (IGBT) was used as the fast switch between the

77



pulse transformer and testing spark gap chamber. The parameters of the pulse generator are

summarized in Table.3.1. The Experimental schematic of generator is shown in Fig.3.1.

TABLE 3.1. The parameters of the Pulse generator

Input DC Voltage 1 kV
Output Pulse 40 kV
Voltage

Rise time 300 ns
Pulse Width 1.5 ps

Triggering Unit

Driver Power
230V Supply
Trigger
av 2 pulse
generator

Rogowski coil

Pulse for current
Transformer measurement
1:40
_____________ D

IGBT

chamber

Spark gap| T2
oD

CCPS % —— Capacitor
oV 0.5uf

Diode .
| Voltage
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I

i
I
|
I
|
I
I
I

|__Energy storage :
|
I
I
|
I
|
I
I
|

Figure 3.1 Experimental schematic of double-pulse generator with matrix transformer topology
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A capacitor charging power supply of rating 6w is used to charge (0-1000V) the 0.5 pF capacitor
which is connected to a pulse transformer through an IGBT switch. This switch will turn on by a
triggering circuit which will generate two pulses sequentially to discharge the stored energy of
capacitor into the pulse transformer primary. The spark gap testing chamber is connected to the
secondary of the pulse transformer. This test cell (spark gap) consists of two Rogowsky profile
electrodes, placed in a Perspex container filled with gas insulating medium. The diameter of the
electrodes used in the study was 38mm and made by stainless steel material. The gap between
two electrodes is set at 2 mm and operates in self-breakdown mode. The output voltage of the
pulse generator is around 40 kV peak voltage (for 1kV charging) with rise time of 300ns and
pulse width of 1.5 ps. A 100 kV North-star high voltage measurement probe is used to measure
the voltage and all the observations recorded below have been measured with Agilent
technologies Digital Oscilloscope 350 MHz with sampling frequency of 2.5 Giga Samples per

second.

The components for the recovery study experiment were designed or selected as per the

requirement of Pulse Generator. Below sections describe the selection of the each component.

3.2.1 Design of Pulse Transformer

The main component in our experimental setup is the pulse transformer, which couples a source
of pulses of electrical energy to a load. The achievable rise and fall times of the pulses are
mainly determined by the parasitic capacitances and inductances in the power circuit, which
consists of capacitor bank, switches, interconnections, and the load. Due to the insulation
requirements, the same minimal distances are required in the design. Furthermore, the voltage
drop of the pulse top is relatively independent of the pulse generator type, since it is determined

mainly by the amount of stored energy and/or by an existing droop compensation.
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However, pulse generators based on pulse transformers offer an additional degree of freedom —
the turn’s ratio — which enables the adoption of the primary voltage on the available switch
technologies. A second advantage of the transformer based pulse generators is the reduction of
the switching losses and the over voltage at turn-off, due to the parasitic capacitance of the pulse

transformer and the load. Additionally, this effect could also result in faster turn-off times.

The pulse transformer is one of the key components of pulse generators, which mainly defines
the achievable rise time Tr and overshoot AVmax of the output voltage pulse. In these pulse
generators, performance of pulse transformer plays important role in pulse shaping hence it is
important to consider the relationship between different elements [81]. The equivalent circuit of

pulse generator, pulse transformer along with load is as shown Figure 3.2.
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Figure. 3.2. Equivalent circuit for the consideration of optimum relationship among different

elements of pulse transformer S indicates the switch location.

Here Vg is the source voltage, Ry is the source resistance, Le is the effective shunt inductance, Re

is the effective shunt resistance, Cc is the mutual capacitance between low voltage winding and
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high voltage winding, L1 is the leakage inductance, Cq is the distributed capacitance, Riis the

load impedance (resistance), and I1 and V1 are current and voltage across load.

Different portions of the pulse i.e., Rise, top and Fall or pulse tail regions, as shown below, can
be treated separately as different set of circuit elements come into play in these three regions.

These three regions are presented below along with the equivalent applicable circuit [82].

(a) Pulse Rise Region
Figure .3.3 presents the equivalent circuit of the pulse rise region. Effect of Re is considered to be
negligible compared to Ri, and due to a very fast rise time, effect of Leis also negligible. Initial

energy in Le, L1, and C is assumed to be zero.
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Figure 3.3. Equivalent circuit for the computation of the rise of the pulse on a resistance
load.

Using Kirchoff current law, for the loop of current i1, we can write

di . 1 . 1 .
Llﬁﬂl*Rg+Eledt—zfzzdt=vg (3.1)

81



Taking Laplace transform and solving for i1, we get

1 1 Vg
+s+Li+Rg]|— I2(s)=—=
¢ rer b Rel= e Pl

s 5= s (3.2)

L[

For the current loop 12,

i2dt

iz*R1+I —ij.ildt=0

C (3.3)
Taking Laplace transform and simplifying for i2, we get
Li(s)=12(s)*(s*C*Ri+1) (3.4)
Replacing equation (2) in equation (1) for finding current in load resistor, we get

Vg*C 1
Ix(s)=
)= e ., Rg 1 !
S+——)s +s—+ )
R*C L C*L’ R*C*L (3.5)

For finding voltage across Ri we multiply this expression by Vg and taking inverse Laplace

transform,
Ve+R . .
Vi = g—l[l —e “"{cosh kt + 2 sinh kt}]
( za :£+L
L, RC
b=+l
< cL R
k*=a’-b
a CR,R, +1,

o=
Where ™ Vb 2 [RLC(R,+R)

(b) Pulse Top Region

The beginning of the top of the pulse is influenced by Li and C. The droop in the pulse is present

due to Rg>0, since the current builds up in Ly (Lp is the representation of the core inductance and

resistance effects). The effects of Li and C are relatively unimportant as far as this droop is
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concerned, the equivalent circuit shown in Figure 3.4. may be used in the computation of this

droop. The initial current in Lp is assumed to be zero and t is reckoned from the beginning of the

top of the pulse. We will then get the expression of voltage droop as below

1 Ri*Rg
Ve Ri _LT,(RHRg)t
Vigy=—
(Rl + Rg)
A
Ly 3 Ri § vV
|
R 3
L
Vg [
o

Figure 3.4. Equivalent circuit for computation of pulse top.

(3.7)

The drooping in the current pulse is higher for relatively small current loads like magnetron than

a higher resistance load Ri. The current oscillations produced due to the voltage fluctuations are

much higher in small resistance loads.

(c) Pulse Tail Region

There is a characteristic back-swing on the tail of the pulse produced by the pulse transformer

since the flux density must return to the same remanent point before beginning of each pulse.

The interval of time taken between two pulses is taken large enough so that the voltage becomes

zero. Thus whenever a pulse transformer is used, there is always a general voltage backswing
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whose area is equal to that of the pulse itself, but whose shape is determined by the values of Re,
C, Le and Ru. If Ri is disconnected shortly after the pulse there are oscillations of a higher
frequency superimposed upon general backswing because of the energy stored in Li. The shape
of the general backswing may be calculated by assuming that the constant voltage generator Vg

is disconnected from the circuit at the time after the pulse.

Figure 3.5. Equivalent circuit for computation of pulse tail.

The circuit shown in Figure 3.5 approximates the equivalent circuit, which is a parallel RLC
circuit. To a good approximation, the initial current in Le is (Vi*t2)/Le and the initial voltage on
C is Vi. Then if t = 0 at the time of start of backswing, voltage pulse for a non oscillatory

condition can be written as

2

+a

oy =Vire " {cosh kt + LC sinh At}
k (3.8)
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+a

LC .
and for the oscillatory conditionew) =Vi+e * ' {cosh ot + ~——sinh ot}
@ (3.9)

1
a=—-
RC
where , L (L)z
LC 2RC
k=jo

For an ideal pulse transformer, once the primary switch is opened the secondary pulse should
immediately end. This does not happen. The pulse transformer tries to dissipate the energy stored
in Lm and in the parasitic capacitive and inductive components. The inductance will induce
voltages as their magnetic fields collapse. The capacitor charge will drain, but not
instantaneously. The capacitances may temporarily supply current to the inductances. As a result,
there is a sloped decline of the secondary output voltage after the primary switch is opened. This
sloped decline is referred to as the “trailing edge”. Some combinations of capacitance and

inductance could produce spurious oscillations.
(d) Overshoot

Considering the equation of damping co-efficient o, it is dependent on Li and C
i.e., on pulse transformer’s mechanical dimensions and on the loan impedance Ri. For a given

load impedance and o, ration of Li and C is fixed by

2Ro = \/E
C (3.10)
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(e) Rise Time

In addition to the overshoot, the rise time Tr of the output voltage can be derived
from above equation and it is found to be proportional to the product of Li and C.

NS

T=—1¢
27

Tr = 27T, 40,900\ L,C (3.11)

3.2.2 Pulse transformer topologies

In order to fulfill the requirements for the maximum overshoot and the maximum rise time, both
a given ratio of Li to C and a maximum product of Li and C have to be guaranteed. In general the
pulse generator connected to the transformer’s primary as well as the load connected to the
secondary winding have a certain inductance L gen and capacitance C 10ad, which also have to be
considered. The ratio of Li and C can be varied by the mechanical dimensions of the transformer
i.e., the distances the heights and the lengths of the windings. The product of Li and C however is
defined by the transformer topology and can be assumed to be approximately constant [81].

Therefore the transformer topology resulting in the smallest Li*C product has to be selected.
Different topologies of transformer available are as given below.
(a) Parallel Winding

It has simple construction and hence is most widely used topology in which the primary and
secondary windings are wound on two parallel bobbins as shown below. The distance between

the primary and secondary winding is constant throughout the winding height. The leakage

86



inductance is mainly defined by the volume and the magnetic fields strength between the

bobbins. The arrangement of parallel winding is depicted in Fig.3.6.
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Figure 3.6 Pulse Transformer Parallel winding arrangement descriptions
(b) Cone Winding

In this winding type, the distance between the primary and secondary is not constant and is

linearly increasing with height of the winding as shown below.
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Figure 3.7 Pulse Transformer Cone winding arrangement descriptions
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Compared to the parallel winding, the volume between windings and also the leakage inductance

can be reduced by a factor of two. The arrangement of cone winding is depicted in Fig.3.7.

(¢) Foil Winding

In this winding type, secondary winding is in the shape of foil, wound with thin lamination
between successive turns. Height of winding reduces successively with each turn to maintain
safe distance from the core and to avoid breakdown due to the high voltage at extreme edge of

the winding and the grounded core. The arrangement of foil winding is depicted in Fig.3.8.

Figure 3.8 Pulse Transformer Foil winding arrangement descriptions

(d) Matrix Pulse Transformer
In order to achieve high voltage on secondary of pulse transformer, while keeping the primary
voltage and current to suit the available switch capacity, multiple transformers can be used in
series. However this also introduces additional Leakage inductance and distributed capacitance,

thereby increasing the rise time of pulse on the secondary. To overcome the slow rise time of the
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pulse, transformer topology with multiple primary windings and single secondary winding is

used. This type of Pulse transformer is referred as Matrix Pulse Transformer.

Hence, instead of connecting the secondaries in series, both secondaries can be combined to one
secondary which encloses both cores, whereas some volume between the primary and secondary
winding is saved. The saved volume directly results in a reduced leakage inductance and
distributed capacitance compared to the series connection of the standard transformers. For this
transformer configuration the conversion ratio between the primary and secondary voltage is not

only defined by the turns ratio » but also by the ratio of enclosed core areas Apriand Asec [83].

Primary winding Secondary winding

Figure 3.9 Top view of the Matrix pulse transformer showing winding arrangement.
Since T is proportional to the winding length, the reduction of 7, can directly be calculated by
the winding length’s reduction.This design will also limit the current in individual primary
circuit and therefore in the switch. The pulse may repeat at regular or irregular interval of time,

the inter-pulse period being long relative to the pulse duration, with this type of operation, the
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power delivered to a load has a high ratio of peak power to average power. The top view of the
pulse transformer is shown in fig. 3.9. The transformer must have a low value of leakage
inductance and distributed capacitance which have effect in the pulse rise time, overshoot and
backswing. Since the leakage inductance depends on the number of turns, to keep the primary

inductance low, transformer with only one turn primary was designed.

3.2.3. Transformer Core
In order to avail the advantage of Amorphous core, two AMCC 1000 core will be used which
have high saturation flux density of 1.56 T. It also has high value of permeability and very low
core loss as suggested by the B-H curve. For safe operation, AB value up to 2.5T can be planned.
In this region, value of permeability pr is minimum 1000 as obtained from the B-H curve. Two
mm thick fiber optic lamination sheet will be used as the bobbin for the windings, which can
withstand high voltages. This will provide insulation to primary winding from core and also
inter-winding insulation. The thickness of insulation has to be kept optimum to utilize the
insulating properties without increasing the distributed capacitance. In the entire transformer, all

the exposed wires / strips will have to be covered from the HV insulation tape.

For Matrix Transformer, it can be written

N ASCC
Vm N A (3.12)

40000  Nsec y 2Xx23x107%
1000 1 23 x 104

Nsec = 20 turns

Hence 20 turns secondary will be required to achieve the required voltage level. The secondary
will encompass two primary windings. The effective turn’s ratio of the transformer will be 1: 40.
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3.2.4. IGBT Triggering Circuit

In order to generate the two pulses at the output of the pulse transformer, the IGBT switch should
be triggered with a millisecond delay. The triggering circuit in our experiment was designed for a
delay of 10 ps to more than 1s. This circuit consists of 3 major parts viz., gate driver circuit, gate

driver power supply circuit and an optical pulse generator.

(a) Gate driver Circuit

The IGBT’s are connected to 1000 V DC. Therefore it is necessary to provide a floating gate
signal to the IGBT. To turn on the IGBT, the Gate drive requirements for most of the IGBT’s are

given in Table.3.2.

TABLE 3.2. IGBT Gate drive requirements

Output voltage 15V
Supply 15V
Gate charge (for most of 308nC
IGBT’s)
Gate current 0.04A
Current used 0.075 A
Transistor Current 0.0 A
MIC4452 Current 3mA
Total current max
150mA

From the above specifications the Gate driver is designed and depicted in Figure 3.10. The gate
driver module requires 20V/50kHz power input from the gate driver supply which is rectified by
using a high frequency rectifier. This rectified signal will be given to the driver IC MIC4452
through a voltage regulator. The required triggering signal across the IGBT gate and emitter
terminals will be applied by this driver IC. The power supply requirement for gate drive module

is given in Table.3.3.

91



20V/50kHz High . :
— — t— Fixed Voltage |:
From Gate Driver I Frequeacy g€ ||

power supply d Regulator
* !
/' OFTO DriverIC |—————» Gate Terminal of IGBT
' Coupler MIC4452 :
/,/ HFD22412 +——————=» Emitter of IGBT
Optical Pulses from ' :
Trigger generator /

Voltage regulator High freq v rectifier 20v/S0KHz Isolation Tr/f
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Figure 3.10 (a) Block diagram of IGBT gate driver PCB. (b) IGBT gate driver PCB.

TABLE 3.3. Power supply parameters for gate drive module

Supply frequency 50 kHz
Duty cycle of power supply 0.8
Off time 2us
Minimum voltage drop across 2.7V
regulator
Power dissipation allowed 2W
Max V drop allowed 5.7V
Charge to be supplied during 2us 0.7uC
Rectifier drop 1.4V
Minimum input voltage 20V
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(b) Gate driver Power supply

The high frequency power supply for Gate drive is designed based on the requirements of gate
driver mentioned. Here the power supply is i.e. 230v ac is converted to 15Vdc with the help of
bridge rectifier, filter & the associated circuitry of LM317. The 15V DC taken from LM317 is to
be converted to 15Vac/50kHz. For this we are using push pull inverter concept. This push pull
action is done by IC SG3525 & the MOSFET. The output transformer steps up the voltage from
15V/50kHz to 20V/50kHz. The block diagram of gate driver power supply is shown in Fig. 3.11,

and the PCB realization is shown in Figure 3.12.

..........................................................................................................

P ————
Step down Bridge - High Frequency |: | 20V/50kHz }
—» Transformer Rectifier R ‘l tor Centre Tap —" Output to
230V to 18v cgaiato Transformer —’1L Gate Drive |
: Switch for
230V E {+ve cycle}
Switching
Control
Switch for

"l {-ve Cycle}

Figure 3.11 Block diagram of gate driver power supply.

(¢) Optical pulse generator

From Figure 3.10, the Triggering pulse for IGBT gate is generated by IC MIC4452. An optical
signals with the required delay is generated by using a separate embedded program and is fed to
IC MIC4452. An example program for 10 ms delay is given in Annexure-1. The coupling will be

done by an OPTO-coupler HFD22412. The Fig.3.13 shows typical triggering pulses applied
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across the IGBT. These rectangular pulses have 15v amplitude and 2 ps pulse duration which are

good enough to turn on the IGBT.

High frequency Centre tap transformer

Figure 3.12 Gate driver power supply PCB.

Voltage(V)

0 20 40 60 80 100 120 140 160 180 200

Time (ms)

Figure 3.13 Typical waveform of the trigger pulse given to the IGBT switch with 42 ms

delay. The Tp1 and Tp2 are square pulse with amplitude of 15 v and 2 us pulse duration.
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3.3 Selection of IGBT

The commonly used fast high power semiconductor device is the inverter grade thyristor which
is available with voltage rating > 1 KV at KA average currents. Due to the requirement of current
reversal through the device to commutate off, most high voltage pulsed power applications have
limited the use of thyristors as replacements for other closing switches. IGBT is a three-terminal
device that combines the high input impedance and gate characteristics of a MOSFET for fast
switching capability and the low saturation voltage of a bipolar transistor to handle high current
values. In our experiment the required IGBT should be able to withstand the max voltage and
current while maintaining the rise time of pulse as 300 nS. IGBT make ‘Eupec’ model no SKM
600 GA 12 T4 SEMIKRON is used in the experiment, which is of higher current rating than the
desired value and is hence selected. It also meets the rise time requirement for the pulse

generator and can switch currents up to 100 A within 200 ns.

3.4 Diode

Diode is used in the circuit to protect IGBT in case one of the driver does not turn it on and rest
of the IGBTs turn on thereby inducing voltage in the secondary circuit which in turn induces the
reverse voltage across IGBT. If the diode is used, the reverse voltage appears across it and the

switch does not have to withstand any reverse thereby ensuring the protection of IGBT.

In the transformer under consideration, if one of the IGBT does not turn on, then the inverse

voltage across primary winding is 1000 V. Hence diode with the following rating is desired:

Peak Inverse Voltage rating : 1000 V

Pulse Current rating : 80A
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3.5 Spark Gap Chamber

The test cell consists of two stainless steel electrodes of rogowsky profile placed in a Perspex™
container filled with argon gas at different pressures (0-5 bar). The gap between two electrodes
is varied from 2mm to 4 mm. The spark gap chamber is shown in Figure 3.14. The output pulse

is having 300 ns rise time and a full width half maximum of 1.5 ps.

pressure gauge

Gas outlet
valve

Rogowsky profile electrodes  Perspex outer
made by stainless steel Chamber

Figure 3.14 Perspex spark gap testing chamber with rogowsky profile electrode.

3.6 Capacitor

Energy Storage Capacitors, provide a convenient method of storing electrical energy, which can
be released, as required, for a very short duration of time, under controlled conditions. The
capacitor is designed to suit the waveform and duty cycle to which it will be subjected in service
and the life it is expected to give. The life expectancy of an Energy Storage Capacitor is a

function of the electrical stress, the voltage reversal and the repetition rate of discharges. To
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obtain maximum peak current, the Self-Inductance Value of the capacitor should be low. The

minimum capacitor value is calculated as per the parameters of the generator as follows:

Capacitor Energy = 4*C*V? (3.13)

Energy required per shot=V*[*t=40 KV * 1 A*1.5uS =0.06 Joules

Voltage drop of 15% was assumed per pulse from charging voltage of 1000V i.e., Vo= 0.85*V

Hence, 0.06 =% *C * (V1% V2?)

C  =0432 uF=0.5 pF.

3.7 Capacitor Charging Power supply (CCPS)

CCPS is used to charge capacitors in a very short duration with constant current in order to
generate repetitive pulses. The time taken for charging capacitors also decides the achievable
frequency of operation of Pulse generator. CCPS should be capable of charging the capacitor
during the pulse gap. The pulse repetition rate is 100 hence after every 1/100 sec, i.e., 10mS, new
pulse is generated. The pulse width is 1.5uS and hence it can be safely considered that capacitor
needs to be charged every 10 mS to 1000 volts, starting from the remaining voltage of capacitor,
after every pulse. The energy to be supplied by the CCPS in 10 mS is 0.06 J, i.e. the energy lost
by capacitor in each pulse. Hence the rating of CCPS of our experiment should be 0.06/10e-3 =

6W.
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3.8. Summery

A pulse transformer based double pulse generator capable of generating 40 kV peak pulses with
rise time of 300 ns and 1.5us FWHM and with a delay of 10ms — 1s was developed. A matrix
transformer topology is used to get fast rise times by reducing Li, Cd product in the circuit. To
keep current in the switches to minimum, primary windings of Pulse Transformer will be split on
both legs of the core and will be excited separately. IGBT will be used as the fast switch. This
double pulse generator was used for the spark gap recovery experiments by two pulse method
which are presented in chapter 4. The operating procedure and design of different components

used in the experimental study is also described in this chapter.
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Introduction

In order to conduct experiments to study the voltage recovery times of a spark gap on the
basis of (i) Breakdown voltage (BDV) (ii) Gas insulating mediums, (iii) Gas pressure, (iv)
Output current, (v) Pulse shape and (v) Electrode size and shape, an experimental facility was
developed and the design procedure of the setup was explained in the previous chapter. In
this chapter, the voltage recovery times of spark gap with noble gas (Argon) and a diatomic
gas (Nitrogen) were obtained with different gap distance (1 mm to 4 mm) and gas pressure
range (1 atm to 4 atm). The results are also compared with the electro negative gas, Sfs to
estimate the recovery time. Also, an attempt has been made to see the effect of electrode
shape, size, and pulse rise time, gap resistance on the recovery time of spark gap. The
complete experimental procedure to conduct the study was also elaborated in the below

sections.

4.2 Spark gap voltage recovery experimental procedure by double pulse method

A double pulse generator based on the series pulse transformer topology was designed in
order to use the benefits of pulse transformer to achieve the high output voltage keeping input
voltage low. For this transformer configuration the conversion ratio between the primary and
secondary voltage is defined not only by the turn’s ratio but also by the ratio of enclosed core
areas. It can generate two 40 kV voltage pulses with delay of 1ms to more than 1s in between.
The experimental setup of the pulse generator is shown in Figure.4.1. An energy storage
Capacitor of 0.5 uF was charged by a capacitor charging power supply of rating 6w (0-1000
V) and discharge into a pulse transformer through an IGBT switch. This switch will turn on
by a separate triggering circuit which will generate two optical pulses sequentially to
discharge the stored energy of capacitor into the pulse transformer primary. The two voltage
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pulses with predefined delay will be applied to the spark gap testing chamber which is

connected across the secondary of the pulse transformer.

Figure.4.1 Experimental setup

This test cell consists of two stainless steel electrodes of rogowsky profile placed in a
Perspex container. The gap between two electrodes can be varied from 1 mm to Smm
operates in self-breakdown mode. The output voltage of the pulse generator is around 40 kV
peak voltage (for 1kv charging) with rise time of 300ns and pulse width of 1.5us. Figure.4.2
shows the voltage pulse obtained. A 100kv North-star high voltage measurement probe is
used to measure the voltage and an indigenously developed rogowsky coil was used to

measure the current. The voltage to current ratio of the rogowsky coil is 2 V/kA. All
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observations recorded below have been measured with Agilent technologies DSO7034A,

Digital Oscilloscope 350 MHz with sampling frequency of 2.5 Giga-cycle per second.

$ 20008 10008 Trigd? t ) 313V

Figure.4.2 Output voltage pulse of the pulse transformer, Tr = 300 ns, FWHM = 1.5 ps.

Before conducting the double-pulse experiment, the breakdown characteristics of the
spark gap was studied with single pulse method i.e., only one pulse voltage was applied to the

spark gap. The tests were performed with 2 mm air gap at atmospheric pressure. The

breakdown voltage is 16 kV.

The statistical behaviour of the spark gap was studied by performing 100 breakdown
shots under the same experimental conditions. It was observed that the spark gap breakdown
voltage changes from shot to shot even under same experimental conditions (2 mm gap
spacing, air gap at atmospheric pressure, same applied voltage and same -electrode
configurations). Figure 4.3 shows the histogram of 100 breakdown voltage of 2 mm spark

gap at atmospheric air with rogowsky profile shaped electrodes.
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Figure. 4.3 Breakdown voltages histogram for 2 mm gap spacing with parallel rogowsky

profile electrodes.
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Figure.4.4. Probability density of breakdown voltages for a 2mm gap spacing for parallel
rogowsky profile electrodes
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In the statistical experiment, the 100 shots were divided into 10 groups of 10 shots. After
10 shots for each group, the spark gap chamber was cleaned for any remnants and a time
interval of 1 minute used between the shots, which are long enough for the gap to entirely
recover from the previous breakdown. The 100 columns represent the 100 breakdown events
and the height of each column shows the breakdown voltage for each shot. The lower
breakdown voltage is 11.2 kV and highest is of 24 kV. The averaged breakdown voltage is
17.2 kV. The probability density of the breakdown voltage was plotted in figure 4.4. We tried
to fit the probability density distribution to some known distribution functions and found that
it is best fitted to a Gaussian distribution with normalised standard deviation of 2.5%. Figure
4.5 shows the typical waveforms of voltage pulse and discharge current pulse of the spark
gap. It was found that the discharge current was almost same for both 2 mm and 3 mm gap
space when the charging voltage was kept same, which means that the impedance of the

discharge circuit is way higher compared to impedance of the spark gap.

—-=Voltage pulse
—-—Discharge current

Voltage (kV)
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o
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Figure 4.5. Typical waveforms of single voltage pulse and discharge current
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Also, the break down voltage of the single pulse as a function of the gap pressure for 0-2
bar pressure with 2mm to 4mm spark gap distances was measured and depicted in figure 4.6.
The results indicate that breakdown voltage and the pressure relation follows the paschen’s

curve in the high pressure region.
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Figure 4.6 first pulse breakdown voltage as a function of gap pressure characteristics for

Argon gas 0-2 bar, 2-4 mm gap distance

Now, the voltage recovery times were measured by a commonly used double pulse
technique. In two pulse method, initially the first pulse is applied to the sparkgap. The
breakdown voltage is measured as FPBDV (First pulse breakdown voltage), Next the
recovery pulse is applied with a delay. This pulse is same as the original pulse. The
breakdown voltage for second pulse also measured (SPBDV). The percentage of spark gap

recovery is decided by the SPBDV. The experiments have to be repeated a number of times
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to get complete data of the recovery time. The recording of breakdown voltages is also very

simple. This method has been widely used in recovery voltage / time measurements.

0 5005/ £ 00s 10008/ | Trigd? & [ 438V

(@)

5.006/ 3 #5 00s  1.0008/ Trigd? ¢ [J -438V

(b)
Figure. 4.7 Typical waveform of the voltage across the gap in the experiment with two-

pulse method. (a) Time delay between two pulse for argon gas, 4 mm gap, 0 bar, and 360

ms delay. (b) Breakdown and recovery voltages argon, 4 mm gap, 2 bars, 300 ms delay.
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In our experiments, two similar voltage pulses will be generated with a minimum inter
pulse period of Ims and used to pulse charge the spark gap. First pulse gives spark gap
breakdown voltage (FPBDV). The second pulse breakdown voltage (SPBDV) gives the

recovery voltage of the spark gap and corresponding time indicates the time of recovery.

The parameters studied with the experiments were the effect of operating pressure and
spark gap distance on the rate of rise of recovery voltage. Argon and nitrogen gases were
used for 0-2 bar pressure range and a gap distance of 2-4 mm is used in the experiments.
With this method we can accurately apply delay pulses to the spark gap to measure the
recovery times. A sample of the two voltage pulse with a delay of 360ms is shown in Figure
4.7 (a). Since we are using pulse charging to the spark gap the second pulse shape at the time
of breakdown varies in amplitude and pulse width depending on the delay between pulses.

Figure 4.7 (b) shows the breakdown and recovery voltage pulses with 300 ms delay.

4.3 Effect of gas, gap distance and pressure variation on spark gap recovery

It is observed that pressure has a significant effect on the recovery time of the spark
gap. The complete recovery of the spark gap (without gas flow technique) is observed around
Is. Figures 4.8 (a),(b), and (c) shows the percentage recovery as a function of the delay times
for 2mm, 3mm and 4mm gap distances respectively for argon gas. Similar procedure was
followed to find out the recovery curves for nitrogen gas. Figures 4.9 (a), (b), and (c) shows
the percentage recovery as a function of the delay times for Imm, 2mmand 3mm gap
distances respectively for Nitrogen gas. Each data point marked in figure are the average of 10

shots with same experimental conditions. Before each shot, the electrode were cleaned and repeated

the experiment to measure the breakdown voltage.
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Figures 4.8 (a),(b), and (c) shows the percentage recovery as a function of the delay times

for 2mm, 3mm and 4mm gap distances respectively for argon gas.
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Figures 4.9 (a), (b), and (c) shows the percentage recovery as a function of the delay

times for Imm, 2mm and 3mm gap distances respectively for Nitrogen gas.
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The secondary pulse breakdown voltages (SPBDV) plotted in the figures is expressed as a
percentage of the first pulse breakdown voltage (FPBDV) for the purpose of result

comparison.

e |t is observed that a plateau in the rate of rise of recovery curves during which the
degree of voltage recovery remains almost constant. This was observed by previous
researchers in high pressure gasses [60, 84]. It may be caused by the residual long
lived particles that can continuously produce sufficient amount of the electrons to
quickly initiate the second breakdown.

e The increase in pressure causes an upward shift to this plateau. Also as the gap
distance increases, this plateau is prominent. This may be caused by the large space
between the electrodes that can have large no of particles to ionize the gap for second
pulse.

e Recovery time decreases as pressure increases. This is due to increase in pressure
cause more frequent collisions in the gap that leads to a fast removal of the deposited
heat from the arc channel.

e The results also shows the short gaps recover faster than long gaps. Since the
discharge currents are almost same, the deposited energy during the first pulse
breakdown should be more or less the same. Furthermore, the recovery rate of a spark
gap is independent of value of energy transferred through it [85]. Also, the
simulations of [86] shows that the deposited heat is removed from the gap mainly due
to axial heat flow through metallic electrodes. Hence in the shorter spark gap, the heat
is quickly removed by the electrodes so that the cooling of the gap will be faster.

e For nitrogen gas, whose molecule is composed of two identical atoms, the recovery

will be affected by the delay recombination of the residual nitrogen atoms.
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Figure 4.10. “% Voltage recovery” in 2mm spark gap at 2 bar pressure with Nitrogen,

Argon and Sfs gas ambiances.

Also, a set of experiments were conducted with Nitrogen and Sfs gases to compare with the
argon gas characteristics. Figure 4.10 shows the “% voltage recovery” data for N2, Argon and
Sfe with 2mm gap distance and at 2bar pressure. It can be observed that, Sfs¢ has high
percentage of voltage recovery than Argon followed by N2. This may be due to the electro
negative nature of Sfe that can de-ionize the spark channel faster compare to remaining two

gas mediums. It seems to have a slightly faster recovery rate for Argon gas compared to

nitrogen.

4.4 Experimental Investigations of Pulse Charged Spark Gap Recovery Times and

Influencing Factors

The dielectric Recovery data of spark gap plays a basic role, but it has been inadequately
studied for the repetitive pulse charge conditions. In the following sections, some of the

factors which affect the recovery of spark gap switch for pulse charged operation are
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described. Here also, a two pulse technique has been used in which first pulse is applied to
the spark gap to over-volt the gap and initiates the breakdown and second pulse is used to
determine the recovery voltage of the gap. The effect of electrode size, pulse rise time and
conduction current on the spark gap recovery performance is presented. Experiments were
performed by using a double-pulse generator capable of generating 40 kV pulses with a delay

of 1ms-1s.

4.4.1 Effect of electrode shape and size on spark gap recovery

The electrode shape and size is an important factor which can influence the recovery time
of the spark gap switch. Also, the selection of the electrodes based on material can play a
major role in the recovery of spark gap switch. A recovery study by C S Reddy et.al [87]
shows the electrode material effect on recovery time of the spark gap switch and found that
the Stainless steel electrodes has faster recovery rate compare to copper electrodes. In this

sub section, the effect of electrode geometry on the rate of rise of voltage recovery is

discussed.
— 68mm
— 34mm <‘ I» 40mm r
(a) (b) (© —

Figure.4.11. Different sized electrodes used for the spark gap recovery experiments. (a)
Thin needle used for the point-plane spark gap configuration (b) 34mm diameter (c) 40mm

diameter and (d) 68mm diameter electrodes used for parallel-plane spark gap configuration
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Figure.4.12. Rate of rise of voltage recovery for different electrode configuration with
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Figure.4.13. Rate of rise of voltage recovery for different electrode configuration with 3

mm gap distance.
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A parallel-Rogowsky sparkgap configuration with 34mm, 40mm and 68mm diameter,
made with stain less steal were investigated. A point-Rogowsky spark gap configuration also
studied for 2 mm and 3 mm gap distances in open air, atmospheric conditions. Figure 4.11
shows the electrode of different diameters which are used in the experiment. All electrodes
used in the experiment were polished and first cleaned with trichloroethylene and then with
alcohol before spark gap experiments. Figure 4.12 and 4.13 shows the rate of rise of voltage
recovery characteristics with different electrode sizes for 2 mm and 3 mm gap respectively.
The figures indicate the point-Rogowsky configuration has the fast recovery rate compare to
the parallel-Rogowsky spark gap configuration. And also the electrodes with 34 mm and 48
mm diameter has lowest recovery rate for both 2 mm and 3 mm gap distances. The spark gap
with 68 mm diameter electrodes has better recovery compared to the lower diameter
electrodes. This signifies that, the deposited heat is removed from the gap mainly due to the
axial heat flow through metallic electrodes. Since the electrodes in a shorter gap tend to
remove heat quickly and results in faster cooling of the spark gap [86]. This results in a faster
recovery rate in short gap with longer diameter electrodes compared to long gaps. It can also
be explained by following the temperature decay model proposed by Tsuruta et.al [69]. The
recovery time of a spark gap is determined by total electrode heat flow axially and the heat
dissipation in to the gap radially. Perkins et.al [88] have reported experimental recovery times
of an 8 cm long air spark gap and shows that the recovery was solely governed by radial heat
flow. From the experiments of Tsuruta et.al [44], the recovery time depends on both radial
heat dissipation as well as axial heat flow through electrodes for an intermediate lengths. His
results for 7 mm and 9 mm gap distance shows that the hot gap between electrodes is cooled
by the axial and radial heat decay, but the axial heat decay through electrodes plays a
dominant role. But for shorter gaps the thermal conduction of heat through the electrodes of

the spark gap plays a significant role in the recovery of spark gap. Since for a gap between
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electrodes whose diameters are much larger than the gap spacing, the heat flow to the

ambient gas is limited only to a restricted space between electrodes.

In case of a point- Rogowsky profile electrode configuration, the heat in the gap can decay to
a larger region because of the small diameter of the point electrode, and the hot gap loses its
temperature faster than the parallel-Rogowsky configuration by a faster radial-gas heat flow.
Due to this reason, our experimental results shows slightly faster recovery time for point-
Rogowsky profile compared to parallel-Rogowsky configuration. This was observed even

quicker in 3 mm gap compared to 2 mm gap distance.
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Figure.4.14. Voltage recovery variation for 2mm and 5 mm spark gap distance with 68 mm

diameter Parallel-Rogowsky electrode configuration.

In our study to see the distance effect on the recovery time, a comparison has been shown in
figure 4.14. This shows the experimental voltage recovery variation for 2mm and 5 mm spark
gap distance with 68 mm diameter Parallel-Rogowsky electrode configuration. From the
graph, the 2 mm gap fully recovers in 20ms, whereas for 5 mm gap it is around 150ms. this
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signifies that the shorter gaps recover faster by dissipating heat through electrodes compared
to the longer gap distances. So, the axial heat flow through the electrodes plays a dominant

role in the recovery of shorter gaps [69].

4.4.2 Effect of pulse shape and size on spark gap recovery

The recovery time of a spark gap switch is also depends on the rate at which the pulse applied
the spark gap. After the application of the pulse, the gap breakdown at a voltage level
depends on the rise time of the pulse and tries to reach its pre-breakdown status by dissipating
the heat to the surrounding electrodes and ambience. In general, the breakdown process in a
spark gap can be considered as 4 stages: (1) Availability of seed electrons to start electron
avalanches, (2) Generation of streamer by the growth of electron avalanches, (3) Bridging of

the gap by conducting channel, (4) generation of an arc by heating the conducting channel.

Since the rate at which the pulse applied, effect all these stages, the breakdown voltage of a
spark gap depends on rise time of the pulse as well as the amplitude. The slow rise of the
applied voltage pulse results in a lower breakdown voltage. The lowest breakdown voltage is
static breakdown voltage (DC). In our case, Pulse breakdown happens at a voltage higher

than DC voltage and is called over-volted breakdown.

So, from the above explanation, the faster the pulse rise rate, the higher the breakdown

voltage and consequently it takes more recovery time to attain its pre breakdown status.

The effect of pulse rise time on the voltage recovery time of spark gap was investigated in
this sub section. The wave shape is one of the main parameter that could affect the final pulse
repetition frequency of the system. The rise time of the output voltage pulse of the power
modulator depends on the ‘L’ and ‘C’ of the circuit. In our experimental facility shown in
figure.4.1, it is possible to vary the Capacitance that can change the shape of the voltage

pulse.
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An attempt has been made to change the voltage pulse rise time by varying capacitor in the
modulator setup. The output breakdown pulse waveforms for 100nf, 500nf and 1000nf
capacitors were shown in figure 4.15. The rise times of 400 ns, 320 ns and 300 ns were
observed for charging capacitors of 100 nf, 500 nf and 1000 nf respectively. The respective
rate rise of voltage recovery characteristics for the different rise time was shown in figure
4.16. Although, there is no big variation observed in the characteristics, the pattern shows a
diminished pulse repetition with increase in the pulse rise time. It also shows that the pulse

rise time effects breakdown voltage more rather than the recovery time of the spark gap.

4.4.3 Effect of discharge current on spark gap recovery

The effect of peak value of conduction current on the percentage of voltage recovery of the
spark gap was determined by adding an external resistance in series, between the pulse
modulator and the spark gap switch. Due to the current heating in the arc column, density in
the gap volume decreases during the discharge period. This density will be increased during
the recovery period. The time taken for the density recovery will depend up on the current
through the gap during the arcing period. In our experiments, the recovery measurements
were made with two sets of gap distances 2 mm and 3 mm at open air conditions. The
different values of resistance used are 500 Q, 200 €, 100 Q and 0 Q (no external resistance).
Figure 4.17 and 4.18 shows the effect of conduction current on the rate of rise of voltage
recovery of spark gap with 2 mm and 3 mm gap distances respectively. It was observed the
time taken for the voltage to reach its static (DC) breakdown voltage level is around 10ms.
After this point an intermediate plateau is observed in the recovery characteristics. An
increase in the output impedance resulted in a decrease in the time taken to reach the plateau
voltage. However the reason for plateau was not clear and this was observed by previous
researches. Once, this voltage level reached, only limited effect was observed for a further

increase of resistance from 200 Q to 500 Q. This effect of discharge current on the recovery
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rate of Sfe gas spark gap at 1 bar was also observed by Scott j. Macgregor et.al [89]. The time
taken to reach the plateau voltage level in his experiments was reduced from 10ms to 2ms for

an impedance addition of 800 Q from 400 Q.

110 T T T T T T T T T
100—: §
90 - ¢
80 % % ¢ :
o T E 0l
§70— § Ei E E ) ¥
& 60 - . I
s,] ¢ grjro o1 @ _
Sl Py
°\°30_§ E E = Oohm |}
I ¢ 1000hm
20 E s+ 2000hm|]
. v 5000hm
10 7T T T T T T T
1 10 100 1000

Time delay (ms)

Figure.4.17. Rate of rise of voltage recovery for variation in conduction current with 2

mm gap distance.

The effect of pulse polarity on recovery of spark gap was also estimated for a point-plane
electrode configuration. In point-plane geometries the polarities of the applied pulse has a
major impact on the formation of arc. This polarity effect also tends to be enhanced for short
and fast pulses. To see the polarity effect, experiments were conducted for 2 mm gap, point-
rogowsky profile with positive and negative polarity voltage pulses. The figure 4.19 shows
the recovery characteristics obtained for a delay time of 1ms to 1s. We can observe that the
recovery time for both polarities was almost similar. In our experimental observations, where,
recovery of the spark gap is considered rather than breakdown, this polarity effect is not

notable. This may be due to the high density of ions and excited metastable particles present
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in the gap after the breakdown, whose space charge weakens the polarity dependence in the

point-Rogowsky profile [90].
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4.5 Summery

The voltage recovery characteristics of a pulse charge spark gap switch have been studied for
a varying switch operating conditions. The factors which influence the rate of rise of voltage
recovery have been investigated by using a double-pulse technique. The factors studied were,
the effect of electrode shape and size, gap distance, effect of pulse rise time, the conduction

current and the pulse polarity in the spark gap. The results are summarized as follows:

e Recovery strongly depends on the geometry as well as gap distance. The point-

Rogowsky gap recovers faster compared to parallel-Rogowsky configuration.

e Shorter gaps recover faster compared to longer gaps due to faster axial heat decay

through the electrodes.

e A large diameter of rogowsky profile electrodes has fast recovery characteristics

compared to low diameter electrode spark gap configuration.

e An improvement in the pulse rise time was resulted in a slow recovery rate of the
spark gap. An intermediate plateau is always observed in the recovery

characteristics of spark gap.

e The decrease in the discharge current by adding extra output impedance resulted in

a faster recovery.

e The polarity of the applied voltage pulse seems to have less effect on the recovery

times of point-rogowsky configuration spark gap.
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CHAPTER 5

COMPUTATIONAL STUDY OF GAS DENSITY RECOVERY OF
SPARK GAP

5.1 Introduction

The electrical breakdown and pre-breakdown characteristics of gases at atmospheric pressure and above, and
at low pressures are widely investigated and there is reasonable agreement on the mechanism of growth of the
current in the breakdown. But the recovery processes after the sparkgap breakdown are not studied extensively
at high pressures. During the breakdown of a spark gap, the gas between the spark electrodes can be rapidly
ionized by a suitable potential difference applied to the electrodes. Thus the gas is changed from a good

insulator into a good electrical conductor, a process known as over-volted breakdown of the gas.

The gas is at first fully ionized and expands due to the high temperatures caused by the spark. At atmospheric
pressure, electron-ion recombination produces a neutral gas between the spark gap electrodes within a few
hundred microseconds after the passage of the discharge current. The pressure in the channel also rapidly
returns to its original value because acoustic wave propagation quickly smooth out the pressure gradients
produced by the spark. However, the temperature gradients in the inter electrode gas are not smoothed out so
rapidly. Since the pressure is constant, the cooling of the gas increases its density from a low value just after the
high current pulse ceases, up to its original value. Because it is easier to ionize the gas at its reduced density, the
magnitude of the voltage needed to re-strike a spark in the post-discharge era will increase as a function of time.
The gradual relaxation of the breakdown voltage to some steady value (close to its pre-breakdown value) after a
spark gap breakdown is referred to as spark gap recovery [91-93]. The understanding of the recovery

phenomenon is very important if spark gap switches are to be operated at high repetition rates.
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The researchers are trying to understand the dynamics of breakdown process and its recovery inside spark
gap switch [94, 95]. The two major factors that influence the dielectric characteristics of gas switch are the
temperature and rate of change in the gas density. Following a breakdown, the spark gap contains hot
decaying plasma in which the degree of ionization is rapidly decreasing. But the hot gas remains for a
relatively long time and the cooling can be done by heat flow to the surrounding ambient gas. For the
measurement of these parameters like velocity, temperature, and density of the gap needs very complex and
costly experimental setups. In order to understand the characteristics of the arc, some papers [96 - 98] mainly
depended on the experimental means to investigate the arc behavior although it is expensive and time
consuming. Whereas it is still insufficient to obtain some internal parameters of the arc plasma, such as gas
velocity, current density, and so on. With the continuous development of the computational techniques and
capability, it is possible to obtain the spark gap information which cannot be obtained by the experimental
method alone, and the simulation is becoming an effective approach to complement the experimental research

on the recovery behavior of the spark gap.

In this study, a two-dimensional axisymmetric computational model of spark gap recovery is presented to
provide a better understanding of the dynamics of the recovery process. Also, the gas density recovery time
of the spark gap from the simulations is compared with the breakdown voltage recovery time obtained fron
the two-pulse experiment presented in chapter 4. Argon gas experiments and simulation results were used
in this comparisions. Disscussions and the possible repetition frequencies are tabled at the end of this

chapter.

5.2 Simulation method

The spark gap is filled with hot decaying plasma following a current discharge between the two
electrodes. This decay contains rapidly decreasing degree of ionization. But the neutral hot gas remains for
a relatively long time and is cooled by the heat flow to the surrounding ambient gas and the electrodes. The

decay of the gas temperature is a very complicated phenomenon and depends on many factors, such as
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thermal conductivity, specific heat at constant pressure, gas density and so on [99]. But, the recovery
characteristics are governed almost entirely by the gas temperature [100]. The temperature decay in the

switch following the equations below:

P 19 (ow=0 (5.1)
ot

0
S (ou) + Vo) = Vp + V.[u(Vu + (V)| ) + pe]
o (5.2)

0
—(pH) + V.(puH) = V.(hy VH)
ot (5.3)

Where, p is gas density, u is gas velocity, p is viscosity, g is gravity, H is the total enthalpy and ht is
the heat transfer coefficient. Here equation (5.1) is the continuity equation, (5.2) is the conservation of
momentum equation taking the gravity into account, (5.3) is the energy conservation equation. The 2-D
axisymmetric spark gap simulation model has been built to study the recovery characteristics after the

breakdown of the gas.
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Figure 5.1.Simulated geometry of spark gap at 20ms, 2mm and latm argon gas

Figure 5.1 shows the simulated geometry of spark gap at 20ms, 2 mm and latm Argon gas. The solution
domain ranges from 0 to 50 mm in » and 0 to 80 mm in the z directions. Because of the symmetry of the

computational domain with respect to the x—z plane, only half of the geometry is modelled to reduce the
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calculation time. Refining the grid and decreasing the time-step did not cause any appreciable changes in
the simulation results. The gap between the electrodes is taken equal to 2 mm, where the electrodes have

rogowsky profile which is equivalent to our experimental electrode conditions.

In the computations, Equations (5.1), (5.2) and (5.3) are solved with the computational fluid dynamics
code (ANSYS/Fluent) [111] which is a Control volume discretization technique. This computational
domain also allows the user to write user-defined functions (UDFs) in the C language to customize the
standard code to fit particular modelling needs. In this study, density, viscosity and thermal conductivity
properties for high temperature argon gas are based on the data presented in [102] and used as UDFs in

simulation. The UDF used in our simulations is given in Annexure — II.

The transient simulations presented in this study, use the experimental breakdown data for 2mm argon
gas at latm pressure as initial conditions. The energy discharged into the spark gap is estimated from the
experimental results. The data is averaged for 10 breakdown shots and used as the initial conditions for the

simulation. The calculation of energy from the experimental data followed by the equation:

E, = —" 4 (5.4)

Where, V and I are breakdown voltage and current values measured, h is the gap distance (2mm) and r is
the radius of the spark. The radius ‘r’ was taken [103] as Imm for our numerical study. Since, the duration
of the breakdown between the electrodes is in the order of sub micro seconds, the spark channel will
expand and quickly extinguish from the initial channel radius ‘r’. So, keeping the deposited energy and
duration of the spark unchanged, the small variation of radius ‘r’ seems to have less effect on the final
results of the simulation. The estimated energy from equation (5.4) is the initial condition to the simulation
model for a discharge time-period (‘t’). This time is the averaged pulse discharge time taken from the
experiment. Also, the initial conditions for the simulation are, pressure, p = latm, temperature, t= 300k and
the density of the gas, p for the argon calculated by the ideal gas equation. The simulation runs with a very

small time step.
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5.3 Results and Analysis

We used experimental discharged energy as an input to our simulation model. The decay time of density
from the simulation is compared with the recovery time of the spark gap, estimated from the double pulse
method. The experimental setup and procedure to estimate the recovery time of argon spark gap was
explained in our previous work [104]. Both the simulation and experiments were conducted for a decay
time of more than Isec. The variation of temperature and density for the simulation time is shown in
figure.5.2. The energy is simulated during the discharge period t, (242ns) taken from experimental
breakdown pulse. Figure 6.3 shows the typical waveforms of voltage pulse and discharge current pulse of
the spark gap.Each value of the V, I and t were taken from an average of 10 experimental shots. Before

each set of shots, the electrodes were cleaned and repeated the experiment to measure the breakdown

voltage.
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Figure 5.2. Density and temperature variation for the simulation time for 2mm argon spark gap at latm

pressure.
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Figure 5.3. Typical waveforms of voltage pulse and discharge current

Immediately following the extinction of the pulse, the volume between two electrodes is filled with hot
decaying plasma. Figure.5.2 shows that the density during the discharge period decreases due to the
expansion as a result of the current heating, whereas the temperature of the gas increases. Once the
discharge ceases, spark gap tries to come back to its pre breakdown status by dissipating the heat to the
ambient gas and walls of the electrodes. Our simulation shows that the gap has recovered to its initial pre-
discharge state in 58ms. Figure 5.4, shows the different time contours of the recovery process for gas
density and temperature. It consists of 8 contours taken in the time sequence after the extinction of the
spark energy. If the time reference t=0 was set at the beginning of the discharge, the contours were taken at
10us, 150us, 1ms and 50ms respectively. The electrodes are located at the sides of the contours where the

profile of rogowsky shaped electrode can be seen.
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Figure 5.4.Simulation contours showing the recovery process of the gas density and temperature in a 2mm
gap at latm pressure, (a) gas density at t=10us, (b) gas density at t=150us, (c) gas density at t=1ms, (d) gas
density at t=50ms, (¢) Temperature at t=10us, (f) Temperature at t=150pus, (g) Temperature at t=1ms, (h)
Temperature at t=50ms.

If we look carefully at the contours (a) to (d), we observe the density in the gap has recovered from 0.0339
kg/m? to 1.61 kg/m?®, which is close to pre-breakdown density value of 1.62 kg/m?®. The density profile in
the gap tends to become circular as it recovers from the breakdown. It may be due to the reason that the
deposited heat energy is removed from the gap mainly due to an axial heat flow through the metallic
electrodes. The gas density profile along the spark channel length at different decay time is shown in figure
5.5. This shows the density is recovered at the walls of the electrodes quickly compare to the middle of the
spark channel. This leads to a faster recovery of gas density for the shorter gaps compared to the long

distance spark gaps. This supports the numerical results of Xinxin Wang [86].
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Figure 5.5. Variation of Argon gas density along the spark channel length for10us to 100ms.

It also shows, the rate of recovery is very quick immediately after the breakdown. We can also observe
the gas density is completely recovered around 58ms in the gap. But the recovery voltage determined with
double pulse experiment [105] is about 45% at 58ms.

It also shows, the rate of recovery is very quick immediately after the breakdown. We can also observe
the gas density is completely recovered around 58ms in the gap. But the recovery voltage determined with
double pulse experiment in chapter 4, is about 40% at 58ms.

This mechanism for delayed recovery of the ability to be over-volted was also observed by Xinjing Cai
[60] for nitrogen gas. In his experiments, the nitrogen gas density recovery was investigate by using Mach-
Zehnder interferometry and the hold off voltage of a spark gap after breakdown by two pulse method. The
exact reason for this behaviour is not explained. It may be caused by some long-lived particles those can
continuously produce sufficient amount of the electrons to initiate the second breakdown [106]. An attempt
has been made to see the effect of gas pressure on the density recovery.
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Figure 5.6. Shows the variation of argon gas density along the spark channel length for latm to 4atm
pressure at 50ms. This shows the rate of recovery of density has substantially improved with increase in
pressure. This suggests that the high pressure spark gap will recover faster compared to low pressure spark
gaps. Also, Figure 5.7 shows the gas density as a function of time for different Argon gas pressures along
the spark gap. These results clearly indicate that the recovery of gas density is quicker in high pressure gas

compared to low pressure.

5.4 Comparison of Neutral gas density recovery and Voltage Recovery

So, from the 2-D simulation model which was developed with same (2mm) gap, filled with argon gas, the
recovery time of the gas density was obtained. The computations have been done by fluid code which uses
a control volume discretization technique. The results show that the gas density of the gap has recovered in
58ms, where the over-voltage breakdown strength of the gap (measured by two-pulse technique) recovers
to only 45% as shown in chapter 4. This may be due to some particles residing in the gap even after density

recovery that can cause the second breakdown very quickly. The explanation as follows.

5.4.1 Explanation for faster gas density recovery time to voltage recovery time of spark gap
The neutral gas density Rn as a function of time was shown in Fig. 5.8. At the beginning, the gas
density in the region centered on the spark channel was decreased to 29% of the initial pre discharge

density (po) due to the expansion as a result of the current heating. As more and more heat is removed from

the region, the gas density gradually recovers, approaching to its original value of density at t=58 ms. The
experiment on the voltage recovery for the same gap was performed with two-pulse method and discussed
in chapter 3 and 4. By varying delay time between pulses, the % voltage recovery (%Rw) was obtained for
argon gas for comparison purpose is shown in Fig. 5.9. By comparing Rn and Rvw, the gap almost fully

recovers its gas density at t=58 ms, it only recovers about 45% of its overvolted breakdown voltage.
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The processes governing the delay recovery of voltage was not fully clear, but we guess there may be long-
lived particles that can continuously produce the electrons to quickly initiate the second breakdown. For
Argon, the long-lived metastable atom is famous for producing electrons [107].

If we are right in our conjecture that the initial electrons are produced by the delayed recombination of the
residual metastable atoms of Argon gas, the intermediate plateau, and the second rising edge on the Rvb
curve can be explained as the following.

We know for breaking down of a gas gap, not only a sufficient high voltage (Vuo), but also sufficient long
time td are needed.

Vy = Voo + - ta (5.5)

Where, td=ts+tf

td is the total breakdown delay
ts is statistic delay time

tr is formative delay time

dV/dt is rise rate of applied voltage.
In the time duration of the intermediate plateau, At is relatively short from the first breakdown and more

residual metastable atoms are survived. Therefore, at any moment there are always the electrons produced
by penning effect of the metastable atoms for initiating the second breakdown. In this case, ts can be

considered close to 0. So, Vb2 is expressed as:
Vo=V av . N
p = Vpo T+ T t¢  Since ts =0. (5.6)

For a given tested gap and a given applied voltage, tr is almost constant, which makes Vi a constant and a
plateau on the Rvb curve. As the time elapses, the At becomes relatively longer in the time duration of the

second rising edge. ts is no longer considered close to zero, due to more and more residual atoms vanishing.
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Longer and longer ts are required for the second breakdown to happen, which leads to Vi to rise again and

the recovery of the over-volted breakdown voltage to begin.

5.4.2 Explanation of Voltage recovery curve pattern
Almost all of the voltage recovery curve shows an intermediate plateau. Figure 5.10 shows a typical %
voltage recovery curve (Rw) pattern. It has clearly 3 time phases. The explanation for different phases can

be given as follows.
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Figure. 5.10. Voltage recovery curve explanation

As we know, immediately after the extinction of an arc channel, the volume of the channel is filled with hot
decaying plasma. Therefore, the gaseous recovery includes the recovery of the gas density and the electro-
neutrality. The electro neutrality recovery is the removal from the gas any residual ionization by

recombination, attachment, diffusion, and so on. So, the first phase is the de-ionization of the arc channel

by recombination, attachment and diffusion etc. This takes for the gap less than 1ms and Ryp recovers
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around 20%.The neutral gas density recovery is the removal from the gas the arc deposited energy in the
form of heat by thermal conduction, convection, and radiation and it takes around 58ms. At this point the
voltage recovers around 50% only. Later recovery attributes to over voltage capability of the spark gap.
This 3™ recovery phase causes the long delay for the spark gap to recover to its full self-break down voltage
level. Increasing the pressure also reduce the time required for 1 and 2 phases. We can improve the
repetition rate by operating spark gap at reduced self-breakdown voltage by triggering at lower break down
voltage. (We can reduce the time required for the plateau.). Table 5.1 above shows the possible operating

frequencies that can be obtained by operating the spark gap at below self-break down voltage level.

Table: 5.1 possible operating frequency of spark gap switch

Argon gas Nitrogen gas
2 mm gap Pressure Recovery Repetition Pressure Recovery Repetition
(atm) time (ms) rate (Hz) (atm) time (ms) rate (Hz)
75% of the 1 380 2.6 1 220 4.5
self-
breakdown 2 200 5 2 150 6.6
voltage
3 135 7.4 3 100 10
4 920 11 4 88 11.3
50% of the 1 180 5.5 1 90 11
self-
breakdown 2 92 10.8 2 72 14
voltage
3 45 22 3 30 34
4 4 250 4 1.6 625
25% of the 1 1.5 667 1 1.5 667
self-
breakdown 2 1.5 667 2 1.4 715
voltage
3 1.5 835 3 1.2 835
4 1.2 835 4 1.1 900
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5.5 Summery:

From all these computational study and comparison with the experimental data in chapter 4, a qualitatively
consistent picture of the free recovery of spark gaps emerges. Typically gas density recovery to 100%
occurs in 50ms whereas pulse breakdown voltage level of the spark gap reaches to 50% within 50ms.
Recovery results from the gas density (temperature) returning to the ambient level. This pulse break down
strength recovery delay may be caused by some long-lived particles (which are resulted from the initial
discharge in the gap) those can continuously produce sufficient amount of the electrons to initiate the
second breakdown. For the electro-negative gases, such as Sfe and air, the prolonged recovery of the latter
phases was attributed to the residual negative ions that have relatively long-life times and can play an active
role in the production of seed electrons for the second breakdown through the process of the collisional
detachment. As for nitrogen that is not electronegative, we may suggest that the process governing the
latter phases is related to the delayed recombination of the residual nitrogen atoms. The metastable
molecules and the atoms of nitrogen are known for their ability to store energy over extended periods of
time. The explanation based on the nitrogen atoms remaining from the previous discharge and recombining
on the cathode to produce the initial electrons for the succeeding discharge was shown to be fully consistent
with all the experimental data obtained in the afterglow experiments [108]. For Argon gas, the long-lived

metastable atom is famous for producing electrons.
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CHAPTER 6
RECOVERY ANALYSIS OF SPARK GAP BY ANODE
TEMPERATURE DECAY METHOD

6.1 Introduction

The electrical breakdown and pre-breakdown characteristics of gases at atmospheric pressure
and above, and at low pressures are widely investigated and there is reasonable agreement on
the mechanism of growth of the current in the breakdown. But the recovery processes after
the sparkgap breakdown are not studied extensively with short duration pulses. These are due
to the present experimental voltage & current pulses having short durations which do not
allow sufficient time for the metal surface to melt. The breakdown in the gap is initiated by
breakdown of micro-projections on the cathode. The plasma produced acts as a source of
electrons and results in breakdown of the gap due to gaseous discharge. There are two most
common modes of discharges based on discharge current. In low current discharge, the anode
is basically passive and acts as a collector of positive ions. In high current discharges, a fully
developed anode spot is formed. The developments of anode spots have been studied
extensively and the corresponding peak anode spot temperatures are listed in a Table 6-1[34,
49, 109 -115]. This anode spot has a temperature near atmospheric boiling temperature of
anode material and is a source of metal vapors and ions. The formation of anode spot is
preceded by anode foot-point, which is luminous but cooler than anode spot. The transition
current value increases with increase in discharge frequency. The mechanism controlling the
transition of vacuum diffuse arc into the anode spot depends upon the electrode geometry, the
electrode material, current waveform and frequency / pulse width. The experimental
conditions like magnetic constriction in the gap plasma, or anode material melting /

evaporation can trigger the transition.
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Table 6.1. Temperature of Anode spot/foot points.

SOURCE | METHOD ANODE SPOT/ | MATERIAL/ TEMPERATURE
FOOTPOINT WAVEFORM

Nagesh et | Anode Anode Foot Point | SS/100ns pulse 2773K (H2 gas)

al [34,49] Temperature SS/100ns pulse 1570k (Ar gas)
Decay SS/100ns pulse 1400k (D2 gas)
Calculation

Frind et. Al | Anode Temp. | Anode Foot point | Cu/300us pulse | 1797K (3*10° W/cm?)

[109] Decay/ Fast | Anode spot Cu/300us pulse | 3178K (1*10°W/cm?)
Photography | Anode spot Cu /4500pus pulse | 2888K (3*10°W/cm?)

Anode spot Cu /4500us pulse | 3273K (1*10°W/cm?)

Gundersen | High speed Anode Foot Point | Cu/DC 1370K

[110] colour
Photography

Mitchell Erosion Data | Anode spot Cu/50Hz <3230-3350K

[111] Optical Anode spot >2730-2800K
Comparision

Klapas/ 1.5um Anode Foot point | Cu/DC 1360K(dull)

Holmes detector 1570K (sharp)

[112]

Cobine and | Theoretical Anode spot Al/ 60Hz 2640K-3320K

Burger Erosion data | Anode spot Cu/ 60Hz 2490-3040K

[113] Anode spot Ni/ 60Hz 3040K-3650K

Grissom/ 1.8-5.5um Anode spot Al/ us pulse 2270-2700K

Newton detector Anode spot Cu/ us pulse 2900-3700K

[114]

Lyubinov | Optical Anode spot Al/ ps pulse >2800K

et.al [115] | Spectra

The critical current required for anode spot formation varies from several hundred amperes at

100ms duration [116], to 740A, 30ms [109] to 1260A, 4ms [111]. The peak power densities

on anode reported by Mesyats et.al. [117] are (i) 8x10" W/m? for Imm gap, 40 kV and 7.5x10'?

W/m?, 2mm gap, 30kV with current densities varying from 2.8x10’A/m?, 36ns duration to

3.5x10°A/m?, 72ns duration (copper electrodes).The plastic deformation (flow of metal under

cold conditions) starts at power densities of 0.8 to 2.5x 10! W/m?, for 5 to 80ns durations and

0.4 to 2mm gaps. The craters can be formed on anode at power densities of 1.2 to 4.0x10"
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W/m? resulting in anode temperatures of 1300K. The critical power densities at which melt
zones could be observed is about 6x10" W/m? (20ns duration, 0.8mm gap) with an anode
temperatures of 1800K at the end of the pulse. The specific energy introduced to the anode
can be in excess of specific sublimation energy. This results in evaporation of electrode

surface without melting in short duration pulses.

The experimental arc discharge times of Frind et.al [109] are 300us and 4500us and currents
in the range of 250A to 12kA. Since the discharges are in vacuum having longer pulse
durations with higher currents, the anode spot has been observed in this case. Hence the
discharge is expected to consist mainly of metal vapors. The ionization potential (7.5V) is
assumed to be equal to the anode drop. Rich & Farrall [118] has assumed that recovery
pressure is equal to twice the gap spacing as mean free path in the recovery of circuit
breakers. There is good agreement in some cases and large difference in others. Tsuruta &
Ebara [69] has calculated the recovery of air gaps based on gas temperature decay with the
assumption as the gas temperature reduces to 300K at full recovery from peak discharge
temperatures of 2000-5000K There is good agreement at gap spacing of 3mm but the

calculated recovery time is lower for Imm and higher for 7mm than the experimental value.

In the present case, the discharge in the gap rises the temperature of the electrode. Depending
upon the pulse duration & energy of the applied pulse, the pressure and temperature will rise.
When the peak power is low or higher duration pulses are applied, the discharge between
electrodes produces arcs. This rises the temperature in the discharge column and pressure
increases due to formation of plasma. This rise in temperature and pressure are governed by
Clausius-Clapeyron equation. Here the electrode first melts and then vaporizes depending
upon the energy dissipated in the arc. When the temperature is increased, the pressure will

also rise to keep the working constant volume in equilibrium in steps. Generally anode spot is
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formed in these cases with the anode drop of 7.5V. This type of behavior is expected in case
of circuit breakers. But when the discharge in the gap is due to short duration pulses of high
peak power discharges, the electrode does not melt at the discharge initiation point/ surface.
The discharge initiating point / surface of electrode will vaporize and gets ionized. Generally
anode foot points are formed in these cases with the anode drop in the range of 10-60V
depending upon the operating pressure. In our calculations, it is assumed that anode foot-
points can be formed as per [109], [110]. These have low temperatures compared to anode
spots. Electrode surface evaporates due to discharge current in the gap depending upon the
energy transferred to anode. The recovery process depends upon the metal vapor ejected from
the electrode due to temperature rise of anode. The metal vapor decreases the pressure in the

gap that reduces the breakdown voltage of the gap.

Presently there are no methods ideally suitable for calculation of recovery times of sparkgaps.
However an attempt has been made to analyze the recovery times of sparkgaps by anode
temperature rise and decay method. This chapter discusses two methods by which the surface
temperature of anode can be measured for the estimation of recovery time during pulse period
and after pulse extinction. The first method presents a theoretical model in which, a transient
heat flow equation is solved to calculate the surface temperature based on the input flux
density. The heat flux is calculated for a 10us pulse width, 30 kA pulse and is applied to the
copper and stainless steel anodes. The second part presents a computational model developed
in FEM based software to compute the temperature decay. Simulations have been carried out

for different materials including Cu and SS.

6.2. Theoretical Analysis

The temperature is an important factor in the recovery process of the spark gap switch. The

anode surface temperature is calculated based on the input heat-flux density to the anode
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surface and heat-decay mechanisms for different anode materials. To see the anode
temperature rise and decay, a transient heat flow equation has been sought out for a semi-
infinite solid. The differential equation for the temperature distribution t(x, 1), for the surface
temperature of a semi-infinite solid lowered from tito to, is

62t(x,r) _ 1 ot(x,7)
ol  a ot (6.1)

Where, t=temperature (K)
T = time (s)
o = thermal diffusivity (cm? /s).

By applying Laplace transformation, the above differential equation becomes,

ST(os)- f(x) =@ L) (62)
dx

Where, L [t(x,7)] =jt(x, e "dr =T(x,s)

Thus, differential partial equation (6.1) for the inverted transform of the function t(x,t) turns
into an ordinary differential equation for the transform T(x,s), since T(x,s) does not depend on
T.

Now introducing the special condition that the temperature of the body before cooling is the
same everywhere and equal to ti., (i.e., f(x) = ti = constant).

d*T(x,s) s
dx’® a

t,
[7(x,s)+ (;’)] =0 (6.3)
A general solution of this differential equation may be written as,
T(x,s) == A, expl | x]+ B, expl —|x] (6.4)
N [24 [24
Where, A1 and Bl are constants to be determined by the boundary conditions. Using the

Laplace transformation for the boundary conditions,
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L[t(0,1)]=0, T(0,s)=0 (6.5)

0t(0,7)

L
[ax

1=0, %(oo,s) -0 (6.6)

From final condition, it follows that A1 =0 and B, = —Q, and solution written as
S

L T(x,s) = t—iexp[ —\/Tx] (6.7
s s a

By using the inverse transforms,

1 k
L[(—)exp[-k+/s]]=1-erf (—= (6.8)
[(S) pl 1l f( 5 \/;)
In our problem t =, and if the initial temperature is uniformly distributed over the anode
o

length, then the equation becomes,

Hx,7)—1t, X
—er (6.9)
el )
Where erf(x/(2V1a)) is a Gauss error function and is defined as,
X 2 2ar )
Y VoL [ea (6.10)
ef (2\/ ar N3 J; ¢ 7
Performing the partial differentiation, gives,
o _ t =ty ) (6.11)

87 ot
For a short, instantaneous pulse having specific heat flux S applied to a body, which is having

zero initial temperature, then the resulting temperature rise is,

20239 5A7 o (6.12)

4ar
' pcAl rar
Where, T: = Rise in temperature.
S = specific heat flux from the arc to the surface.

A+ = pulse time interval in sec.
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p = density.
¢ = specific heat.
o = thermal diffusivity.
T = time since heat pulse is applied.
x = depth in the solid body.
(The factor 0.239 allows specific heat flux to be in watts)
The specific heat flux can be calculated by the formula of Burger and Cobine (113).
P,=Ja (V,+o+Vy)+P,+P, ] watts/m> .................. (6.13)
Where, Pa= Specific heat flux in watts /m?
P, = Neutral atom energy = 0.13x 108 watts /m? for temperatures <6273K
= for temperatures of =15273K it can be neglected ( completely ionized).
P, = Radiant energy density = 0.75x108 watts /m? (for temperatures of <6273K)
= 3x109 watts /m? (for temperatures of >15273K)
J, = Anode current density A/m?
Vr = Electron thermal energy = 1eV for 6000K and 2eV for 15000K
¢ = Work function of the electrode, ~ 4.5 volts for most metals.
V, = anode drop.
The anode voltage drops are calculated based on Ref. (119). In the present work, the metal
surface has been assumed to vaporize within the pulse duration due to high peak power
density. Hence the discharge is assumed to be predominately gas discharge and for calculation
of anode temperature rise, anode drop is assumed to be gas discharge anode drop. The anode
drop depends upon the gap pressures. The general trend is it increases with reduction in
pressure. The anode drop data are not available for all the present experimental pressures. The

range of anode drops for various discharges varies from 10V to 60V, depending upon the
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conditions of the discharge. The recovery times are calculated based on the reported data of

anode drops.
For finding the current density (J,), Two new set of spark gaps were taken and thoroughly

polished and cleaned. Then they are conditioned in situ by discharging micro ampere current
through electrodes till it reaches the current reduces to minimum for that voltage. Then
without touching the electrode surface, checked for the surface of electrode by microscope for
the pitting. Noted down the largest size of pitting. This is usually very small in microns. Then
we have taken only one shot in our experimental setup with maximum current for that gas or
electrodes. For other electrodes the procedure was repeated and measured the arc spot
diameter. Using this area, the current density has been calculated from the references (120,
118). So, corresponding to the spot diameter and anode voltage drop, the heat flux applied to

the anode electrode works out to be 5.82*10''w/m?*

Anode temperature rise
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Figure .6.1 Anode temperature rise for copper and stainless steel materials
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So, by using the above formulae and values, the anode temperature rise for copper and
stainless steel materials for a heat flux of 5.82*10!" w/m2 were calculated and shown in
Figure 6.1. Anode temperature will reach equilibrium value which is determined by the
temperature at which, energy losses due to vaporization from the anode surface become equal
to the energy input to the anode. This value of equilibrium temperature is less for Cu anodes
compare to Stainless steel anodes for applied heat flux. The parameters for Copper and
Stainless steel at atmospheric condition are shown in Table 6.2 [122]-[123].

Table 6.2. Thermal data for Cu and Stainless Steel materials

Parameters Copper Stainless Steel
Specific heat flux in W/cm? 5.82*107 5.82*107
Density in gram/cm’ 8.92 7.85
Specific heat in Cal/gram-K 0.0923 0.38
Thermal diffusivity in cm? sec 1.12 0.042

The temperature of the anode reduces to pre-breakdown temperature as the applied pulse
ceases. This decay is due to vaporization of electrode during the initial period as well as
cooling of the electrode. This temperature decay at the surface and at specific points within

the contact material can be calculated using the equation of [109]

_0.239(S—WE(T)AT 0 (6.14)

T
¢ pc Nmar

Where, WE (T) is an empirical relation for anode temperature decay flux of the vaporization
in time At and the values are taken from [124] and modified for atmospheric pressure
conditions as follows.

WE (T) =16200 [T /2595]°°! for copper electrodes

= 19970 [T / 2960]'%° for stainless steel electrodes
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Anode temperature decay
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Figure.6.2 Anode temperature Decay for copper and stainless steel materials

Once the anode temperature decayed to their respective vaporization temperature, the spark
gap has assumed to be recovered. The vaporization temperature for copper and stainless steel
at atmospheric conditions are 2868K and 3233K respectively. Figure.6.2 shows the anode
temperature decay for copper and stainless steel materials. The temperature decay is
exponential for temperatures greater than 3273K for Cu and 3773K for SS. This changes from
exponential to linear and become invariant for temperatures less than 3273K for Cu and
3773K for SS. The initial exponential decay is due to metal vaporization and after this decay
is due to only cooling of anode. The decay time to vaporization temperature is around 300us
and is closely matching with the experimental results of G. Frind. In his measurements,
recovery time increases slowly and reaches 40 ps at 4 kA. Then the curve attains a value of

630 ps for 12 kA current.
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6.3. Spark gap temperature decay Model by FEM based simulations

A heat transient simulation model is developed using FEM based software (COMSOL
Multiphysics) to study the temperature decay in copper, stainless steel, silver, tungsten and
graphite materials. COMSOL Multiphysics is a finite element analysis, solver and Simulation
software for various physics and engineering applications, especially coupled phenomena, or
Multiphysics. In addition to conventional physics-based user interfaces, COMSOL
Multiphysics also allows for entering coupled systems of partial differential equations
(PDESs). The approach starts with first principles like transport phenomena, electromagnetic
field theory, and solid mechanics as the basic fibers of the software. Then, in an elegant and
flexible user interface, these fibers can be weaved together in a self-consistent way to solve
particular simulation needs. With COMSOL Multiphysics conventional models for one type
of physics can be extended into Multiphysics models that solve coupled physics
phenomena—and do so simultaneously. It is a flexible platform that allows users to model all
relevant physical aspects of their designs. For instance in nature electricity is always
accompanied by some thermal effect; the two are fully compatible. Enforcing compatibility
guarantees consistent Multiphysics models and the knowledge that we never have to worry
about creating a disconnected model again. If we find ourselves in need of including another
physical effect, we can just add it. If one of the inputs to our model requires a formula, we can
just enter it. Using tools like parameterized geometry, interactive meshing and custom solver
sequences, we can quickly adapt to the ebbs and flows of our requirements. Using these
physics interfaces, we can perform various types of studies including: —Stationary and time-
dependent (transient) studies —Linear and nonlinear studies —Eigen frequency, modal, and
frequency response studies when solving the models, COMSOL Multiphysics uses the proven
finite element method (FEM). The software runs the finite element analysis together with

adaptive meshing (if selected) and error control using a variety of numerical solvers.
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COMSOL Multiphysics creates sequences to record all steps that create the geometry, mesh,
studies and solver settings, and visualization and results presentation. Partial differential
equations (PDEs) form the basis for the laws of science and provide the foundation for
modeling a wide range of scientific and engineering phenomena.

An attempt has been made to develop a temperature decay model in three dimensions. This
model gives the feasibility of estimating the decay time of deferent materials which are
provided in the library. The total recovery time is not possible to estimate by the anode
temperature decay method for temperatures less than vaporization temperature. The

temperature decay model of the switch following the equations below:

pC, ‘Z—f+ pC oty VT =V -(KVT)+Q (6.15)
—n-(-KVT)=h-(T,, - T) (6.16)
-n-(-KVT)=¢eo(T., -T*) (6.17)

Where, K = Thermal conductivity (W/m-K)
P = Density (kg/m?)
Cp= Heat capacity at constant pressure (J/kg-K)
h = Heat transfer co-efficient (W/m?-K)
Text= External temperature (K)
€ = Surface emissivity

Tamb= Ambient temperature (K).

Equation (6.15) is Heat transfer equation in solids; (6.16) is convective cooling equation;
(6.17) is surface to ambient radiation equation. Physics controlled and very fine meshing is
used in the simulation. The simulated geometry is shown in Figure 6.3. The spark gap
chamber dimensions used in the simulations are length-160 mm, hight-80 mm and depth-80

mm. The electrode materials used are copper, stainless steel, silver, graphite and tungsten.
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Figure .6.3. Simulated geometry of spark gap.

In this work, we used the software to see the temperature decay time of the electrodes after
spark gap breakdown. The heat input to the electrodes was given as specific heat flux to the
corresponding current pulses of 5 kA, 10 kA, 15 kA, 20 kA, 25 kA and 30 kA are calculated
by the equation 6.13 and applied to the surface of the anode. These specific heat fluxes was
calculated based on the current and spot diameters taken from the reference (120, 118). The
time to decay the electrode temperature to room temperature is estimated for different
materials and compared with the literature.

The specific heat flux data for different current ranges are listed in Table.6.3. The simulation
decay curve is linear compared to the theoretical model curve, because the simulation does
not consider the initial temperature decay due to metal vaporization. Since actual spark gap
recovery involves electrodes as well as gas temperature recovery, the obtained recovery time
may differ with the experimental values which consist of both the electrode and the gas

temperature recovery.
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Table 6.3. Specific heat flux data for different current range

Current in kA Specific heat flux in W/cm?
5 0.9776*107
10 1.9463*107
15 2.91*107
20 3.88*107
25 4.8525*107
30 5.82%107

6.4. Simulation Results and analysis

The decay time is an important parameter of the spark gap switches used in repetitive
pulse power systems. The time taken for the spark gap to recover to its original pre-
breakdown status before application of next pulse is called the full decay (100%) time. In our
case, the time taken by the spark gap electrodes to reduce its temperature to initial value
(300K) is taken as full decay or recovery time of spark gap. Analyzing the temperature decay
of copper, stainless steel, tungsten, silver and graphite, it is observed that faster decay in
temperature occurs in tungsten followed by stainless steel. However, graphite seems to have a
slower fall of temperature because of the higher heat capacity at constant pressure (Cp)
compared to all other materials. This effects the life time in case of repetitive operations.
Copper and silver show a similar variation in temperature decay characteristics, because of
their thermal conductivity values are very close to each other. (Copper-400 W/m-K and
silver-429 W/m-K). Temperature decay curves for copper, stainless steel, silver, tungsten and
graphite for 30 kA pulse are shown in Figure 6.4. For copper the decay time is more for 30 kA
as compared to other values of current. This may be due to higher temperature rise during the

breakdown compared to the other lesser value current pulses.

150



6000 : , . . . . - T -
5500_' —=— Copper
| —&— Stainless steel | ]
. —w— Tungstone
4500 - —<4— Graphite
h4000—
E’ ] —
9 3500 4
=]
= )
g 3000 —
Q 1 -
% 2500 -
= 1 ;
\‘-‘:-..,
2000 ~B—y
| \“i_“
1500 - el
1000 -
500 ——— 77 — 77—

I
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Time (ms)

Figure. 6.4 Temperature decay curves for copper stainless steel, silver, tungsten and

Graphite for 30 kA pulse.

This high temperature requires more time to recover to its initial state. A higher value
of specific heat flux causes increase in temperature difference of the material for repetitive
operation. This enhancement in temperature difference leads to reduction in switching
frequency and hence unsuitable for high frequency operation. Temperature decay curves of
copper for 5 kA, 10 kA, 15 kA, 20 kA, 25 kA and 30 kA current pulses are shown in Figure
6.5.This surface temperature decay measurement of anode is also essential for understanding
the recovery of dielectric strength in vacuum interrupts. Edgar Dullini [56] has measured the
decay of anode temperature after interruption of high current arcs. In his experiments, the
anode temperature decays to 1600 K in 4ms for a current pulse of 7 kA. This decay time is

around 4.15ms in our simulation results.
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Figure 6.5 Temperature decay curves of copper for different current pulses.

The decay rate of stainless steel is more compared to copper except for 30 kA, where an
anomalous behavior is observed in case of copper. The heat flux corresponds to the 30 kA
discharge current, transfers a great amount of thermal energy into the electrodes. This may be
reason this behavior. Our simulation shows a significant variation in the recovery time of the
copper and stainless steel electrodes. SS has a decay of 6500 K to 1000K in 6ms and copper
having 5500 K to 1000 K in 6ms. Also, we observe very high difference in the decay rate for
a simulation time corresponds to 300 K temperature. The variation of decay temperature with
time is independent of current in case of stainless steel, making it useful for high current
operation, without the need of additional cooling arrangement. Temperature decay curves of
stainless steel for 5 kA, 10 kA, 15 kA, 20 kA, 25 kA and 30 kA current pulses are shown in

Figure 6.6.
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Figure 6.6 Temperature decay curves of stainless steel for different current pulses.

The spark gap switches used in repetitive pulse power systems, decides the operating
frequency of the total system. Faster recovery switches increases the repetition rate of the
systems. One of the key parameter that affects the recovery is the temperature decay of the
spark gap electrodes. This simulation mainly concentrates on the time taken by different
electrodes materials to decay their heat to its initial temperature value (i.e., value before
applying the current pulse). This decay time corresponds to the recovery time of the spark
gap. Also, to explain the total temperature recovery time, Figure 6.7 was drawn for stainless
steel electrode materials with different discharge currents. For a 30kA current pulse the
complete recovery time of S.S spark gap is around 19ms. Also, the simulations show a faster
recovery in tungsten followed by SS. Copper and silver shows a similar decay profile,
whereas graphite spark gaps have lowest repetitive rate compared to all materials used in the

simulations. All these results presented in this chapter was presented and published (87, 125).
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Figure 6.7 Total temperature decay time curves of stainless steel for different discharge

current pulses.
6.5 Summery:

A theoretical method is presented to estimate the recovery time of spark gap by estimating the
anode surface temperature. The time required for electrode to reach the ambient temperature
was estimated with this method to analyze the recovery of the spark gap. The calculation
shows stainless steel spark gaps having higher temperature rise compared to copper for 30 kA
current pulse. The decay time is around 300us and is closely matching with the experimental
results. A 3 dimensional computational model was also developed to see the effect of anode
temperature decay on the recovery of spark gap. Different electrode materials are also tried in
the simulations other than the copper and stainless steel. Simulations shows a faster recovery
in tungsten followed by SS. Copper and silver shows a similar decay profile. However

graphite spark gaps have lowest repetitive rate.
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CHAPTER 7
SUMMARY AND FUTURE PERSPECTIVE

The fundamental study is on the recovery characteristics high pressure gas spark gap

which directly determines the pulse repetitive frequency of the pulse power system. The

following conclusions were made on the above studies:

1.

A pulse transformer based double pulse generator capable of generating 40 kV peak
pulses with rise time of 300ns and 1.5us FWHM and with a delay of Ims -1s was
developed. A matrix transformer topology is used to get fast rise times by reducing
LiCd product in the circuit. A sparkgap chamber of which electrodes are of Rogowsky
profile type, made up of Stainless steel material and thickness of 15mm are used in the
recovery study. The voltage recovery study was carried out by employing double-pulse

method without employing any gas flow technique.

The recovery time and voltage studies are conducted in the pressure range of 0-4 bar
pressure range for argon and nitrogen gases, with the help of a high pressure sparkgap.
Pressure has significant effect on the recovery of the spark gap. Recovery time
decreases with increase in pressure and Shorter gaps in length are recovering faster
than longer gaps. It was observed that time taken for complete recovery without gas
flow techniques is more than Is. An intermediate plateu was observed in the spark gap
recovery curves. This is due to long-lived particles that can continuously produce the
electrons to quickly initiate the second breakdown. The recovery time estimated for

Argon and Nitrogen gases and a comparison have been made with the Sfs gas recovery
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time. Due to its electronegative nature Sfs has high percentage of voltage recovery than
Argon followed by N2. Also the factors which affect the recovery of spark gap switch
for pulse charged operation like electrode size, pulse rise time and conduction current
have been studied. An increase in the output impedance resulted in a decrease in the
time taken for recovery of spark gap. Also, the switch recovery appears to be largely

dependent of electrode shape and size compare to the pulse rise time.

. A two-dimensional axisymmetric computational model of spark gap recovery is
presented to provide a better understanding of the dynamics of the recovery process. In
this model, we investigate the internal changing parameters through the computational
method, while the voltage recovery of spark gap was measured by two-pulse
experiment. It was shown that the gas density in a 2 mm spark gap filled with argon
gas recovers to 100% in 58ms, but the hold-off voltage of the spark gap after
breakdown recovers about 45% of its original overvolted breakdown voltage. This
shows the voltage recovery of a spark gap is significantly slower compared to the gas
density recovery. This delayed voltage recovery compared to gas density recovery was
observed in all types (monoatomic, diatomic and electronegative) of gases used in the
experiment. This phenomenon in monoatomic gas like Argon is due to penning
ionization which produce the long lived metastable Argon atoms. For the gases whose
molecule is composed of two identical atoms, such as nitrogen, the process governing
the delayed recovery may be related to the delayed recombination of the residual
nitrogen atoms. The atoms of nitrogen are known for their ability to store energy over

extended periods of time and may recombine on the cathode to produce the initial
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electrons for the second breakdown. For the electronegative gases such as Sfs, the
prolonged recovery was attributed to the residual negative ions that have relatively long
lifetimes and play an active role in the production of seed electrons for the second
breakdown through the collisional detachment. Based on the above observations the
possible operating frequencies that can be obtained by triggering the spark gap at

below self-break down voltage level was also suggested.

4. An attempt has been made to analyze the recovery times of high pressure sparkgaps
based on anode temperature rise and decay. A theoretical method has been proposed to
estimate the behavior of copper and stainless steel materials for a range of specific heat
flux densities corresponding to different current pulses. During the pulse period of
10us, the temperature rise for SS is higher than Copper. After current zero, the anode
temperature decays to the vaporization temperature of the material and determines the
recovery time of the spark gap. The solid phase recovery times from anode temperature
rise and decay method are generally in good agreement with the experimental recovery
times. This temperature decay is also verified by a heat transient computational model
developed in FEM based software. Simulations have been carried out for different

materials including Cu and SS.

Further research is open for studying and analyzing different gas mixtures at higher pressure
levels for understanding and minimizing the problem of recovery problems of spark gap. Finally

some suggested future work is outlined
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I.  The recovery study in gas mixture can be studied in future and also data on D20 gas
recovery can be useful for achieving faster repetitive pulse power systems.
II.  The use of streak camera to study the recovery phenomenon inside the spark gap with gas
mixtures.
Present work has contributed to a better understanding of recovery in a spark gap used as a
switch in high voltage pulse power systems. The study carried out in this thesis is useful in the

development of reliable, efficient and high rep-rate spark gap switch for pulse power systems.
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ANNEXURE-I
Embedded program to generate time delay optical signals fed to IC MI1C4452
[Example: Two optical pulses with 10 ms delay]

#include <stdio.h>

#include <intrins.h>

#include <P89V51Rx2.H>

#include <4bitlcd.h>

Code unsigned char msgl [16] = {" Select Mode "};

Code unsigned char msg2 [16] = {" Pulse Counter "};
Code unsigned char msg3 [16] = {"Trigger Generator"};
Code unsigned char msg4 [16] = {"Electrical Pulse"};
Code unsigned char msg5 [16] = {" Optical Pulse “};
Code unsigned char msg6 [16] = {" RESET "};
Code unsigned char msg7 [16] = {" FIBER1 "};
Code unsigned char msg8 [16] = {" FIBER2 "};
Code unsigned char msg9 [16] = {" Triggering "};
Code unsigned char msgl0 [16] = {" Triggered "};
Code unsigned char msgl1 [16] = {*“Select Input “};
Code unsigned char msg12 [16] = {" Select Output “};
Code unsigned char msgl13 [16] = {" Press Menu "};
Code unsigned char msg14 [16] = {*“Press Select "};

Code unsigned char msgl5 [16] = {"Press RST to sel"};

Shit mode = P275;
Sbit select = P276;
Sbit reset = P2/7;
Shit fibrel = P273;
sbit fibre2 = P272;
sbit epulse = P372;
sbit opulse = P373;
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Unsigned int cnt,cnt2,pulsetime = 0x0000,pt1,pt2,pt3,pt4,ptS5,pt6,interruptent,hexdata,ecnt, ocnt, msec;
Unsigned char temp, k, outcnt, intent, set;
Unsigned char rc v[10], fcmd[4], scmd[4];
Unsigned char pulse no = 0x00,pno,shots = 0x00;
Unsigned char asc_1, asc_2,asc_3,asc_4,asc_5S,asc_6,asc_7,asc_8;
data bit diff, stop, tog = 0;
data bit flag = 0;
data bit exit, menu out, mntog, btn select = 0;
/Ivoid firing ();
/Ivoid delay ms(unsigned char k);
//char ascii_cnvt(char k1);
void delay ms(unsigned char k);
void timer0 (void) interrupt 1 using 2
{
if (++interrupt cnt == 4 )
{
flag = 0;
interrupt cnt = 0;
if (++msec == 10)
{
diff=1;
msec = 0;
TRO=0;
} } TFO=0;
} main()
{ mode = 1;
select = 1;
reset =1;
epulse = 1;
opulse = 1;
fibrel = 0;
fibre2 = 0;
ecnt = 0x0000;
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ocnt = 0x0000;

set = 0x00;

SP = 0x80;

IENO =0x82;

TMOD = 0X22;

TH1 =0XFD;

PCON =PCON & 0x7F;
RI =0;

SCON = 0x50;

TR1 =1

THO = 0x05;

pt5 = 0x0000;
pulsetime = 0x50;

flag = 1;

init_led();

linel();

dptr = msgl;

Disp LCD_message();
line2();

dptr = msg13;

Disp_ LCD_message();
menuout = 0;

diff = 0;

msec = 0;

TRO = 0;

while (1)

{ if ('mode)

// Initialize stack

// 0x92 for serial + timer 1 interrupt & IP = 0x01 for interrupt priority

// Set Timer for 8-bit auto-reload mode

// Set Baud rate 9600

// To determine Baud Rate

//Set UART Mode 1 and enable Serial Reception

//Start Timer 1 for RS232

{ while(!menuout)

{ linel();

dptr = msgl4;
Disp LCD_message();
line2();
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dptr = msg15;

Disp_LCD_message();

if ('mode)

{

btnselect = 1;
Delay ms(10);
Delay ms(10);
Delay ms(10);
mntog = !mntog;
while (btnselect == 1)
if (mntog == 0)
{ delayms(10);
set = 0x01;
line2();
dptr = msg2;
Disp LCD_message();

H

if (mntog == 1)

{ delayms(10);
set = 0x02;
line2();
dptr = msg3;

Disp LCD_message();

H

if (Imode)

{ delay ms(10);
Delay ms(10);
Delay ms(10);
mntog = !mntog;

3 if (Iselect)

{ Delay ms(10);
Delay ms(10);
Delay ms(10);

Menu out = 1;

173



Btn select = 0;
H H H H

Menu out = 0;
while(set==0x01)
{ linel ();

dptr = msg2;

Disp_LCD_message();

line2 ();

dptr =msgl1;

Disp_ LCD_message();

ecnt = 0x0000;

ocnt = 0x0000;

if (!select)

{ Delay ms(10);
Delay ms(10);
Delay ms(10);
tog = ltog;

H

While ((tog == 0) && (set == 0x01))
{ exit = 0;

ecnt = 0x0000;

linel ();

dptr = msg4;

Disp LCD_message();

while (!exit)

{ if (epulse == 0)

{ ecnt++;
Hex data = ecnt;

asc_1 = (hex data % 0x0a) + 0x30;
hex data = ecnt;

hexdata = hexdata / 0x0a;

asc 2 = (hexdata % 0x0a) + 0x30;

hex data = ecnt;

174



hexdata = hexdata / 0x0a;
hexdata = hexdata / 0x0a;

asc 3 = (hexdata % 0x0a) + 0x30;
hexdata = ecnt;

hexdata = hexdata / 0x0a;
hexdata = hexdata / 0x0a;
hexdata = hexdata / 0x0a;
asc 4 = (hexdata % 0x0a) + 0x30;
hexdata = ecnt;

hexdata = hexdata / 0x0a;
hexdata = hexdata / 0x0a;
hexdata = hexdata / 0x0a;
hexdata = hexdata / 0x0a;
asc 5 = (hexdata % 0x0a) + 0x30;
line2();

LCD Data="P';
Display();

LCD Data="u';
Display();

LCD Data="T;
Display();

LCD Data="s";
Display();

LCD Data="¢";
Display();

LCD Data="s";
Display();

LCD Data="=
Display();

LCD Data="";
Display();
LCD_Data=asc_5;
Display();

LCD Data=asc_4;
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Display();

LCD_Data=asc_3;

Display();

LCD Data=asc_2;

Display();

LCD Data=asc_I;

Display();

LCD Data="";

Display();

LCD Data="";

Display();

LCD Data="";

Display();

if (Ireset)

{ ecnt = 0x0000;
delayms(10);
delayms(10);
delayms(10);

H H

if (!mode)

{

}

exit=1;

tog = ltog;
set = 0x00;
delayms(10);
delayms(10);
delayms(10);

if (Iselect)

{

exit=1;

tog = ltog;
delayms(10);
delayms(10);
delayms(10);
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H
while((tog == 1) && (set == 0x01))
{ exit = 0;
ocnt = 0x0000;
linel ();
dptr = msg5;
Disp LCD_message();
while (!exit)
{
if (opulse == 0)

{ ocnt++;

hexdata = ocnt;

asc_1 = (hexdata % 0x0a) + 0x30;

hexdata = ocnt;

hexdata = hexdata / 0x0a;

asc 2 = (hexdata % 0x0a) + 0x30;
hexdata = ocnt;

hexdata = hexdata / 0x0a;

hexdata = hexdata / 0x0a;

asc 3 = (hexdata % 0x0a) + 0x30;
hexdata = ocnt;

hexdata = hexdata / 0x0a;

hexdata = hexdata / 0x0a;

hexdata = hexdata / 0x0a;

asc 4 = (hexdata % 0x0a) + 0x30;
hexdata = ocnt;

hexdata = hexdata / 0x0a;

hexdata = hexdata / 0x0a;

hexdata = hexdata / 0x0a;

hexdata = hexdata / 0x0a;

asc 5 = (hexdata % 0x0a) + 0x30;
line2();

LCD_Data="P';
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Display();

LCD Data ="u';
Display();

LCD Data="T;
Display();

LCD Data="s";
Display();

LCD Data="e';
Display();

LCD Data="s";
Display();

LCD Data="=
Display();

LCD Data="";
Display();

LCD Data=asc_5;
Display();
LCD_Data =asc_4;
Display();

LCD Data=asc_3;
Display();
LCD_Data=asc_2;
Display();

LCD Data=asc_I;
Display();

LCD Data="";
Display();

LCD Data="";
Display();

LCD Data="";
Display();

if (Ireset)

{ ocnt = 0x0000;
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delayms(10);
H H
if (Imode)
{ exit=1;
tog = !tog;
set = 0x00;
delayms(10);
delayms(10);
delayms(10);
H
if (select)
{ exit=1;
tog = !tog;
delayms(10);
delayms(10);
delayms(10);
H H H H
while (set == 0x02)
{
linel ();
dptr = msg3;
Disp LCD_message();
line2 ();
dptr = msg12;

Disp LCD_message();

if (!select)

{ delayms(10);
delayms(10);
delayms(10);
tog = ltog;

H

while((tog == 0) && (set == 0x02))

{ exit = 0;

179



linel ();

dptr = msg7;

Disp_LCD_message();

while (!exit)

{

if (reset == 0)

{

delayms(10);
delayms(10);
delayms(10);
line2 ();

dptr = msg9;
Disp_LCD_message();
fibrel = 1;
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();
_nop_();

_nop_();

fibrel = 0;

line2 ();

dptr = msg10;

Disp LCD_message();
delayms(10);
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{

delayms(10);

delayms(10);
delayms(10);
H
if (!mode)
{
exit=1;
tog = ltog;
set = 0x00;
delayms(10);
delayms(10);
delayms(10);
}
if (Iselect)
{
exit=1;
tog = !tog;
delayms(10);
delayms(10);
delayms(10);
H H b
While ((tog == 1) && (set == 0x02))
exit=0;
linel ();
dptr = msg8;

Disp_ LCD_message();
while (lexit)
{ if (reset == 0)

{ delayms(10);
delayms(10);
delayms(10);
line2 ();

dptr = msg9;
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1

Disp_LCD_message();
fibre2 = 1;

_nop_();

_nop_();

_nop_();

_nop_();
fibre2 = 0;

TRO=1;

while (diff == 0);
diff=0;

TRO =0;

fibre2 = 1;
_nop_();
_nop_();
_nop_();

_nop_();
fibre2 = 0;
delayms(10);
line2 ();

dptr = msg10;

Disp_LCD_message();

delayms(10);
delayms(10);
// delayms(10);
b
if (!mode)
{ exit=1;
tog = ltog;
set = 0x02;
delayms(10);
delayms(10);
delayms(10);
H
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if (!select)

{ exit=1,
tog = ltog;
delayms(10);
delayms(10);
delayms(10);
H
H H H
void delay ms(unsigned char k)
{ temp = k;
for (k = 0x00;k < temp; k++)
{ for (outcnt = 0x00; outent < 0x04;0outcnt++)
{
for (intent = 0x00; intent < 0xff;intent++);
H
H
H
//char ascii_cnvt(char k1)
14
/if (0" <=k1 && k1 <="9")
/ {
/ k1 =kl - 0x30;
// }
/lelse
/ {
/ k1 =kl - 0x37;
/ }
/Ireturn (k1);
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ANNEXURE-II

The external code used in the simulations of gas density recovery by ANSYS/Fluent

//Gas Density of argon gas

For (temperature>23500)
For (temperature<23500)
For (temperature<21800)
For temperature<17300)
For (temperature<15000)
For (temperature<9500)
For (temperature<6000)
For (temperature<4800)
For (temperature<3000)
For (temperature<1000)

//Viscosity of argon gas

For (temperature>22500)
For (temperature<22500)
For (temperature<16000)
For (temperature<15000)
For (temperature<14000)
For (temperature<13000)
For (temperature<11500)
For (temperature<9000)
For (temperature<6500)
For (temperature<4100)
For (temperature<2300)
For (temperature<1000)

software.

dens=9.5e-3+ (9.1e-3)*(temperature-23500) / (24000-23500);
dens=1.0e-4+ (9.5e-3)*(temperature-21800) / (23500-21800);
dens=1.5e-2+ (1.0e-2)*(temperature-17300) / (21800-17300);
dens=2.0e-2+ (1.5e-2)*(temperature-15000) / (17300-15000);
dens=5.0e-2+ (2.0e-2)*(temperature-9500) / (15000-9500);
dens==8.1e-2+ (5.0e-2)*(temperature-6000) / (9500-6000);
dens=1.0e-1+ (8.1e-2)*(temperature-4800) / (6000-4800);
dens=1.6e-1+ (1.0e-1)*(temperature-3000) / (4800-3000);
dens=5.0e-1+ (1.6e-1)*(temperature-1000) / (3000-1000);
dens=5.0e-1;

visc=5.0e-5 + (3.8e-5)*(temperature-22500) / (24000-22500);
visc=7.0e-5 + (5.0e-5)*(temperature-16000) / (22500-16000);
visc=1.0e-4 + (7.0e-5)*(temperature-15000) / (16000-15000);
visc=1.5¢e-4 + (1.0e-4)*(temperature-14000) / (15000-14000);
visc=2.0e-4 + (1.5e-4)*(temperature-13000) / (14000-13000);
visc=2.7e-4 + (2.0e-4)*(temperature-11500) / (13000-11500);
visc=2.5e-4 + (2.7e-4)*(temperature-9000) / (11500-9000);
visc=2.0e-4 + (2.5e-4)*(temperature-6500) / (9000-6500);
visc=1.5e-4 + (2.0e-4)*(temperature-4100) / (6500-4100);
visc=9.9e-5 + (1.5e-4)*(temperature-2300) / (4100-2300);
visc=5.7e-5 + (9.9¢-5)*(temperature-1000) / (2300-1000);

visc=5.7e-5;
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//Thermal conductivity of argon gas

For (tt>25000) th_con=2.39 + (4.03-2.39)*(25000-17000) / (24000-17000);
For (tt<25000) th _con=2.39 + (4.03-2.39)*(tt-17000) / (24000-17000);

For (tt<17000) th_con=0.266 + (2.39-0.266)*(tt-8000) / (17000-8000);

For (tt<8000) th con=0.0267 + (.266-.0267)*(tt-500) / (8000-500);

For (tt<500) th _con=0.02;

185





