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Abstract

This thesis essentially presents the experimental investigation of the fundamental
phenomena of electric fuse element disintegration and its causation and influence on the
subsequent fragmentation of the fuse elements when subjected to excessive fault
currents. The basis of the study involved experimental observation of disintegration of
fuse elements and the analysis of the dynamic responses of current-carrying conductors,
which precipitate disintegration. The experimental techniques employed utilised
commercially available video cameras to capture images of element disruptions during
disintegration of fuse elements subjected to low short-circuit and high overload currents.
Specialist experimental image capturing techniques and hardware implementations were
developed to enable investigation of element disintegration caused by high short-circuit
fault currents. Disintegration phenomena of fuse elements for all fault cases were
compared within different time domains, which included specialist techniques to
investigate disintegration of elements in sand and against glass substrates.
Disintegration phenomena of elements in unconfined media such as air and water also
constituted the studies. The studies diverged, finally, into experimental observations of
the temporal development of arc initiation and extinction phenomena of fault current
limiting of HBC fuses using spectroscopic analysis of the arc light radiation. The range
of studies covered have led to new understandings of fundamental current limiting
behaviour of HBC and open type fuses which contribute, in a small way, to the
knowledge base of the subject and hopefully will be an aid to improved designs and

development of new types of electric fuse.
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Preface

Structure of the Thesis

This Thesis is divided into five Chapters, the first of which initially presents an
overview of the role and construction of high breaking capacity fuses as a basis for the
introduction of the project study areas of disintegration and arcing in electric fuses.
Moreover, in this section of the chapter the objectives of the project are clearly stated.
The latter half of the chapter discusses the theory of fuse operation to help link
observations of fuse element disintegration and arcing phenomena, to the simulation of
fuse operation by mathematical model which is proposed as the wider scope of this
project.

Chapter two discusses the past work of other researchers in the study fields of fuse
element disintegration and modelling of the arcing period of fuse operation.
Consequently, this chapter provides the comprehensive knowledge framework against
which this study is based.

Experimental techniques are discussed in Chapter three and since the results
presented in this thesis generally comprise observations from experimentation, this
chapter addresses all aspects of past and current experimental practices. Therefore, the
chapter is subdivided and initially the experimental techniques used in past
investigations are discussed from which some degree of integrity of the techniques is
importantly estimated. The chapter concludes by presenting the experimental techniques
used in this project.

Chapters four and five present the results and evaluations of the numerous
investigations of disintegration and arcing phenomena obtained from this project.
Finally, the project conclusions, recommendations and contributions to knowledge

emanating from the work are discussed and conclude Chapter five and this Thesis.
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Chapter 1

A Synopsis of the Role of the Fuse and the Project Objectives.

1.1 Introduction.

This Chapter introduces and summarises the objectives and scope of the fuse
research work reported in this thesis.

The fundamental requirements of electric fuses are initially discussed and the
variances of the main types are briefly presented. The remainder of the Chapter and
subsequently the report are focused on high breaking capacity fuses (HBC).

Chapter one is presented in three sections and the first presents an overview of
high breaking capacity fuses in which the constructional details and the properties of the
individual components of the fuse assembly are discussed.

Chosen areas for investigation are introduced in section two. These are
conductor disintegration phenomena, arc formation, fuse operation and fault current
interruption.

The development of new HBC fuse designs, fuse prototype testing and
simulation of fuse operation are briefly discussed in section three. Attributes of HBC
conductive film substrate fuses, their suggested role in optimising disintegration, arc
formation and subsequently controlling arcing to benefit fault current interruption are

also introduced and conclude the Chapter.

1.2 General Consideration of Fuse Requirements.

A fuse is generally accepted to be the simplest form of protection device used to
avoid damage to an electrical system by excess currents. This view stems from the
simple construction of the wire type fuse and often leads to the assumption that the
operation of a fuse is also simple. In general terms, the fuse is an electrical conductor,
which melts when subjected to excessive current and due to disintegration subsequently
interrupts current flow. The fuse is then irreparably damaged and can be viewed as
being forfeited in the process of protecting the electrical system. Edison [1]
acknowledged this and described the role of the fuse as a ‘weak link’ in an electrical

circuit.



Besides interrupting fault currents a fuse should conduct current for all
conditions except those classed as faults. Furthermore after operation a fuse should
present a high resistance to current flow. These attributes are fundamental to the role of
the fuse but are commonly overlooked by all but the specialist.

More complex attributes of fuse operation, of interest to fuse designers and
specialist users, are the requirements to avert potentially circuit-damaging disturbances
generated during disintegration and furthermore to quickly force current interruption.
These and other attributes are important in the role of semi-conductor and high breaking
capacity current limiting fuses. Due to the diversity of fuse operating requirements, the
range of fuse types is now vast as summarised in Figure 1.2 [2].

The work reported in this thesis concentrated on HBC conductive film substrate
fuses. The fault current operation of HBC conductive film substrate fuses is
fundamentally the same as standard HBC fuses, however the rationale for investigating
this type of fuse will be addressed in Subsection 1.5. Consequently, the attributes of

HBC fuses and conductive film substrate fuses will be addressed solely hereon.

1.3  Typical HBC Fuse Construction

An example of a commercially available HBC fuse and a diagram displaying

typical construction are shown in Figures 1.1i and 1.1ii.

Outer Cap

O

End Cap

O
EndT Tag

Heat Retarding Fllfer
Washer

Figure 1.1(i) TIS63 HBC fuse — rated 63 amp, 415 volt, Figure 1.1(ii) Typical components of HBC fuse
GE Power Control Ltd. construction
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An HBC fuse comprises an element, normally positioned centrally within a
cartridge and surrounded by a granular filler, which occupies the space between the
element and the inner walls of the cartridge. The element is attached at both ends to
inner caps, which seal the ends of the cartridge. An insulating washer is often
sandwiched between the inner cap and outer cap, to which an end tag is attached. The
inner cap, washer, outer cap and end tag are collectively referred to as the fuse end cap.

Each component of the fuse assembly influences the overall performance of the
fuse. The properties of each component are carefully chosen to collectively control fuse
operation for a particular application and can be subdivided and analysed under the

classifications of material, physical, objective and transient properties.

1.3.1 Material, Physical, Objective and Transient Properties of HBC Fuses

Materials used in the construction of individual components of the fuse assembly
have been developed in practice over many years, consequently optimum materials have
now been determined for each component and are referred to as material properties.
Moreover, due to the numerous applications of fuses, their physical attributes such as
size, shape and methods of construction vary widely and are referred to as physical
properties. The overall fuse-operating characteristic is derived from the individual
component characteristics. Consequently, the operating response with respect to time of
a component may be referred to as its objective or transient properties.

Considerations of fuse component properties are important when designing a
fuse to operate and efficiently clear fault currents for particular applications.

Subsections 1.3.2~1.3.5 will address the properties of HBC fuse components.

1.3.2 Fuse Elements

HBC fuse elements are generally manufactured from silver or copper. Other
materials such as aluminium, lead and tin have been used [3][4][5] but are accepted to
be inferior alternatives.

Fuse elements have many physical properties. Element geometry is variable and
may be in the form of wire or flat ribbon. Wire elements are normally cut from lengths,
which have been hard drawn to precise diameters or alternatively from lengths of hard

drawn wire further conditioned by soft annealing processes. Ribbon is most often cut to



specified widths from wide sheets rolled to a precise thickness. The size of the fuse
element is dependent on its intended application and this is determined initially from
simulations of fuse performance and confirmed by practical fuse tests in accordance
with the test duty requirements of the fuse.

HBC fuses may contain a single element or multiple elements connected in
parallel. The elements most often have several areas of varying width referred to as
‘constrictions or notches’. A single element may have parallel notches or ‘bridges’. The
objectives of the notches are to create areas of maximum current density and thus induce
melting and subsequently arcing initially within the centre location of the notch. The
attributes of notches and their geometry will be addressed in Subsections 1.4 and 1.5.
Notches in HBC wire element fuses are manufactured by connecting several wires
together to create nodes and further connecting the nodes with single wires.
Alternatively, separate wires of different diameters are joined to form a constricted wire
element. In both cases soldering techniques are used to connect the wires. Notch
creation in ribbon elements is achieved by roll indentation methods, mechanically
stamping the notch using accurately machined press tools or photo chemical etching
techniques. Several fuse elements are shown in Figure 1.3, indicating the wide range of

element and notch geometries that are used in the construction of commercial fuses.

6 Notch, 7 Bridge HBC Semiconductor Elements with ‘M’ 5 Notch, 5
Element Element Effect Globule Bridge Element

Standard HBC Elements Wire Element with Fabricated Notch Constricted Wire Element

Figure 1.3 Common types of fuse element and notch geometries



Some comprehension of fuse objectives can be obtained by examining the
desirable transient properties of fuse element materials [6]. These are,
e High thermal and electrical conductivity
e Low specific heat capacity
e Low melting and vaporisation temperatures
e Low latent heat
e Low density

At rated current levels and currents up to the minimum fusing level, the fuse
must be able to establish and maintain steady state thermal equilibrium conditions. In
these circumstances the electrical power input to the fuse element is conducted away
from the element and dissipated as heat. Consequently, it is justifiable to use materials
with high thermal and electrical conductivity’s to accomplish this.

Rapid fuse operation and current interruption is an expected requirement during
high fault current conditions. The time period from the instant of fault current
application to the instant of element vaporisation is minimised by using materials with
low specific heat capacities, low melting and low vaporisation temperatures. A key
feature is that the energy let through to the protected circuit during this time period is
minimised.

Frequently elements manufactured from materials having desirable properties for
high over current protection, present inadequate protection for low overload currents
over long time periods. However, the transient properties of such element materials may
be altered for long time periods by using a technique such as the ‘M’ effect. This
technique, named after the founder, A.W. Metcalf [7] produces a eutectic alloy of the
element material with a second metal (usually deposited as a solder globule on the fuse
element). The eutectic temperature is lower than the melting temperature of the element
material, which hence activates interruption at low over current levels.

After gold, silver is considered the best element material since it permits high
current handling due to its high thermal (4.18W/mKx10?) and electrical conductivity
(1.31Qmx10®) and low specific heat capacity (232J/kgK). Additionally, minimal
surface oxidation occurs when silver is near its melting temperature (961°C). This is an
advantage over copper, for the preheating and melting behavior of copper is greatly

influenced by oxidation when surrounded by air [S]. However, when copper is encased
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in sand or quartz filler oxidation is greatly reduced and consequently the choice between

silver and copper is usually resolved by economics.

1.3.3 Fuse Fillers

A granular filler material is mostly used in the cavity between the fuse element
and the cartridge walls of an HBC fuse. Silica quartz is the most frequently used filler
material and its role has been comprehensively investigated [5][8]. Materials such as
river sand, marble chalk, lime [5], and other combinations such as mica and water glass
and special ceramics [9] have been used and assessed as filler mediums. Generally, their
attributes are inferior to silica, which is also beneficially cheap, abundant and
chemically stable.

Commonly, granules of approximately equal size are used to fill the fuse
cartridge. Size grading is achieved by sifting the quartz through standard mesh sieves.
Filler grain size is proposed to influence the minimum fusing current of wire fuse
elements [5]. Moreover, it has been observed that granular size and packing density
influences the electrode fall voltage of electric arcs ignited during disintegration of fuse
elements [10]. The physical attributes of filler have been acknowledged and
incorporated in empirically determined models of fuse arcs [11] and element
disintegration [12]. The nominal granular size of filler used in HBC fuses is 300
microns [6], and it is proposed that grains in the size range 250~500 microns are best
suited for arc quenching [5]. Filler is poured into the cartridge and then mechanically
vibrated to a specific compaction density. A nominal value of 1.6g/mm® has been
proposed [10].

The many transient properties of filler have a significant influence on the overall
behaviour of the fuse. In particular it influences the heating process of the fuse element
by providing a thermal sink. Additionally the filler restricts movement of the fuse
element, due to thermal expansion, and consequently imparts mechanical forces on the
fuse element.

Five independent transient properties of filler material which aid the extinction
of electric arcs ignited during the disintegration of HBC fuses have been identified [8].

1. During the arcing period of fuse operation the filler withdraws energy

from an electric arc/arcs by fusion.



2. During fusion the filler forms a molten shield which contains the arcs
within the solid filler in the cartridge and thus prevents merging of
the arcs and flashover between individual elements.

3. The filler allows pressure to build up within the molten shield, which
assists arc extinction.

4. The filler provides conductance when very hot which has a damping
effect on circuit transients.

5. The filler provides insulation against the thermal and mechanical
shock of operation.

Moreover on cooling, the electrical conductance of the filler is extremely low

which assists the insulation post operation fuse requirement [13].

1.3.4 Fuse End Caps

The HBC fuse end cap arrangement comprises the inner cap, washer and outer
cap to which an end tag is attached. The inner and outer caps are generally fabricated
from copper or brass, and are usually plated with tin or silver. The washer is nominally
fabricated from fireproof fibre materials.

Many end cap designs exist but commonly in the UK, the inner and outer caps
are cylindrical and designed to press fit together. Minimal electrical contact resistance is
required between the inner and outer caps, which is aided by tin or sliver plating. End
tags of various shapes and dimensions also exist to suit the variety of contact and fitting
arrangements found in practice. The inner cap is first pressed onto the fuse cartridge.
The fuse element is subsequently attached through a central hole to the inner cap by
soldering or spot welding. The outer cap is pressed onto the inner cap sandwiching the
fireproof washer and collectively adequately seal the fuse cartridge.

The end cap assembly must seal the fuse cartridge efficiently to stop ingress of
moisture and aid satisfactory operation of the fuse during short circuit and low over
current fault conditions. The seal is severely tested under short circuit conditions when
very high pressures have to be contained. The fireproof washer additionally provides
end cap protection from the effects of prolonged arcing where seal failure and fuse
terminal flashover could occur. Furthermore, the end caps contribute a cooling effect at

the ends of the fuse element, which is improved by the increased emmisivity provided



by tin or silver plating of the end caps and fuses with significant ratings have been
designed relative to these attributes [14]. Also, during fuse operation the end caps
present physical barriers to movement of the fuse element induced by thermal

expansion.

1.3.5 Fuse Cartridge

The cartridge is usually constructed of a ceramic material although others, such
as glass reinforced plastic are also used.

Traditionally the shape of the cartridge is tubular in the UK, and rectangular
versions are used in continental European designs. The choice of cartridge shape has an
effect on the minimum fusing current and the mechanical strength of the fuse. The
cartridge wall thickness can range from 2mm~15mm and up to 100mm for the outer
cartridge diameter [6].

The cartridge should have good electrical insulating properties in addition to
good thermal conducting properties. It should also be non-porous and capable of

withstanding significant thermal and mechanical shocks.

1.4 Imvestigation Objectives

Fuse operation is generally subdivided into two principal time periods.
That occurring between the instant of fault application to the instant of element
disintegration and arc ignition is referred to as the pre-arcing period and that from the
instant of arc ignition to the instant of current interruption is referred to as the arcing
period.

During the pre-arcing period, the temperature of the fuse element, its resistance
and voltage potential will increase due to joule heating. Continued joule heating induces
a change in the physical state of the fuse and at some time instant a break will occur in
the element. Disintegration of the fuse element then begins and dependent on circuit and
conductor conditions, a gaseous glow discharge followed by an electric arc may form.
This marks the start of the arcing period of fuse operation.

A notch in a fuse element presents a restriction to current flow during the pre-
arcing period and therefore is a location of maximum current density. Notches can be

considered as ‘manufactured’ locations of maximum current density. Consequently,



melting and vaporisation of the element and subsequently disintegration and arc ignition
will initially occur within the notch. |

Alternatively, locations of maximum current density can occur due to non-
homogenous construction of the fuse element and/or inherent phenomena of fault
current conduction. Consequently, melting and vaporisation of the element and
subsequently disintegration and arc ignition will take place naturally.

It is the objective of this investigation to observe temporal disintegration and arc
formation in electrical conductors and attempt to quantify and establish by
experimentation an understanding of the inherent mechanisms of disintegration.

Disintegration can be defined as the fragmentation or break up of the fuse
element when carrying fault current. Furthermore arc formation in fuse elements is a
consequence of disintegration and circuit conditions at the time instant of disintegration
and this is fundamental to the theory of fuse operation. The following discussions
introduce temporal aspects of disintegration, arc formation, and the theory of HBC fuse

operation, which are the principal study fields of this investigation.

1.4.1 Fuse Element Disintegration

Temporal disintegration phenomena are dependent on the specific energy
delivered to the fuse element [16][17][18]. Understanding of the phenomena is still far
from complete.

Bennett [17] attempted to classify electrical conductor disintegration relative to
the specific energy delivered to the conductor and skin effect phenomena. Three
temporal modes of disintegration were defined.

e Slow Disintegration — Slow conductor vaporisation, due to the fractional

difference between conductor specific energy and dissipated energy.

e Fast Disintegration — Rapid conductor vaporisation, due to the sufficiently

high conductor specific energy.

e Super Fast Disintegration — Induced by rapid discharge of energy from fast

circuits provoking skin effect dominance. A rare mode.

This study is associated with the disintegration of HBC fuses where current
densities come within the order of magnitude range, 10'~10*A/mm?, and therefore only

the slow and fast modes of disintegration are encountered [19].
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Other phenomena, such as specific power, current density, surface stability of a
liquefied conductor, electromagnetic forces, kinetic forces and radiation effects, are also
accountable in the classification and study of conductor disintegration. Consequently,
previous research of these phenomena will be addressed (Subsections 2.2~2.5) and
observations of some of these phenomena from this investigation will subsequently be
presented and quantified in Chapter 4.

Due to temporal disintegration phenomena multiple breaks in the fuse element
and multiple arcing can occur. As a result the study of the temporal disintegration of the
fuse element can be associated with the shape of the fuse terminal voltage waveform
which is evidence of arcing captured during disintegration (Figures 1.4i~1.4iii). For
example, the positive slope of the voltage developed across the fuse can give an
indication of transient fragmentation of the fuse element and hence some temporal
classification of disintegration can be assumed. Moreover, the maximum fuse voltage

can be related to the number of breaks in the fuse element [10].

Fuse Element = 0.2134mm@ / 30mm
Element Material = Copper

Fuse Filler Material = Fine Quartz
Prospective Current = 320 amps
Supply Voltage = 240 volts RMS 50 Hz.
Fault Initiated at Voltage Zero
Pre-Arcing Time ~ 7ms

Peak Arc Voltage ~ 1292 volts
————————————————————— Time Base 50 ps/div

el — —

(1.4i) Fuse voltage waveform, captured during very short
time period disintegration of a wire fuse element

Fuse Element = 0.2mm@ / 25mm
Element Material = Copper

Fuse Filler Material = Fine Quartz
Supply Voltage = 110 volts RMS 50 Hz.
Fault Initiated at Voltage Zero
Pre-Arcing Time ~ 31ms

Peak Arc Voltage ~ 360 volts

Time Base 200 ps/div

(1.4ii) Fuse voltage waveform, captured during short time
period disintegration of a wire fuse element
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Fuse Element = 0.2mmgs / 25mm
Element Material = Copper

Fuse Filler Material = Fine Quartz
Supply Voltage = 100 volts RMS 50 Hz.
Fault Initiated at Voltage Zero
Pre-Arcing Time ~ 89ms

Peak Arc Voltage ~ 65 volts

Time Base 500 s/div

(1.4iii) Fuse voltage waveform, captured during long time
period disintegration of a wire fuse element

Figure 1.4 Oscillograms indicating the variance of the shape of fuse voltage waveforms relative to temporal disintegration
phenomena
Temporal disintegration of the conductor can also be described and referred to by
subdivision of the fuse voltage waveform into distinct time periods [10] as indicated in

Figure 1.5.
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Figure 1.5 Referred time periods of fuse element disintegration relative to a typical fuse voltage waveform

At the start of the arcing period of fuse operation and significantly during the
pre-peak arc voltage time period the fuse voltage rapidly increases due to the formation
of electric arcs. This phenomenon is critical to good fuse operation. During the post-

peak arc voltage period the development of established arcs optimises fuse operation. It
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is useful to consider the basic attributes of electric arcs and their formation since the

temporal development of disintegration, is usually evidenced by arcing.

1.4.2 Electric Arcs

The fuse voltage waveforms captured during fuse disintegration (Figures
1.4i~1.4i11), show that at the start of the arcing period the fuse voltage increases at a
considerable rate. This is due to the formation of an electric arc, which is a self-
sustained gaseous discharge, having a relatively low voltage potential and capable of
supporting high current flow between anode and cathode electrodes [20]. At
atmospheric pressures and above, a high-pressure arc, subsequently referred to as a fuse
arc, has the familiar characteristic of an intensely brilliant core.

A fuse arc (Figure 1.6) is accepted to be composed of three regions [21]. The

cathode fall region, anode fall region and positive column.

Anode Cathode
Electrode Electrode Fall Electrode
Regions

’l e Length=L o f
Anode Fall Cathode Fall
Potential Potential
v, A
Figure 1.6 Simplified diagram of a fuse arc

The cathode and anode regions are longitudinally small (~ 10”°mm) and a
voltage potential is associated with each region. For element materials with low boiling
points ( silver and copper ), the cathode fall potential drop ( ¥, ) is substantially
constant. However, the voltage potential associated with the anode fall region ( ¥V, )
could be any value between zero and the atomic ionisation potential of the element

material [21]. It is suggested that the anode fall voltage depends on the mechanism
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prevailing in the electrode region [22]. For a silver element Wright and Beaumont [21]
proposed a cathode fall voltage of 10 volts and an anode fall voltage of 7.56 volts for
use with their model of a fuse arc burning in metallic vapour.

Collectively the voltage associated with both electrode fall regions is referred to
as the arc root voltage ( Vau ). A value of 20~25 volts was indicated by voltage
oscillograms captured during disintegration of silver wires in air by Baxter [5]. Values
in the range 100~150 volts were suggested from investigations of strip element
disintegration in filler by Lestrup [23]. Consequently, element geometry is suggested to
account for the variance of the arc root voltage magnitude ( 20~200 volts ) by Hibner
[24]. Furthermore, the arc root voltage magnitude has been observed to be a function of
filler material and packing density [10] and element current density [11] .

The positive column occupies the space between the electrode fall regions and
its length (/) is accepted to be the gap size between the electrodes due to the small size
of the electrode fall regions [21]. The length of the positive column is dependent on the
power input and the transient interaction between the arc and its environment, which
cause electrode and filler erosion. The voltage associated with the positive column is the

product of the column length and electric field strength or column gradient (E), which

additionally is a function of arc conductivity (p) and current density (J). Consequently,
the determination of fuse arc column gradient is complex and has attracted limited
investigations [25][26].

The voltage components of the three regions of the electrical arc can be

combined to form the simple mathematical model of fuse arc voltage (Eq. 1.1).

Vare (1) =Va+EI(1) Eq.1.1
The components of arc models and their attributes will be addressed in Subsection 2.8.
A consequence of element disintegration into a number of multiple fragments (7)
is the formation of numerous series arcs. Thus the temporal fuse arc voltage is given by
Equation 1.2.
Viuse(® = (n(VatED) (1) Eq.1.2

This temporal development of fuse voltage is fundamental to the operation of fuses.

14



1.4.3 The Theory of Fuse Operation

The accepted equivalent circuit model applicable during the arcing period of

fuse operation is presented in Figure 1.7

R

c

i(t)

ve(t) L di/dt
v(t) Ry viit)
O
Figure 1.7 Fuse arcing period equivalent circuit model.

From analysis, the circuit voltage components can be described by Equation 1.3.

[ d.
V() = Lo S+ OR, 47 () s
and thus the change in circuit fault current is given by Equation 1.4
ﬁ _ Vs (t) - vfuse (t) - i(t)Rc Eq14

dt L

c

Increasing fuse voltage (vs. ) is beneficial to limiting the rate of increase of
fault current and the sudden voltage increase, consequential of arc ignition, has a
significant effect on reducing this rate. Moreover, dependent on the magnitude of arc
voltage the rate of current flow can be reversed, which forces the fuse current and more
significantly, the circuit current toward zero, i.e. when the inequality v(z) = vy(?) is
satisfied. Consequently, it is proposed that this phenomena and the pre-peak arc voltage
period are of most significance to fuse operation.

This process occurs in all fuses but differs in character and degree dependent
upon fuse type and significantly on the phenomena of disintegration. At the instant of

peak arc voltage it is assumed that the circumstances described by Equation 1.5 exist.

V:fuse =nmax(Vnrc) Eq 1 .5
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Consequently, in the post-peak arc voltage period the temporal development of
fuse voltage, given by Equation 1.4, is significant in prolonging and optimising current
reduction. Merging of series arcs is generally accepted to occur [19][5][10][26] and the
associated loss of arc root voltage is considered to reduce the overall fuse voltage,
which is observed in fuse voltage oscillograms. It is proposed in Chapter 5 that this
phenomena and the post-peak arc voltage period are of secondary importance to fuse

operation.

1.5  Scope of the Investigation of Disintegration in HBC Conductive Film
Substrate Fuses

Fuse designs are closely related to application conditions. For new
designs some parameters can be derived from mathematical models but, generally
prototype fuses have to be manufactured to enable precise characteristics to be
determined by practical testing (type testing).

In the pre-arcing period of HBC fuse operation the physical boundaries of fuse
components are well defined and consequently their transient interaction has been
accurately simulated using computer programmed mathematical models [13][27].

Howeyver, in the arcing period the component boundaries are less well defined
due to the disintegrating fuse element, which is composed of matter, that passes through
three states over a period of time. Consequently, the transient interaction between the
element and its surroundings is more difficult to predict. Mathematical models have
been presented which claim to simulate fuse arcing [21][11][26], but are only
considered moderately accurate and applicable to specific HBC fuse types. These will
be discussed in Subsection 2.8.

It is clear that the simulation of the full operation of a fuse is still limited. In this
work a different approach is considered to generate the fuse model. This consists of
modelling the disintegration of the fuse and the subsequent temporal changes in fuse
voltage during disintegration and the arcing period rather than direct fuse arc modelling.
Also understanding the fundamental phenomena of electrical conductor disintegration
could lead directly to the control of fuse arcing by variation of element geometry. Film

substrate fuse elements permit infinite variation of element geometries, and hence
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provide a practical solution for geometry investigation. The various attributes of the

foregoing are briefly discussed and conclude this Chapter.

1.5.1 Conductive Film Substrate Fuse Elements

A commercially available film substrate fuse and film substrate element
marketed for semiconductor protection by the Yoden Fuse Company, Japan are shown

in Figures 1.8i~1.8ii.

Figure 1.8(i)) UR31 20Amp 300 Volt Figure 1.8(ii) Yoden UR31 fuse, film substrate
Semiconductor film substrate fuse, marketed by  element
Yoden Fuse Company, Japan

The UR31-20A fuse element shown in Figure 1.8(ii) is constructed from a
copper film laid on an alumina substrate. Silver is also used for element films and
magnesia, silica and berylia have been proposed as possible substrate materials [15].
The UR31 element has a conventional geometry design comprising 4 notches and 5
bridges and has a film thickness 15 microns and a substrate thickness 1mm.

The way film substrate elements may permit infinite variation of element
geometries is indicated in Figure 1.9 which displays a film fuse element where element
restrictions are formed in the fuse ‘Z’ plane by multiple layers of films. The film
deposition technique is generally by vapour deposition, however electroplating and
screen-printing methods have been used in development studies [83]. Film techniques
provide excellent dimensional accuracy in the fabrication of element and notch
geometries.

Collectively, the film substrate element is a robust assembly, which is

advantageous in manufacture. The assembly is soft soldered between inner caps, packed
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in sand and sealed in the fuse cartridge. Other construction details correspond to
standard methods previously described, yet for the UR31 fuse the filler was bonded with
a hydrographic material [28].

metal layers

supporting element
of aluminum oxide

Figure 1.9 Film substrate fuse element with ‘Z' plane restrictions

Conductive film substrate fuses are used for high voltage fuse applications and
were also developed to comply with the stringent fuse protection requirements of energy
sensitive semiconductor devices. In these latter circumstances fast acting fuses with
controlled transient arc voltage levels are required. These are generally referred to as
‘semiconductor’ fuses and contain thin wide strip elements with short narrow
restrictions. However, semiconductor element designs can have the adverse effect of
increasing fuse body temperatures and consequently standard semiconductor fuses are
designed with significant heat dissipation attributes and recommended to have mounting
positions with substantial natural or forced convection cooling .

Conductive film substrate fuses have improved element heat dissipation
capabilities due to the intimate contact between the conductive film element and the
supporting substrate. This allows much higher current densities to be achieved than
conventional ‘semiconductor’ elements with similar geometries at the same rated
current.

The pre-arcing time current characteristic for a Yoden UR61, 30amp 660volt
film substrate fuse is shown in Figure 1.10. These results claim to indicate reduced

circuit let through energy for large over currents compared to other fuse types.
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Moreover, the dimensional accuracy of element and notch geometries due to the film
deposition techniques is thought to equalize the arc power across the notches and thus
prevent concentration of arc energy. This attribute is claimed to further reduce the total

energy let through to the circuit during operation of the fuse [29] compared to similar

rated fuses.
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Figure 1.10 Pre-arcing time current characteristic of the Yoden UR61-30A semiconductor film substrate

fuse

1.6  Chapter Propositions and Key Findings.

This Chapter has considered fuse requirements and introduced a wide array of
fuse types. Properties of fuses and particularly those of conventional HBC fuses and
HBC conductive film fuses have also been discussed.

To observe temporal disintegration and arc formation in electrical conductors
and quantify and establish the principal mechanisms by experimentation is the objective
of this investigation.

The theory of fuse operation is dependent upon the temporal character of the
fuse voltage developed during the arcing period which, is a function of element
disintegration and arc formation phenomena, particularly during the pre-peak arc
voltage period.

Film substrate fuse elements permit infinite variation of element geometries.
Consequently, the use of conductive film elements designed to account for inherent
disintegration phenomena to improve fuse arcing performance, and provide efficient

protection for energy sensitive devices is proposed. Moreover, modelling of fuse
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disintegration rather than direct fuse arc modelling is considered to reduce complexity

and improve the application of models to a wider range of fuse element geometries.
Therefore, it is proposed to discuss the phenomena of electrical conductor

disintegration and the attempts of previous researchers to model fuse disintegration or

direct arc modelling of the arcing period of fuse operation in the following Chapter.
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Chapter 2

The Phenomena of Electrical Conductor Disintegration and Modelling Techniques
of HBC Fuse Disintegration and Arcing Phenomena

2.1 Introduction

This Chapter presents propositions from previous investigations of electrical
conductor disintegration phenomena and modelling of arcing in HBC fuse operation.
The two principal aspects which are examined are (i) to rationalise previous attempts to
classify disintegration phenomena and (ii) conclude the deliberations of each
disintegration classification and propose alternative explanations where applicable.

The development of the proposed explanation of electrical conductor
disintegration in modelling the arcing period of HBC fuse operation are discussed in the
final section of this Chapter. The attributes of two ‘disintegration’ models are presented

and the attributes of fuse arc models are briefly discussed and conclude this Chapter.

2.2 Classifications of Fuse Element Disintegration

There are many phenomena associated with the disintegration of electrical
conductors. Consequently, the disintegration of electrical conductors and significantly
the disintegration of fuse elements need to be categorised relative to criteria of specific
phenomena to clarify the arcing behaviour. Several classifications of electrical
conductor disintegration have been proposed, as elaborated.

Bennett [17] (Subsection 1.4.1) categorises the phenomena of specific energy
and skin effect associated with wire explosions as slow, fast and super fast.
Significantly, the phenomena of fuse element disintegration only comply with the
criteria of the slow and fast explosion categories based on the magnitude of current
density, in the range 10'~10*A/mm?, in the fuse element during disintegration. Super
fast explosions of electrical conductors in practice are not feasible due to the inherent
inductance of practical circuits [30].

Lipski [31], classified low voltage HBC fuse element disintegration from
observations of post operation fuse remnants using disintegration pattern criteria
associated to the prospective fault current (/,). The main patterns identified were single

break, unduloid, and striated. Two further patterns, chaotic and mixed were also defined
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as a blend of two of the main pattern features.

striated disintegration are shown in Figure 2.1.
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Figure 2.1

The main patterns of unduloid and

Unduloid Disintegration [31]
Pattern observed in conductor remnants

Striated Disintegration [31]
Pattern observed in HBC fuse fulgurites.

Clear patterns of disintegration observed in post operation fuse remnants

Wolny [30], presented rationalisation of both classifications relative to the

criteria of fault current level and the mode of arcing (Table 2.1).

Slow
Disintegration
ei/p(t) > eo/p(t)

Slow
Disintegration
eip(t) > eop(t)

Slow
Disintegration
ei/p( ) > ea/li(t)

Fast
Disintegration
ei/p(v >> eo/p(t)

Fast
Disintegration
ei/p(t) >> eo/p(t)

Single Chaotic Unduloid Mixed Striated
I, <6I, 41, <I,<12I, | 8I,<I,<I5I, | 12I,<1,<17I, I,> 171,
Low Overload | Low Overload | High Overload | Short Circuit Short Circuit
/ Short Circuit
Single Arc Single Arc Single Arc / Multiple Arc Multiple Arc
Ignition Ignition Multiple Arc Ignition Ignition
Ignition

Table 2.1 Classifications of the disintegration of electrical conductors

2.3

Phenomenological Aspects of Single Break Disintegration

A limited number of reports present investigations into single break

disintegration of electrical conductors.

Wolny [30], proposed that element disintegration with a single break will occur

at low overload fault currents with current densities in the order of 10! A/mm? and in

short fuse elements only. This is a result of element temperature distribution which, is

influenced by axial heat flow. The temperature distribution of long elements is

influenced less by axial heat flow and consequently several breaks may occur. A

mechanism for the clearance of low overload fault currents is proposed which is based
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on the gap between the two stubs in the element break increasing to a distance sufficient
to withstand the source voltage. During the disintegration of HBC fuse elements it is
suggested that the only way this can occur is by element burn back due to arcing. No
other transient disintegration phenomena are considered in the report to account for
current interruption.

Other investigations discuss low overload fault current conditions and single arc
phenomena as a consequence of single break disintegration.

Baxter [33] investigated arcing characteristics of HBC fuses during clearance of
low overload fault currents. It is proposed that a single arc may be established which
can account for modest current reduction phenomena during which he suggests that
increased circuit resistance (R.) induces stable conditions, which prolong arcing. He
further proposes that elongation of the arc occurs to a point where the current is
interrupted and in some circumstances this process can consume the whole of the fuse
element. Analysis of free air arcs and quartz arcs are presented and arc volt-ampere
characteristics are developed. The effects of varying circuit conditions, element
geometry and fuse cartridge seal on arcing phenomena are also addressed.

Ofte and Rondeel [34] investigated high voltage HBC fuse arcing phenomena
near the minimum breaking current. It is proposed that arcing phenomena for these
current levels are fundamentally different from arcing phenomena at short circuit
current level, observing the arcing time to be longer, less distinct and suggesting the
fuse is not current limiting. A transient mechanism for arc commutation between
parallel restrictions and subsequent current interruption is presented. Moreover, a case
for fuse failure is presented and suggested to be a function of fuse insulation and source

voltage. Consequently the high voltage withstand attributes of silica sand are discussed.

2.3.1 Summary of Propositions and Accepted Phenomena of Single Break

Disintegration

The sparsity of research investigations of this classification of disintegration is
clearly due to the poor current limiting performance of HBC fuses at the indicated levels
of fault current. Arcing conditions are considered to be the most onerous and occur with
highly inductive circuits at low overload fault currents [13]. Moreover, arcing
conditions are suggested to be stable due to increased circuit resistance, when arcing is
persistent [33]. Most research interest has therefore been focused on arcing phenomena

and attempts to increase fuse efficiency during these extreme conditions.
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The pattern of single break disintegration is accepted to occur in short fuse
elements for current densities in the order 10'A/mm? and gap creation is relatively slow
[30]. Influences of element environment and element deformation have been addressed
as an aside during unduloid phenomena investigations [5]. The classification, which

produces the clear pattern of unduloid disintegration, will subsequently be presented.

2.3.2 Key Findings relating to the Phenomena of Single Break Disintegration

The axial conductor temperature distribution of current carrying conductors is
known to be uneven. Consequently, single break disintegration is assumed to occur at
the hottest point which is usually at the center of the conductor [5].

In-depth investigation and quantification of the causation phenomena of single
breaks in electrical conductors and significantly in HBC fuse elements are incomplete.
Phenomena such as thermo-mechanical, gravitational and electromagnetic forces for

example have not been addressed to account for single breaks in elements.

2.4  Phenomenological Aspects of Unduloid Disintegration

A significant number of reports have presented investigations of the phenomena
of the second main classification - unduloid formation and disintegration.

Unduloid disintegration is characterised by the clear pattern of disintegration
shown in Figure 2.2, which can be observed from inspection of post operation
conductor remnants.

It is important in this
study of disintegration in HBC

fuses to indicate that a limited

amount of ‘transient’ data has
Figure 2.2 Unduloid formations observed in post operation been found which supports the
eonductor remnants (32 proposal that the phenomena of

unduloid formation is the significant phenomenon in the disintegration of HBC fuses.
This is possibly due to the enclosed environment of the HBC fuse element, which
makes transient data capture difficult to achieve. Consequently, the majority of unduloid
investigations have been carried out on electrical conductors suspended in air and
observations captured ‘historically’. Observations and proposals arising from these
investigations will be presented, however it is accepted that the temporal disintegration

of HBC fuses could be different.
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The phenomena of unduloid formations require moderate current densities
within the range 10°~10°A/mm?®. This is classified as high overload/low short circuit
fault current conditions [30]. Logically, in these circumstances it is proposed conductor
disintegration is followed by multiple arc ignition. The number of unduloids, and breaks
produce multiple arcs, hence the current limiting effect is improved in fuse operation for
this classification of disintegration.

Observations of ‘red hot balls’ emanating from an electrical conductor on
passing ‘electrical fire’ were made by Nairne [35]. It is accepted that Nairne most likely
carried out the first investigations of the disintegration of electrical conductors and
inadvertently observed the phenomena of unduloid disintegration. Subsequently Nairne
has been proposed as the true inventor of the electric fuse [36].

Kleen [37] carried out the first systematic investigations of unduloid formation
to account for the ‘striated pattern’ observed on glass plates when condensing vapour
clouds emanating from exploding wires suspended in air. From his observations, Kleen
proposed a modulus of unduloid formation (Eq. 2.1) based on the theory of wavelength
of instability of a liquid cylinder [38]

Aunduloid = 3.34d Eq.2.1

Kleen proposed a mechanism for disintegration assuming that the liquid cylinder
and unduloid ( Figure 2.1i ) were unstable and would transpose to a stable sphere
(Figure 2.1ii) near the wavelength of instability. Surface tension forces and capillary
pressure were proposed for this phenomena in Kleen’s postulations of unduloid
formation, however, relatively static conditions were assumed and other forces to be
elaborated later were ignored.

Carne [39] proposed that unduloid formation was dependent on the relationship
between conductor radial temperature gradient and the radial melting temperature
gradient, as a consequence of conductor surface cooling and electromagnetic pinch
pressure, respectively. Accordingly, Carne proposed that unduloids are formed when
melting develops from the surface of the conductor towards its centre. The formation
mechanism is dependent on the rate of heating and current density. Carne applied
Rayleigh’s [40] general theory for the breakup of a liquid cylinder under surface tension

forces during which, he suggests, the cylinder will break up into globules of regular
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modulus (Eq. 2.2) relative to specific element parameters, alternatively, irregular break

up would occur.

Aundutoid = 4.51d Eq. 2.2

Carne also presented unduloid formation criteria (Eq 2.3, 2.4) for sand filled
fuses with copper or silver elements dependent on element diameter (d [mm]) and

current density (J [A/mm?])

A copper =400 Eq. 2.3
A7 sitver 2 380 Eq. 2.4

In principle, Carne proposed that unduloid formation was a result of surface
tension and magnetic pinch forces.

Carne’s criteria for the formation of unduloids were found to be inconsistent.
Numerous investigations reported the formation of unduloids in electrical conductors at
lower current densities [41][42][43]. Moreover, it was found that unduloids could form
on wires held in a heat source [44], which questioned formation postulations
accountable to electromagnetic forces.

Photographic evidence is referred to which displays the significance of surface
tension force and eliminates electromagnetic effects from the formation of unduloids
[30]. Vermij [45][46] presented some results which proposes that the theory of unduloid
formation and disintegration of wires suspended in air corresponds with most of Kleen’s
postulations in that the instability wavelength neither depends on current or the element
surroundings.

Meyer and Rinderer presented work on unduloid formation based on Rayleigh's
theorem [43] and concluded that electromagnetic and element material did influence
formation phenomena and, significantly, the unduloid modulus.

Baxter [S] proposed that unduloid formation was a combination of surface
tension and electromagnetic pinch effects suggesting three conductor-melting
mechanisms to account for formation.

1. The wire melts as a chain of solid and liquid portions along its axis.

2. The wire melts as a system of concentric solid and liquid cylinders.

(a) with a solid core and liquid annulus.

(b)  with a liquid core and solid annulus.
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3. The liquid particles are uniformly dispersed throughout the mass of wire.

Baxter eliminated the first case by calculation and measurement but was unable
to differentiate cases two and three from observation of oscillographic records. The
influence of skin effect phenomena and conductor surface oxidation on surface melting
was also reported.

Lipski and Furdal [44] reported the influence of conductor surface conditions on
unduloid formation. Consequently, it was proposed that unduloids would form on hard
drawn wires but not on soft annealed wires. These observations were later questioned by
the same workers due to omission of surface oxidation, which was not thought initially
to be significant [41].

Zimny [47] presented a magneto thermo viscous elastic theory to describe
longitudinal wave motion caused by the fault current surge. It was proposed that these
vibrations are dependent on the conductor’s internal structure, which is influenced by its
‘thermal career’. Zimny proposed that if the structure rather than the surface of the
conductor was conditioned during fabrication, the theory could prove that conditions for
unduloid formation were different for hard and soft wires. The axial displacement (U)
caused by longitudinal vibrations is given by Equation 2.5. Zimmy proposed the value
of real component obeys the inequality Re(w)>0, such that the vibrations become

unstable and wire disintegration occurs.

U = A,ef *7%) Eq.2.5

Where

A,= Amplitude

J = Complex number defining the attenuation and temporal variation

o = f{ conductor material, temperature, k )

k = Wave number = 27r/2

A = Wave length

r = Radius of the conductor

z = Normalised axial coordinate

Nasilowski [32] presented comprehensive experimental observations of
unduloid formations in copper and silver wires suspended in air and embedded in quartz
sand for sand granule sizes in the range 0.2~0.4mm. Unduloids were observed to form
only on wires with a diameter smaller than 1mm and for moderate current densities
(<3x10°A/mm® ). The internal structures of unduloids were also analysed
microscopically. Nasilowski observed post-melting crystallization of the conductor

surface with an original grain structured core and concluded that unduloid formation
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was a function of the type of surface melting which agreed with Carne’s theory.
Additionally, the modulus of unduloid formation was observed to be the same
regardless of wire materials and filler medium. Consequently, an empirically
determined relationship (Eq. 2.6), dependant only on element diameter (d [mm]), was

presented for the modulus of unduloid formation.

Aunduloia =16/3d Eq.2.6

2.4.1 Summary of Propositions and Accepted Phenomena of Unduloid

Disintegration

In summary, the phenomena of unduloid formation have been observed in many
investigations, which propose that the mechanism of disintegration is dependent on the
instability of a liquefied cylinder [37][39][45][43] and the evolution of the cylinder into
stable spheres. As a result of this mechanism, it is assumed that multiple arc ignitions
occur [30][5]

It is proposed that the stability of the liquid cylinder is subject solely to surface
tension force [37][45] and a combination of surface tension force and electromagnetic
forces in some cases [39][43]. Cylinder instability due to electromagnetic forces is
questionable since in separate cases unduloids have been observed to form due to stored
thermal energy [46] and externally applied thermal energy [44]. Thermo-elastic wave
forces have also been presented to account for unduloid formation in a single case [47].

Unduloid formation is assumed to be slow [30] due to the moderate current
densities (10°~10°A/mm?) and the long pre-formation time periods (>30ms [48)).

Conductor environment is suggested to be insignificant to the modulus of
unduloid formation [32] due to adiabatic heating conditions during fault current
conduction [30].

Unduloids are formed when the conductor is not fully molten [32][44], the
conductor having a liquid surface and solid core. Moreover, the axial temperature
distribution is proposed to be relatively flat to account for the consistency of unduloid
modulus [30]. Alternatively, it is assumed uneven temperature distribution would
induce single break disintegration, which would occur at the hottest point, usually at the

centre of the conductor [5].
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In general the modulus of unduloid formation A determined empirically from
observations of post operation conductor remnants of initial diameter d is ~5.3d [32]
and analytically is #2.25d [45][37][38] or 4.51d[39][40].

The modulus of unduloid formation has been observed to increase with current
density [43]. Moreover, for higher current densities in the order 10*A/mm? the clear

pattern of striated disintegration is observed in post operation fuse remnants [32][49].

2.4.2 Key Findings relating to the Phenomena of Unduloid Disintegration

The observations of unduloid formations due to stored thermal energy [46] and
formations when an external heat source is applied to the conductor [44] are significant
to this investigation. The observations indicate that unduloids can form after current
interruption, which could be misinterpreted in transient disintegration analysis.

The reports presenting unduloid formation as a function of conductor
metallurgical surface conditions are important. The question is posed, for conductor
conditions, which conflict with positive unduloid formation conditions, “what is the
principal phenomena of disintegration” ?. Consequently, it is suggested that some other
fundamental phenomena could be accountable for the element disintegration and the
formation of unduloids could be second rank in this process.

No previous data for the temporal development of unduloids has been formed
consequently, this is assumed to be slow. No reports have been submitted either that
propose thermo-elastic wave motion to be the principal phenomena of conductor

disintegration in this classifcation.

2.5  Phenomenological Aspects of Striated Disintegration

A significant number of reports present investigations of the phenomena of
striated disintegration which is characterised by the clear line pattern observed from
inspection of post operation sand filled fuse remnants (Figure 2.3), or from images of
fast exploding wires suspended in air (Figure 2.4).

As in the case of the study of unduloid formation, only a limited amount of
‘transient’ observations of striated disintegration of HBC fuse elements have been
reported. Again, this is possibly due to the enclosed environment of the HBC fuse
element. Consequently, the majority of observations of HBC fuse striated disintegration
have been obtained ‘historically’ from examination of post arcing fuse remnants
referred to as fulgurites.
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Numerous transient
images of striated
disintegration of exploding
wires have been presented,

yet these circumstances are

suggested to be different

from those in HBC fuse

Figure 2.3 Striated disintegration pattern observed in post operation [30]. This is a
operation fuse fulgurites [32]

result of the fast ‘capacitor

dominant’ circuits most

commonly used to induce
this type of disintegration.
Observations  and
proposals  arising from
investigations  concerned
with striated disintegration
of HBC fuse elements will

be presented.

, . - i , Striated
Figure 2.4 Striated disintegration pattern observed in images of

fast exploding wires [71] disintegration of electrical

conductors requires current densities satisfying the inequality constraint > 10°A/mm?. In
these cases fault currents are classified at short circuit level [30]. Significantly, in these
circumstances it is proposed conductor disintegration is followed by multiple arc
ignition and fulgurite formation which is evidence of striated disintegration. The
number of striations and consequently arcs can vary. However, due to their increased
number in fuse operation, the current limiting effect is significantly improved for this
classification of disintegration.

It is interesting to note that Kleen [37] first observed striated patterns formed on
a glass plate from a disintegrating wire and subsequently presented the first postulations |
of unduloid formations in wires to account for this. Nasilowski [32] is accepted to be the
first to observe and suggest different phenomena pertaining to the classifications of
unduloid and striated disintegration of wires. Nasilowski found inadvertently that a
heated wire on colliding with a solid structure broke up into segments (Figure 2.5)

rather than spheroids and reasoned that some vibration phenomena must accompany the
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phenomena of wire disintegration. The internal structure of conductor segments was
analysed microscopically. Nasilowski observed a post melting dendrite structure in
transverse cracks between segments which was different from the internal structure of
unduloids. Conclusions were drawn that the cracks were formed during current
conduction. Consequently, the hypothesis of mechanical vibration aiding disintegration
was investigated by capturing vibration
related data during fault current
conduction and disintegration of wire

elements, yet for these experiments the

elements were embedded in sand.
Figure 2.5 Segmented disintegration observedin  Analysis of the data indicated small
eonductorremnants 132 amplitude vibrations during the pre-

arcing period and much higher amplitude vibrations during the arcing period. No
theoretical analysis of the vibrations was presented. Nasilowski continued to
differentiate unduloid and segmented or ‘striated’ disintegration by presenting analysis
of historical fulgurite data. Subsequently, the spacing of fulgurite striations were
observed to be smaller than the spacing of spheroids observed in conductor remnants
consequential of unduloid disintegration. An empirically determined striation modulus

was presented (Eq. 2.7) complementary to the unduloid modulus (Eq. 2.6).

Astriated = 0.555+2.08d Eq. 2.7

Furthermore, striated disintegration was observed for higher current densities
than unduloid disintegration. Thus to differentiate the two disintegration classifications

a current density relationship for silver wires was also presented (Eq. 2.8)

J=(1.02/d)-0.705 Eq.2.8

Arai [50] presented flash X-Ray images of disintegrating wires suspended in air
or alternatively embedded in sand when subjected to large currents. Inspection of
sequenced images was proposed to indicate the transient development of striated
disintegration, which is suggested to be phenomenologically distinct from unduloid
disintegration. Arai considered that wires of large diameters with large current densities

disintegrated relative to the striated phenomena and small diameter wires with moderate
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current densities deformed into unduloids. This was attributed to electromagnetic pinch
forces in the striation case and the combination of electromagnetic pinch and surface
tension forces in the case of unduloids. Additionally, it was observed through conductor
temperature measurement that striated deformation occurred after complete liquefaction
of the wire element, which became corrugated due to the combined action of thermal
expansion, surface tension and electromagnetic pinch. The compressive contact between
the liquefied conductor and the sand grains was also considered influencial on
deformation. Subsequently, Arai derived a relationship for the time required to break a
striated constriction using the pinch force theory of Maecker [51].

Based on the observations of Arai, Lipski [52] investigated the relationship
between the sand particle size and the number of element breaks indicated in striated
fulgurites. However, little evidence was presented to support the notion of particle size
influencing element deformation and subsequent fragmentation.

Lipski [52][53] developed the arc pinch force interaction theory to justify the
striated pattern observed in fulgurites. Lipski assumed full liquefaction of the fuse
element and considered the forces of arcing in striated constrictions balanced lateral
electromagnetic pinch forces. Following the first break that could occur in any random
constriction, a mechanism for the break up of the element was suggested dependent on
the interaction of both forces.

Hrynczuk [54] investigated magnetic thermal elastic vibrations in exploding
wires suspended in air. Due to language constraints, reports of these investigations have
not been fully interpreted. However, the current density range of the theories presented
by Hrynczuk, suggest this work is applicable to the striated disintegration of fuses [30].
Hrynczuk proposed that the magnetic forces acting on a cylindrical conductor are
initially in a balanced condition. Subsequently the forces are offset by wire buckle due
to thermal dilation and additionally by the forces of wire inertia and elasticity. Hrynczuk
presented mathematical relationships relative to wave motion of the wire. Consequently,
an indication of the instant of element rupture relative to vibration stability of the wire
could be determined by comparing electrodynamic forces with mechanical forces.

Jakubiuk [55] presented a theory of electro-thermal disintegration of exploding
wires which associates wire disruption with the thermal instability of a conductor due to
non homogenous locations of resistance at a high rate of current density increase. The
theory is applicable for current densities in the order of 10°A/mm? and so to striated

disintegration of fuse elements. Jakubiuk suggested that for specific wavelengths of
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temperature disturbance, hydrodynamic expansion occurs at inhomogeneous resistance
locations which is followed by wire rupture.

Hibner [49][24][12][56][18] presented extensive investigations of HBC strip
element fuse disintegration in the striated classification. Hibner’s interest was modelling
of fuse disintegration rather than investigating the causation phenomena of striated
disintegration. A technique referred to as the resistance gradient method was used to
model fuse disintegration and this work will be addressed later (Subsection 2.7.1).
Numerous empirical relationships were presented mostly derived from investigations of
strip elements of width < 10mm yet some relationships were presented for HBC fuses
with wire elements. Significantly, Hibner presented a relationship for the modulus of
striation of silver elements (Eq. 2.9) together with conformity relationships to ensure

striated disintegration (Eq. 2.10~2.11).

Astriated = kS* Eq.2.9
Where
a =0.21-0.3015( Strip Elements )
a = 0.3(Wire Elements )
S = Element CSA

Li%/281 2 25 Wsmm Eq. 2.10
Where
i = Fusing current
| = Element length

J>46608 % Eq.2.11

2.5.1 Summary of Propositions and Accepted Phenomena of Striated

Disintegration

The phenomena of striated disintegration have been addressed in numerous
investigations of HBC fuse element rupture and wire explosions. Evidence of this class
of disintegration is obtained historically from post arcing fulgurites in the case of HBC
fuses and from photographic and other imaging techniques in the case of exploding
wires suspended in air. The amount of data displaying temporal development of striated
disintegration in HBC fuses is limited.

Striated disintegration can occur in HBC fuses with wire or strip elements and is
associated with high current densities > 10*A/mm?.

The modulus of striated disintegration is smaller than that of unduloids. Most
relationships describing the modulus have been empirically determined and are a

function of static element parameters. Images of exploding wires indicate a much
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smaller modulus. Consequently it is suggested that the modulus of striation must also be
a function of other criteria.

Two principal mechanisms for fuse element striation are suggested.
Electromagnetic phenomena or vibration theories are proposed.

Electro-thermal phenomenon is proposed to be only part of the complete

mechanism of striated disintegration.

2.5.2 Key Findings relating to the Phenomena of Striated Disintegration.

Proposed theories for the phenomena of striated disintegration are conflicting
and are conceived from different temporal observations of disintegration.

The classification of striated disintegration was originally identified and defined
from the appearance of post operation conductor segments. Microscopic analysis of
these segments indicated a solid conductor core and evidence of conductor melting in
transverse cracks [32]. Consequently disintegration due to vibration phenomena have
been proposed [32][54][47]. ’

Alternatively, fulgurite evidence of striated disintegration assumes complete
liquefaction of the conductor [50][52]. Consequently disintegration due to
electromagnetic phenomena are alternatively proposed.

In summary there is no evidential proof to confirm the state of the conductor at
the initiation of striated disintegration, consequently the assumption that element
deformation precedes element rupture in the mechanism of striated disintegration cannot
be strictly substantiated. Therefore, the principal phenomena of this classification are
still unaccounted for.

Empirical relationships have been presented for the modulus of striation based
on historical fulgurite evidence. However limited accounts of the influence of the fuse
element environment on the modulus of striation have been presented even though this
has been observed to be significantly smaller in the case of exploding wires suspended
in air.

There is a limited amount of transient data to suggest that the number of

fulgurite striations increase with time.
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2.6  Implications of Electrical Conductor Disintegration in Modelling the
Arcing Period of HBC Fuse Operation.

The mathematical relationships presented previously are considered significant
to the general discussion of disintegration but in most cases the relationships form parts
of models which fully simulate disintegration of a fuse.

The operation of a fuse is collectively the interaction of the transient properties
of all its components and therefore to fully simulate fuse operation requires the
collective modelling of numerous transient phenomena. Consequently, the task of
simulating fuse operation has been approached differently since the chosen phenomena
and the methods to simulate and evaluate their transient interaction are arbitrary.

It has been proposed (Subsection 1.4) that the instant of disintegration begins on
the fragmentation or break up of the fuse element. Dependent on circuit conditions, arc
ignitions will subsequently occur. This phenomenon initiates the arcing period of fuse
operation. It is proposed to present the attributes of two types of fuse ‘arcing period’
models. These will subsequently be referred to as ‘disintegration models and arc
models’.

Disintegration models simulate the ‘arcing period’ of fuse operation relative to
the time zones of disintegration ( Figure 1.5, Subsection 1.4.1) and the temporal voltage
developed across the fuse.

Arc models simulate fuse operation relative to the temporal voltage developed
across an arc (Eq. 1.1 Subsection 1.4.2).

It is anticipated that following the forgoing discussions, the simplicity of the
‘disintegration’ approach to modelling, in comparison to the complexity of ‘arc’

modelling, may become apparent and will add significance to the scope of this

investigation.

2.7  Disintegration Models of the Arcing Period of Fuse Operation.

Disintegration models of the arcing period of HBC fuse operation relate to the
short circuit fault current conditions. Consequently, the models are applicable for the
striated classification of element disintegration. It is proposed to discuss two models.

Hibner [57], presented a model of fuse disintegration relative to fuse resistance
in each time zone of HBC fuse operation. Hibner refers to this method as the resistance

gradient method.
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Gomez and McEwan [58], presented a mechanistic disintegration model relative
to the voltage developed across a single arc or ‘arclet’ during multiple arc-striated
disintegration of HBC fuses. This model will subsequently be referred to as an arclet

voltage disintegration model.

2.7.1 Resistance Gradient Model of the Disintegration of a HBC Fuse

Hibner proposed that a disintegrating HBC fuse can be considered as a variable
resistor, its value being a function of the length of a disintegrated fuse element and the
gradient of resistance in the time period of operation determined by the switches shown
in Figure 2.6. Relationships for the fuse resistance in each time period were determined

empirically from measurements of voltage and current.

VA = iRy Pre-arcing period
VAY) =vi=Vv,=i.r, Peak over voltage

" vdt) = v, =ir Post-peak over voltage period
V) = vq Recovery period

Switch |y opens when i(t) = iy = cut off current
Switch I, opens when i(t) = |, = recovery current

Figure 2.6 Hibner's {57] resistance gradient fuse model

The temporal component of fuse voltage vq?) is considered in the four periods of

fuse operation.

Pre-arcing Period

It is suggested that for LV fuses rated > 6 A the component vq?) is,

vit) = i)Rr~ 0 Eaq. 2.12.
Where
Ry = Element resistance before disintegration
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Peak Over Voltage Period

The peak over-voltage (¥),) is proposed to occur about the moment of the cut off

current [56].

Vo= oo = pola (io/ Ss)"’ Eq.2.13
Where,
Yo =14 = pola (Sais )" Eq.2.14
And,
r, = Disintegrated element resistance at the instant i, = Cut off current
of peak arc voltage Il = Length of disintegrated element
rq = Fuse element resistance during the arcing Sqa = Area of smallest element CSA
period Po = 0.5024%° ( Wire Elements )

Po=0.4024% ( Strip Elements )

Post-peak Over Voltage Period

Indications of disintegrated fuse resistivity in the post peak over voltage period
indicated that the relationship (Eq. 2.14) could be used yet with a lower value.

Consequently, the fuse voltage component (v,) for this period is,

Vo= paly (i/Ss) % Eq. 2.15
Where
.= 0.4 £0.124%

Recovery Voltage Period

The recovery voltage component (v,) was not considered in the reported
analysis.
Application of the Voltage Components during the Time Periods of Disintegration

Equation 2.16, allows determination of the temporal value of current (i(z)) for
the pre-arcing period assuming vq#) = 0 (Eq. 2.12). Moreover, given the Joule pre-
arcing integral S;°K ( A%s ) Equation 2.17 gives the cut off current (i0)

j .2.16
e(t) = Ri() + L, % Eq.2

r Eq. 2.17

[iPar= Sk
0
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Given the value of cut off current the arcing period temporal current (i()) can be

determined (Eq. 2.18-20) and consequently the arcing period Joule integral

e(t) = Rci(t)+Lc%+vf(t) Bq.2.18

Where
vA(t) =V, (Eq. 2.13 — Pre peak arc voltage period ) Eq. 2.19
v(t) = v, (Eq.2.15 — Post peak arc voltage period ) Eq. 2.20

Predictions of the Resistance Gradient Model of the Disintegration of a HBC Fuse

Hibner qualifies the resistance gradient model by displaying the accuracy
between measured and predicted values of let through energy for the time periods of
disintegration for HBC fuses of varying element geometries. The results for a wire

element HBC fuse are shown (Table 2.2).

Wire Element - S;°K = 6800 ( A’s)

Table 2.2 Measured and calculated values of Joule integrals for the disintegration time periods of a wire
element HBC fuse [57].

2.7.2 Key Aspects of Resistance Gradient Modelling of the Disintegration of a
HBC Fuse

Hibner imposes stringent conditions for the use of the resistance gradient model
of disintegration, which aids discussion in relation to the previous deliberations of | the
phenomena of electrical conductor disintegration. |

A short circuit level of fault current is proposed which implies striated rather
than unduloid disintegration phenomena. Moreover it is suggested that the model is only
applicable where fulgurite evidence indicates the occurrence of striated disintegration
and consequently further restricts its use to HBC fuses. Empirically determined
conformity relationships (Eq. 2.9~2.10 ) are suggested for circuit energy and current
density which conditions striated disintegration. Restrictions are imposed on pre

disintegration element and post disintegration fulgurite geometries
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A considerable amount of experimental work was carried out from which the
resistance relationships for the time periods of disintegration were derived for selected
element geometries. Consequently, the accuracy of the model predictions is good and
promotes the fuse resistance modelling technique.

The model is empirically based and withdraws from accounting directly for
transient phenomena of disintegration. However, numerous transient phenomena are
assumed,

® V(1) =i(t)Rr~0 (Eq. 2.12 ) occurs from the assumption of adiabatic heating

during the pre-arcing period

e No temporal development of striated disintegration was taken into account.

The peak over-voltage (¥}) is proposed to occur at a discontinuity about the
moment of the cut-off current. Consequently the time period between
initiation of disintegration and the peak over voltage is assumed non existent.

e No temporal development of arcing is accounted for. Consequently, it is

assumed that no change in length of disintegrated fuse parts occurs in the
assumed multi arc burning time period, referred to as the post peak over
voltage time period.

In conclusion it is proposed that the resistance gradient model of HBC fuse
striated disintegration can be readily applied to determine the short circuit performance
of prototype fuses given the empirical resistance relationships match the transient
properties of proposed fuse components. The model appears simplistic of disintegration
phenomena, however this must be viewed as an endorsement to the immense amount of
work which underlies the models derivation.

A model, which is equally simple to apply, yet accounts directly for temporal
development of striated disintegration is the arclet voltage disintegration model [58].

This model will subsequently be discussed.

2.7.3 Arclet Voltage Model of the Disintegration of a HBC Fuse

Gomez and McEwan [58], based the arclet voltage disintegration model on the
temporal development of striated disintegration relative to an arc voltage conformity
relationship (Eq. 2.21). This proposes that the voltage developed across an arc (Vorc)

does not exceed twice the arc electrode fall voltage (V).

Varc _<2 Vak Eq. 2.21
39



Consequently, during multiple arc striated disintegration the temporal
development of the fuse voltage (v) is a function of the number of arcs (n),

subsequently referred to as arclets, and the arc voltage

vf (t) =n (t)Varc (t) Eq. 2.22

The voltage inequality (Eq. 2.21) was determined empirically from examination
of commutated disintegration fuses and fuse terminal voltage. Attributes of the data
capturing technique, referred to as ‘examination of commutated disintegration fuses’,

will be presented in Chapter 3 Subsection 3.4.1.3.

Pre-peak Arc Voltage Period

Gomez and McEwan determined empirically a value for the electrode fall
voltage (Vax) of an arclet burning in quartz and the time period (#) between sequential
arclet ignitions. This allowed a mechanism for the temporal development of the increase
in fuse voltage, during the arclet ignition period, to be proposed (Figure 2.7) based on
the postulation that successive arclets would ignite to comply with the arclet voltage
inequality. The period of arclet ignitions was referred to as the pre-peak arc voltage

period (Figure 1.5).

Average
Arclet
Voltage
A
zvak
Vak
» Time (t)
> t < Number (n)
Instant of of Arclets
Disintegration
Figure 2.7 Gomez McEwan [58] striated mechanism of fuse voltage increase based on the average arclet

voltage during the pre-peak arc voltage period.
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It was further suggested that the temporal development of arclet ignitions would
continue to a maximum number (Mmax) (Eq. 2.23), complying with the modulus of

striated disintegration observations [32][49] and the length of fuse element (/).

Amax = I/ lstriated Eq. 2.23

Subsequently the relationship (Eq. 2.24) for the value of peak fuse over-voltage

was proposed for the maximum number of arclets.

Vfuse max = Amax 2Vak Ea.2.24

Post-peak Are Voltage Period

The use of the arclet inequality relationship was extended by Gomez [10] to the
time period after the instant of peak fuse over-voltage. This was referred to as the post
peak arc voltage period (Figure 1.5). It was postulated that the merging of adjacent
arclets occurred in this period. Consequently, a mechanism for the temporal decrease in

fuse voltage during the period was proposed (Figure 2.8).

Average
Arclet
Voltage

2Vax A

Vak

—» Time ()
Number(n)

\ . / of Arclets

Instant of Peak Time instances of arc coalescence.

Fuse Over-Voltage

Figure 2.8 Gomez [10] striated mechanism of fuse voltage decrease based on the average arclet voltage
during the post-peak arc voltage period.
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This was based on the postulation that the loss of an arc electrode fall voltage
and the subsequent decrease in average arclet voltage, due to elongation, would occur to

comply with the arclet voltage inequality.

Applications of the Arclet Voltage Model

Gomez carried out comprehensive investigations into the relevance of the
mechanism to the disintegration of HBC fuses with various notch geometries and fillers
of different granulation size and compaction densities. It was found that the mechanism
could be applied to predict, with good accuracy, the temporal disintegration of the fuses.
It is proposed that the only detriments of the model are its reliance on the pre-
knowledge of the electrode fall voltage (V) and time period of arclet ignition (#;). The
values of electrode fall voltage are suggested to be fairly standard for specific element

material, fillers and compaction densities.

Predictions of the Arclet Voltage Model of the Disintegration of a HBC Fuse

Gomez, qualifies the arclet voltage by displaying the accuracy between
measured and predicted values of fuse voltage for the time periods of disintegration of
HBC fuses with varying element geometries embedded in different fillers with different
compaction densities. The results for an HBC fuse comprising a silver wire element (

0.6mm /35mm ) embedded in standard quartz ( size 300pm density =1.6 g/ mm’ ) are

shown in Figure 2.9.
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Fig. 2-14 Experimental and Predicted Arc Voltage Traces
Figure 2.9 Arcing period predicted fuse voltage waveforms by Gomez [10] arclet voltage model and

experimental HBC wire element fuse voltage waveforms
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2.7.4 Key Aspects of the Arclet Voltage Model of the Disintegration of a HBC
Fuse.

The investigations of Gomez and McEwan and the arclet voltage model are
suggested to be significant advances in the studies of the disintegration of electrical
conductors and arcing phenomena in HBC fuses. This is proposed since the work links
two previously independent study fields by presenting a justifiable and simple
mechanism for the temporal development of HBC fuse voltage.

The mechanism of arclet voltage ignition is based on the sequential
fragmentation of the fuse element. This phenomenon had been observed previously for
unduloid disintegration of wires suspended in air [45][5]. The evidence presented by
Gomez and McEwan to prove the occurrence of this phenomenon in the disintegration
of HBC fuses is weak, yet it is suggested here that the accuracy of the predicted course
of fuse voltage uphold its integrity.

There is no scientific evidence to uphold the arclet voltage inequality
relationship (Eq. 2.21) consequently, it is proposed that this is statistically based on
empirical observations.

No accounts are presented for the causation phenomena of disintegration,
however, it is suggested that important observations of striated disintegration
phenomena have been obtained yet under interpreted. It was postulated that an arclet
electrode fall voltage is a function of filler material and compaction density. Hibner
[56][57] and Dolegowski [59] also acknowledged this but applied the knowledge
indirectly in their empirical relationships. The resuits of Gomez and McEwan indicate
the influence of element surroundings on the modulus of striation and subsequently the
number of arclets. Fuse voltage is a function of both phenomena. This creates a
paradoxical situation to empirically determine a value for the electrode fall voltage (Vi)
and subsequently a relationship for the peak over-voltage. Does the maximum number
of arclets increase or does the electrode fall voltage increase or both due to the influence
of element surroundings?. The influence of filler granulation size on the modulus of
striation has been investigated and dispelled [52]. Consequently the modulus of striation
could be a function of filler compaction density only.

The phenomenon of arc merger or arc coalescence was assumed to occur during
the post-peak over voltage period. This phenomena is accepted [5][30][26][25] to
account for the reduction of fuse voltage observed in the post-peak over voltage period.

No observations have been reported to confirm this phenomenon occurs in the
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disintegration of HBC fuses. However the accuracy of the predicted course of fuse
voltage by the arclet voltage model could lead to justification for the phenomena’s
occurrence.

In conclusion it is proposed that the arclet voltage model based on HBC fuse
striated disintegration can be readily applied as a simple algorithm and will accurately
determine the pre-peak arc voltage short circuit performance of prototype fuses given a
minimum of predetermined operational data. The method also gives reasonably

acceptable predictions of the post-peak arc voltage period arcing performance.

2.8  HBC Fuse Arcing Phenomena.

The arclet voltage model was based on inherent striated disintegration
phenomena of HBC fuse elements. Alternatively, and to introduce the final section of
this Chapter, HBC fuse arc models are based on arcing phenomena induced in fuse
elements at manufactured locations of maximum current density. The concern of this
investigation was to study HBC fuse element disintegration that is evidenced only in
some cases by fuse arcing. Consequently, in-depth examination of arcing phenomena
and determination of arcing parameters was not an investigation objective, however it is
proposed to discuss, generally, the attributes of HBC fuse arc models to aid

comparisons of arcing period modeling techniques.

2.8.1 HBC Fuse Arc Models

A fuse arc is a self-sustained gaseous discharge having a low voltage potential
and capable of supporting high current flow between anode and cathode electrodes [20].
A fuse arc model predicts the course of the voltage (v..) developed across the
electrodes supporting a single arc. Consequently, for HBC fuse elements with numerous

restrictions (r) the fuse voltage (v) is determined thus,

V(1) = nVarc(t) Eq. 2.25

Numerous models have been presented which predict the course of arc voltage.
These have been classified relative to the analytical or empirical approach to modelling
investigations [10]. It is proposed to briefly present the attributes of one model from

each of the historical model categories : empirically determined, arc physic and hybrid.
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Empirically Determined HBC Fuse Arc Model

A simple arc voltage relationship was developed previously (Subsection 1.4.2)
and is reintroduced (Eq. 2.26).

Vare (t) =Vak+ El(t) Eq. 2.26

Dolegowski [59] presented relationships for the coefficients of Equation 2.26 as
function of physical parameters of HBC fuse construction. Extensive investigations
were carried out during short circuit fault current fuse operation and various data types
were captured. Coefficient relationships including many empirical constants were
formed from graphical interpretation of the data.

Collectively the relationships form an ‘empirical determined’ model of an HBC

fuse arc (Eq. 2.27) which is very complex and can only be solved numerically.

vf(t)zm[Vak: /(’)}L] i(t)[Vak=fj K/(Jﬂ)e% |

. [
P13 4(e, AT+ L+ L) L Eq.2.27
t J‘l edt
(il+ije" +2
L d 1 TN —y

The model gives good
predictions of fuse voltage during [Z-sz (}4 ]1 S Uy 03V
short circuit fault current conditions 20128 1T} 8 Ip = 43xA

) 24124 £ AN ' cosy. 014
for the HBC fuse designs 2 f 3 \v 8« 4,510
AR
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are not acknowledged and a single M Jii S VN YN ¢
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is given by Equation 2.25. current waveforms by Dolgowski's [59]

‘empirically determined’ fuse arc model and
experimental HBC fuse voltage and current
waveforms
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Arc Physic HBC Fuse Arc Model

Wright and Beaumont [21] presented an ‘Arc physic’ model of a HBC fuse arc
relevant for short circuit fault current conditions. This was based on elementary particle

analysis of transient electrode processes and positive column conductance (Eq. 2.28).

Vare ()= Var+i()l/(4) Eq.2.28

Particle energy exchanges in the location of the electrode ends were considered
and a relationship for the rate of electrode burn back or the arc elongation (/) was
proposed. Moreover, column conductivity (©) was determined relative to the atomic and
electron densities of the positive
column. The cross section of the arc
(4) was derived by considering the
energy to melt the quartz filler and

voltage , Vv

the volumetric changes of the

fulgurite due to fusion.

The relationship presented
for the arc voltage (Eq. 2.28) is
composed of ten independent

equations based on simplifying

* 4000
assumptions and consequently the <

£
model is considered complex. g

2000)

However, the accuracy of fuse
voltage predictions are satisfactory

(Figure 2.11) for the design of HBC S

arcing time,ms

fuse investigated, although very

. Current and voltage waveforms
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allows determination of average

values of other arc parameters, i.e.  Figure 2.11 Arcing period predicted fuse voltage and
current waveforms by Wright and
arc pressure, arc temperature etc. Beaumont's [21] ‘arc physic’ HBC fuse arc

model and experimental HBC fuse voltage

Disintegration =~ phenomena  are and current waveforms.
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unaccounted for and a single arc is assumed to form in each element restriction.
Consequently, the fuse voltage is given by Equation 2.25, during disintegration of

elements with multiple restrictions.

Hybrid HBC Fuse Arc Model

Daalder and Schreurs [26] presented a model of a HBC fuse arc (Eq. 2.29),
relevant to short circuit fault current conditions based on elementary particle analysis of
the positive column voltage gradient (E) and the empirical determination of arc size
parameters ([, 4).

Eq.2.29

! Lol
Vael(t) = 6[de = (_)[—de

Where

p = Specific resistance of the positive column

The relationships derived for the coefficients of Equation 2.29 are mathematically
complex and require empirical determination of the constants. Consequently, the model
is specific to HBC fuse type. The model predicts arc voltage after arc ignition, hence the

absence of electrode phenomena relationships ( ) in Equation 2.30.

0.4 r1. Ps
D g(ZIn A) 1147(1 ———J
- P Eq. 2.30
dt b“H

D= (D0')2+Bt Eq23l

a(ZInA)** 1‘-47(1 - —pi)
B= o b1 Eq.2.32

Where

D, = Initial thickness of the arc channel

Z = Ion charge.

A = Coulomb cut-off

q = Empirical constant

b= Arc column width

H = Energy per unit volume required to raise the temperature of quartz
Jfrom ambient to fusion

P = Specific mass of quartz in a liquid state

Ps = Specific mass of quartz in a solid state

y = Flow rate ratio of quartz
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Figure 2.12 Arcing period predicted fuse voltage and current

waveforms by Daalder and Schreurs [26] ‘hybrid’
HBC fuse arc model and experimental HBC fuse
voltage and current waveforms.

2.8.2 Notable Attributes of HBC Fuse Arc Models

A significant amount of research has been carried out into electric arc
phenomena and specific phenomena of HBC fuse arcs. The models discussed represent
a small part of this work but were selected since they simulate completely the temporal
development of arc voltage.

The three arc models are mathematically complex but propose to
simulate the voltage developed across a single arc during short circuit fault current
conditions and the accuracies of predictions were good. The models require
determination of empirical constants, which restricts their use to specific fuse types and
were derived from investigations that used fuse elements with a single narrow
restriction. For circumstances where elements have multiple restrictions Equation 2.25
is used to predict the fuse voltage. In doing this with all the models, two assumptions
are made,

e A single arc is formed in each of the element restrictions.

e All arcs ignite together.
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At present the single arc circumstances cannot be challenged and the model
results uphold this assumption.

However, assuming all arcs ignite together is analogous to homogenous arcing
conditions in each of the restrictions. Consequently the situation where numerous
‘series’ arc models simulate fuse voltage is a practicality. Only Dolegowski’s model
attempts to simulate these circumstances and the prediction accuracy is good.

Alternatively, given sequential arc ignition, inhomogeneous arcing is suggested.
In these circumstances the complexity of modelling fuse voltage is still more vastly

increased because different conditions apply for each ‘series’ arc models.

2.9  Summarising Comparisons of Fuse Arc Models and Disintegration Models
of the Arcing Period of HBC Fuse Operation

It has been demonstrated that HBC fuse arc models are extremely complex. To
apply the models to simulate multiple arcing in elements with multiple restrictions, the
assumption of simultaneous arc formation must be made. This neglects inherent
disintegration phenomenon and will incur errors in simulating all but the highest
magnitude fault current conditions.

Model accountability of sequential arc formation would incorporate and accept
disintegration phenomena but detrimentally increase model complexity. However, the
accuracy of simulation would improve if a ‘practical’ model were possible.

Alternatively, disintegration models, which simulate fuse voltage in specific
time periods of disintegration naturally account for disintegration phenomena. The

models are simple to apply, given predetermined time period relationships, and

prediction accuracy is very good.

2.10 Chapter Summary and Propositions

In summary, disintegration phenomena of electrical conductors and particularly
those relevant to the disintegration of HBC fuses have been discussed for three
classifications of disintegration. Observed and proposed disintegration phenomena have
been identified for each of the classifications and unresolved issues of disintegration
have been presented. Implications of disintegration phenomena on fuse voltage
modelling techniques have been discussed and the attributes of ‘disintegration models’

and ‘fuse arc models’ have been presented for subjective comparisons of the modelling
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techniques. In conclusion, this Chapter has presented the knowledge framework for this
investigation

In the following Chapter it is proposed to discuss experimental arrangements of
previous investigations of electrical conductor disintegration phenomena and then
present the experimental techniques used in this investigation to advance understanding

of the disintegration in HBC conductive film substrate fuses.
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Chapter 3

Experimental Techniques

3.1 Introduction

This Chapter describes experimental techniques used in the investigation of the
disintegration of HBC conductive film substrate fuses in three sections.

The first section presents the construction of the experimental HBC fuses and, a
basic description of the fuse test facility comprising energy sources, current switching
methods and fault application control. The accuracy, with respect to time and
repeatability, of the test circuit measurements, together with the disintegration
capabilities of the fuse test facility, determined during commissioning trials, concludes
the section.

The second section presents the significant experimental techniques devised
specifically to capture data relating to the disintegration of HBC fuse elements by
previous researchers. The attributes of the techniques are addressed, and the significant
ones are identified. Consequently, the approach taken to capture data of the
disintegration of HBC conductive film substrate fuses in this investigation, is presented.

Section three presents the experimental techniques used in this investigation.

3.2  Experimental HBC Fuse Construction

The experimental investigation, conducted into the disintegration phenomena of
HBC conductive film substrate fuse elements was carried out at a fundamental level
using fuses of very basic design and construction to allow for changes in construction of
the fuse and subtle alteration of fuse classification. A principal aim was that the fuse
construction parameters, used during experimentation, should be very similar to those of
commercially available HBC fuses. The disintegrations of the various experimental
fuses were to be identical to commercially available fuses for the same fault conditions

as elaborated herewith.
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3.2.1 Fuse Elements

Experimental HBC substrate fuse elements were fabricated from copper or
silver. Copper ( purity > 99% ), and silver ( purity >99% ) wire and strip elements of
various diameter, thickness and length were used. Strip elements had rectangular
notches chemically etched at specific longitudinal intervals. Three types of notch

geometries were also used. These are shown in Figures 3.1(i~iii).

L 8mm [

»
Lt

e f

0.8542mm

(i) Short Notch

(ii) Medium Notch

» 8mm J
# . - A T Y Y

(iii) Long Notch

Figure 3.1 HBC conductive film substrate fuse element notch geometries

3.2.2 Arc Quenching Mediums

Several different fuse fillers were used as arc quenching mediums. These were
quartz sand, water, air, and epoxy resin.

Two types of quartz fillers were used of different granulation size. These were
referred to as fine quartz, (granulation size ~300 microns) and standard quartz,

(granulation size ~ 500 microns). The quartz chemical components and ratios were,

0.08 0.02
99.85 0.02 0.06 0.05 0.04 0.02

0
99.75

Table 3.1 Primary chemical components and ratios of quartz fillers
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The quartz was compacted by mechanical vibration methods for all fuse samples
tested, to a commercial standard. In all cases the vibration time period was at least 5
minutes.

Water used for arc quenching was obtained from the domestic supply. The water
temperature was allowed to normalise to ambient, ~23°C before use and re-freshed
water was used in the construction of each fuse.

The epoxy resin used was distributed by RS© (199-1468). The adhesive and
hardening constituents of the resin were mixed in unity ratio. After mixing, the resin
was poured around the active fuse element and allowed to cure for a minimum time

period of 24 hours before use.

110 e

377 Wm-K

Volume Remstivity |
Thermal Conductivity

Table 3.2 Relevant technical specifications for epoxy resin (RS© 199-1468)

3.2.3 Cartridges and End Caps

The fuse cartridges were fabricated from 6mm thick Lexion™ sheet. Two
cartridges were constructed but only the cartridge ‘A’ specification is presented here.
The cartridge B’ specification is presented later (Subsection 3.5.1.2), to aid clarity.

Figure 3.2 shows a photograph of cartridge ‘A’, of internal dimensions
153 mm (/) x 53 mm (w) x 69 mm (d). The cartridge has a removable lid to allow
packing with filler, which is secured with screws to seal the cartridge. The fuse elements
are soldered using 60:40 solder, between two copper terminal posts located centrally
inside the cartridge. The terminal posts were 4mm in diameter and each post was bolted
to one end of a 10mm diameter brass rod, which terminated to the external circuit

cables.

Figure 3.2. Experimental fuse cartridge ‘A’ ( shown without filler ) and fuse terminal post arrangement
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3.3  Experimental Low Voltage Fuse Test Facility.

Figure 3.3 is a photograph of the test facility, which was specifically designed,
constructed and commissioned to investigate disintegration of HBC conductive film

substrate fuses. A induction motor driven dc generator/alternator set exists under the test

bench.

Figure 3.3 Experimental fuse test facility

A schematic diagram of the fuse test circuit is shown in Figure 3.4.

Main POW Switch
Suppl Switch IBM Personnel
upplementary POW Switcl Computer
NOBORHX
S1-9000 Differential Probe
200:1 Attenuator
O it
1800, 0.1
Potential Divider RS423 Link
Vi) Test Fuse 2 Channel
100 MHz
Digital Storage
Coaxial Current Shunt Oscilloscope
20:0.15
Figure 3.4 Experimental low voltage fuse test facility circuit schematic (excluding generator sets)
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3.3.1 Energy Sources.

The experimental energy sources were derived from independent ac and dc
generators. A three phase induction motor supplied from the university LV supply drove
the generators. The supply frequency of the induction motor was 50 Hz. and the
generator field windings were separately excited from a separate variable 200 volt dc
supply. The generator supply voltage of the test circuit was pre-settable by rheostat
adjustment of the field winding current.

The generated test circuit ac voltage was obtained from the single phase and
neutral of the stator winding of the three phase star-connected generator. The generator
was capable of supplying a maximum symmetrical voltage of 240 volts RMS. For the
circuit shown in Figure 3.4, thyristor switching occurred at voltage zero, produced a
peak asymmetrical current of 320 amps and the measured power factor (cos. ¢) of the
circuit was 0.1147.

The dc generator was rated at 200 volts. Thyristor switching this generator
produced a current flow of 295 amps in the test circuit (Figure 3.4) of time constant

0.002968s.

Details on the energy sources and induction motor are given in Appendix 1.

3.3.2 Current Switching and Fault Application Control.

Current flow through the test fuse was accomplished by controlled switching of
two inverse parallel connected thyristors. Matching thyristors of type NO60 RHX
(Iygms) = 100A) were used. This arrangement allowed multiple a.c. cycle fuse current
conduction and hence, a means for investigation of long disintegration time periods.
Thyristor switching was accomplished by applying thyristor gate pulses at specific time
instances derived from a thyristor point-on-wave ( POW ) switch control unit.

When using the ac generator, switching of the thyristors was initiated relative to
the test circuit supply voltage wave form. To achieve this the generator supply was
monitored via a differential probe of ratio 200:1 and a reference point on the voltage
wave form established using a zero crossing detector. Timing and pulse forming
electronic circuitry were used to produce suitable thyristor firing pulses to initiate fuse
current flow. These circuits were adjustable to enable fuse disintegration to occur at

specific time delays relative to the rising supply voltage waveform zero crossing.
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For the dc generator circuit supply, fuse current flow was initiated by switching
the positive connected thyristor using a manually initiated pulse shaping circuit.
Details of the thyristors, differential probe and the point-on-wave switch control

unit are presented in Appendices 2,3 and 4.

3.3.3 Accuracy of Current Switching

The fuse test facility was commissioned prior to investigations of fuse element
disintegration to ensure the following,
e Good accuracy of current switching.
e The disintegration mode capabilities of the system.
e Good accuracy of fuse current and fuse voltage measurements.
Accuracy of current switching was good with the angular displacement between
the required instant, and the actual instant of current flow initiation in the test circuit
being within the limits of * 2°. The repeatability of current switching within this limit

was significantly high (> 95%).

3.3.4 Disintegration Capabilities of Fuse Test Facility .

Extensive commissioning trials were found to be necessary to determine the
disintegration mode capability of the test facility.

The waveforms of fuse voltage captured during so called striated disintegration
of wire fuse elements in filler were classical in shape [6] and the magnitude of the peak
arc voltage measured across the terminals of the fuse, indicated that multiple arc
ignitions could have occurred during disintegration [18][10]. The average peak voltage
magnitude measured was 1125 volts and average time period of the voltage rise was
128us

Physical examination of striated disintegration fuse filler remnants did not
indicate that multiple arc ignitions in the form of dark and light shaded bands in the
filler remnants (or fulgurites) [32] had occurred. This absence was put down to the size
of the wires tested. However, reliability in the disintegration capabilities of the test
facility was gained, by comparing experimental data with data obtained from an ASTA
certified fuse test laboratory. In this case the fuse operation data was captured during

short circuit tests (I2 BS-88) carried out on similarly constructed sample fuses. Post
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operation X-Rays of these fuses exhibited dark and light banding and the character of
the fuse voltage waveforms were similar to experimental facility waveforms. From these
observations it was accepted that in the case of the experimental test facility, multiple
fragmentation of the fuse element and multiple arcing phenomena did occur.

The commissioning trials imposed  the following limits on element cross
sectional area of wire to produce multiple arcing (Table 3.3). These limits were
determined for ac conditions when fuse current flow was initiated at a supply voltage

zero and disintegration initiation occurred near the instant of peak supply voltage

consistent with the 12, most onerous arcing, short circuit test condition (BS 88, Part 1,

1988, IEC 269-1, 1986).

0.0103 30

0.0882 0.0061 30 73 11967
Table 3.3 Maximum wire diameters - disintegration initiated at voltage zero and occurs at the instant of peak
supply voltage

3.3.5 Summary of Fuse Test Facility Capacity.

The facility and ASTA laboratory test results validated that striated element
disintegration and multiple arc ignitions could be analysed using the facility from
comparative observations of the steep voltage rise developed across the fuse terminals
during disintegration and examination of the ASTA laboratory, after test fuse X-Rays.
The peak value of the voltage was 1125 volts and the rate of rise was of the order 8.78
v/us. The cross sectional areas of wire elements were too small to indicate classical
fulgurite striated type disintegration patterns in the filler.

These results are consistent with the findings of Nasilowski, Hibner and Gomez
[32][49][10] which indicated that the minimum diameter (¢) and current density (J) that
would produce striated fulgurites from disintegrating silver wire elements were
d=0.01mm, J>10KA/mm” and for copper wires d=0.2mm, J>13KA/mm? The maximum
wire element diameters and current densities obtainable from the facility during

commissioning trials were smaller than these sizes.
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The magnitude of the peak voltage measured across the fuse terminals during
trials however did indicate the existence of multiple arc ignitions. Moreover, the rate of
voltage rise and the time period from first arc ignition to the peak voltage instant
supported this notion [10]. This was a difficulty, which influenced the approach to
experimental investigations because the experimental strategy was to obtain data
relating to element disintegration. The inability to determine the presence of arc
ignitions from physical inspection of post fuse operation fulgurites, because of the
limitations of the size of wire that could be tested using the facility, was a great
disadvantage. Hence, it was necessary to develop new experimental techniques to
overcome this difficulty and the integrity of the techniques had to be obtained from
systematic commissioning trials. The analysis of the disintegration mechanism was
therefore based on observed time event correlation. This is an important attribute of this

investigation and will be addressed, comprehensively, in subsequent sections.

3.4  Element Disintegration and Arc Parameter Data Capture.

A sound understanding of how a system in a dynamic state develops in time can
be obtained from visual observations. However, when an opaque medium encloses the
system, these circumstances are impracticable. The HBC fuse, in being surrounded by
filler, is such a case.

Many techniques to capture data relating to disintegration and fuse arcing in
HBC fuses have been used by researchers [11][60][61][50] the most significant of
which are briefly discussed under the headings, historical methods and transient

methods.

3.4.1 Historical Methods of Fuse Data Capture.

Historical methods of fuse data capture are techniques where data relating to a
transient event is obtained after the event has occurred. The transient development of the
event is then judged from the historical data.

The several classifications of this methodology, can be grouped into two

categories.
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1. Physical examination of fuses, where the fuse has interrupted the circuit
current. This methodology is referred to as, “examination of fully
disintegrated fuses”.

2. Physical examination of fuses, where disintegration of the fuse has been
terminated by commutation of the fuse current by a parallel device. This
methodology is referred to as, “examination of commutated disintegration
fuses”.

The usual methods of physical examination are by direct fulgurite inspection or by

inspection of X-Rays of the fuse.

34.1.1 Examination of Fully Disintegrated Fuses

Examination of fully disintegrated fuses is a frequently used method. Data is
readily available from inspection of fulgurites or wire remnants. Consequently the
method has been used from the earliest current carrying conductor investigations
[35][36] to the present day.

Nairne observed that after current interruption the conductor had disintegrated
into hot balls. Many subsequent observations of wire remnants, by other researchers,
noted the formation of unduloids and other forms of wire disintegration’s [37][5][32].
Using post-operation observations, researchers proposed the transition from unduloid to
spheroid was the primary disintegration mechanism [37]. Other observations noted
fulgurites with dark and light rectangular shaped bands or alternatively rectangular
shaped-segmented wire remnants [32]. Subsequently it was proposed that the striated
mode of disintegration producing these post operation observations was different to
unduloid type disintegration [32][52].

Post-operation observation of unduloid formations and striated fulgurites have
produced formation modulus data based on separation distance between unduloids and
the striated bands. Consequently, transient development of disintegration is accounted
for from proposed element fragmentation producing these post operation observations.

The number of fragments and, hence, arcs being the quotient of the element length and

formation modulus.
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3.4.1.2 Key Findings and Propositions - Examination of Fully Disintegrated
Fuses.

Reliability of historical information obtained from fulgurites has been judged to
be satisfactory in accounting for transient disintegration theories [10]. This perspective
was adopted from circumstances where the mode of striated disintegration was believed
to have occurred. Simulations of disintegration have subsequently been presented. The
accuracy of the simulations is good, and hence confirm the integrity of the postulated
disintegration theory and the method of data capture.

The reliability of historical data to predict the transient development of
disintegration for the mode of unduloid disintegration has not been determined for fuse
elements embedded in sand. Generally accepted unduloid disintegration postulations,
based on historical data for elements suspended in air have been questioned [48].

The proposition that striated and unduloid modes of disintegration are different,
is natural given the post-operation evidence. However, the proposition is based on two
different temporal data sources as unduloid evidence is generally based on pre-arc
ignition disintegration and striated evidence is based on post arc extinction
disintegration. No reports presenting fulgurite evidence of arcing based on unduloid
disintegration are known.

The method of data capture from inspection of post-operation striated fulgurites
is satisfactory only if the disintegration event is capable of leaving visible evidence. It
was not possible to use this method, when using the test facility for investigation of
disintegration of fuse elements, because of the limitations of the wire diameters
determined during commissioning trials. However, the deficiency posed some very

basic questions on evidence and distinction between the commonly referred to “different

modes of disintegration”.

34.13 Examination of Commutated Disintegration Fuses.

Commutated disintegration fuse examination is also a frequently used method.
In this case data is obtained from direct inspection of fulgurites or inspection of X-Ray
images of fuses, where fuse operation has been terminated by commutation of the fuse

current. Disintegration commutation is accomplished by presenting a lower resistance
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path to the fuse current at specific time instances during the disintegration period.
Several forms of data can be obtained from inspection methods.

e A measure of non-eroded element material. This, reciprocally, can indicate
the arc length at the instant of current commutation [25]. Subsequently,
collective analysis of data obtained with different commutation times has
been proposed to indicate the rate of element erosion [62] or, alternatively,
arc elongation [11].

e A measure of cross sectional area of the cavity or lumen, within the fulgurite
after arc extinction. Subsequent collective analysis of data could give an
indication of the rate of arc expansion [25].

e The presence of fulgurite growth. This could indicate arc
presence.[10][32][49].

e A measure of fulgurite growth. This could indicate expended arc energy in

fusion of the filler, up to the commutation instant.

34.14 Key Findings and Propositions - Examination of Commutated
Disintegration Fuses.

Reliability in the accuracy of data obtained from commutated fuse operation can
be judged to be dependent on the measured parameters of the fulgurite lumen or wire
remnants. The measurement parameters for the forms of data previously presented are
different being; distance, mass or integer, respectively.

Considering the circumstances before the instant of fault current commutation,
the element and filler will be in differing states of matter dependent on the time instant
and condition of disintegration. Since a finite time period exists between the
disintegration instant and that of a measurable instant, the physical state and
displacement of the fuse remnants can alter. This is influenced by the orientation of the
fuse, the state of matter and fuse materials and consequently this has a bearing in the
accuracy of captured data.

The concern of this investigation was to study fuse element disintegration, which
is evidenced only in some cases by fuse arcing. The investigation experimental

requirement was to base measurements on time correlated data of disintegration.
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Consequently, this reduced the need to capture accurate measurement data from
historical commutated disintegration methods.

A fulgurite is physical evidence of the pre existence of an arc. Consequently, the
capability to distinguish and count individual fulgurites is a reliable indicator of the
number of burning arcs at some time instant [10]. Additionally, if an arc is supported
between metallic electrodes then post commutation observation of non-eroded element
material, bridged by fulgurite, also reliably supports the assumption of arc presence at
some time instant [62]. Consequently, these two forms of the commutated disintegration

data capturing technique were used in the investigation of element disintegration.

3.4.2 Transient Methods of Data Capture.

Transient methods of data capture are techniques where data is captured over the
transient period of an event. Analysis of the data can then be time-correlated to the
development of the event. Again many forms of this method exist which can be
categorised under different headings of measurable fuse parameters. Consequently,
discussion of data sensors, transmission of raw data, and data transducers will be

presented in relevant sections as appropriate.

34.2.1 Fuse Voltage and Arc Voltage.

Recapitulating, the fuse voltage is the voltage potential measured between the
two terminals supporting the fuse element. Alternatively, the parameter of arc voltage is
the potential measured across the electrodes supporting individual arcs. For multiple arc
element disintegration the fuse voltage at some time instant is the sum of the voltage
potentials of individual arcs and interconnecting electrodes between the two fuse
terminals.

Attributes of disintegration and arc models have been presented previously
(Subsection 2.7~2.8). The primary motives of both model types were to simulate
transient voltage development across the fuse terminals during element disintegration.
Disintegration models accomplished this by time subdivision of the disintegration
process and adoption of new conditions for each time period. Alternatively, arc models
attempt to simulate the temporal development of individual arcs. Consequently, the

voltage across the fuse terminals is the summation of numerous arc models.
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The measurement of fuse terminal voltage during short circuit disruption would
appear more related to investigation of element disintegration and, hence, fuse voltage
waveforms captured during element disintegration have been analysed to account for
temporal disintegration theories.

Early measurements of fuse voltage were captured by Baxter [5] using an
analogue oscilloscope with slow time scans ( 10”secs ). Silver wires were used as fuse
elements, but filler medium was not stated. Photographs are presented of the
oscillographic records, and the fuse voltage waveforms display a small number of
successive dots during the period of element disintegration which is suggested by
Baxter to indicate the sequential ignition of series arcs.

Subsequent oscillographs of fuse voltage were captured by Vermij [45], who
used oscilloscopes with much faster scan rates (100us). These results were obtained
from fuses constructed with silver wires suspended in air. The waveforms appear
uneven, similar to an increasing gradient of steps. The steps or discontinuities are
interpreted as evidence of arc electrode fall establishment. Vermij, correlated the fuse
voltage records with streak photographic evidence of wire disintegration, from which he
proposes a theory of sequential fragmentation of wires suspended in air.

Direct measurement of arc voltage is more relevant for investigation of temporal
development of the fuse arc. Data for this type of investigation has been captured using
voltage probes penetrating the fuse cartridge [60][26]. In these cases the probes were
equally spaced in line and orthogonal to the element axis and positioned close to the
element to allow penetration of the advancing arc. The probe potentials were monitored
using an oscilloscope. However, results using this method are suggested to be subject to
inaccuracies [25] due to the erosion of probe tips and the heat transfer between the arc

and probes.

3.4.2.2 Arc Light

Recapitulating, an electric arc sustained at atmospheric pressures and above has
an intensely brilliant core [20]. This attribute has been used to study various parameters
of the fuse arc. This parameter assists understanding of the temporal behaviour of the

fuse arc. Alternatively, given that arcing occurs during disintegration of the fuse
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clement, detection of arc light could indicate the transient development of
disintegration.

Spectroscopic observations of fuse arcs have been undertaken by Chikata et al
[63], to determine the temporal intensity of selected arc spectra, electron density and arc
temperature. Single notch, silver fuse elements surrounded by quartz and embedded in
Pyrex™ tubes were used in these studies. Spectra data was obtained by a spectrograph
aimed at the element notch. The results of the studies suggested that the fuse arc is
mainly composed of SiO, vapour, which is consistent with the results of other workers
[64][65].

Observations of the fuse arc were also obtained by Barrow et al [61][66] by first
penetrating the fuse cartridge with optical fibres to investigate parameters of fuse
element burn back and arc temperature. In this case single notch, silver elements packed
in quartz were used as experimental fuses. Several optical fibres were used for burn-
back investigations. The fibres were equally spaced, in line and orthogonal to the
element axis, with the fibre tips positioned close to the element. Light from the arc was
transmitted by the fibres to associated opto-couplers. The outputs of the opto-couplers
were polled and data captured by oscilloscope and analysis of the results enabled a
mathematical model of element burn back to be derived. For arc temperature
investigations, a single fibre was used. This was aimed at the centre of the notch
restriction. The light emanating from the fibre was monitored using a rapid scanning
spectrometer and analysis of spectroscopic data enabled determination of arc
temperature.

The method of monitoring the fuse arc using an optical fibre was extended by
Cheim et al [67] where light emanating from the fibre was monitored by an opto-
electronic system. The reported system was capable of monitoring two pre-selected arc
radiation spectra. Using quantum mechanics and the ratio of the spectra intensities,
enabled an estimation of the temperature of the arc to be determined.

Optical fires were again used by Gomez [10] to monitor light radiating from the
arc. In these studies captured data was used to account for the temporal disintegration of
fuse elements. Five fibres were used. These were equally spaced along a wire fuse
element embedded in quartz. Oscillographic results of fibre outputs, together with

commutated disintegration X-Rays of fuses, were interpreted as evidence of sequential
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disintegration of the element. A mechanism of disintegration was proposed, based upon
the time periods between arc ignitions, indicated by fibre outputs and an empirically
determined arc voltage limit.

Photographic techniques have been used to capture light radiation from
disintegrating wires. A large proportion of visual evidence is presented of exploding
wires, suspended in air [68][69]. For these investigations, disintegration generally
occurs in the time period of 1~10ps [70][71], and is generally induced by discharging of
capacitors. Inspecting the images, the absence of bright light sources indicating arc
establishment is notable. Consequently, the range of light intensity captured in images is
narrow and the resolution is good.

The opaque cartridge of the HBC fuse presents an obstruction to photograph
disintegration of elements contained therein. This could account for the small amount of
photographic evidence submitted. However, photographs of element disintegration,
occurring over longer time periods, have been presented for elements suspended in air.

A single image proposed to display unduloid disintegration of a wire suspended
in air has been presented by Baxter [5]. The resolution is poor, which is ascribed to the
light intensity of established arcs.

Images of disintegrating wires suspended in air are presented by Vermij [45].
which were captured continuously using streak photography methods. Vermij proposes
that the images display captured light emitted from arcs and from one image, in
association with time-correlated fuse voltage records, suggests that the transient
disintegration of the wire over a time period of 60 ps is sequential.

Multiple images of element disintegration were captured using a high speed
camera by Narancic ef al [72]. In these studies sequential images are presented of
disintegrating cadmium elements. The speed of the camera was 5000 f/s. and fuse
elements were surrounded by sand, and packed in a Plexiglas tube. It is proposed that
these attributes were close to those of HBC fuse construction. The fuses were tested
under I1 and I2 tests duties (BS EN 602969). Narancic et al proposed that the images
display arc development during both test types, however, image resolution is poor.
Simultaneous arc ignition is proposed for test duty 2. Alternatively, sequential arc
ignition is proposed for duty 1 but no correlation with oscillograph fuse voltage

measurements is presented.
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34.23 Fuse Material Density

X-Rays have been used extensively to inspect post-operation and post-
commutated disintegration fuses. Generally, spatial material density information is
obtained from these observations.

Further flash X-Ray techniques have been used where a short time duration
beam of X-Rays is passed through the fuse element during the development of
disintegration. Consequently, an image of element spatial material density is captured at
some time instant during disintegration.

A series of X-Rays captured at different time instances during disintegration of
silver wires suspended in air are presented by Arai [50]. The time period of
disintegration measured by him was ~ 60us. An X-Ray series comprised images of the
disintegration of separate wires yet with similar attributes. The images were captured at
different time instances and time-correlated to the fuse voltage wave form. Further
images of separate disintegrating wires with different attributes, yet embedded in sand,
are presented. The images clearly show the growth of deformation in separate but like
wires. Deformation shape was contentious to that expected. Consequently, a different
mode of disintegration is proposed to account for wire break-up. The images however,

do not show growth of deformation in the same wire.

34.24 Key Findings and Propositions - Transient Data Capture.

Oscillographs of fuse voltage captured during disintegration of elements have
been observed to indicate the ignition of arcs [45]. A discontinuity observed in the
oscillograph can be interpreted as the establishment of the electrode fall region of an arc.
To capture and distinguish individual discontinuities of arc ignitions the time scan of the
oscilloscope must be fast [19]. In these circumstances, only part of long time period
disintegrations will be captured which inhibits full determination of transient
development of disintegration. Alternatively to capture long time period disintegrations,
the speed of the oscilloscope becomes irrelevant and, in these circumstances, the voltage
waveform appears smooth [10]. Correspondingly, high-speed capture of fuse voltage
could aid determination of the nature of disintegration. Moreover, if this were possible,

accurate measurements of fuse voltage would aid accurate disintegration simulations.
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From all these findings, it was proposed to capture accurate fuse voltage at high
resolution.

Light radiating from multiple arcs can be used to interpret the fragmentation of
the fuse element during disintegration. This has been observed for disintegrating wires
suspended in air [45]. The intensity of light radiation from arcs is very high. This
presents a problem to photographic capture of the disintegration of the fuse element
because of, for example, the wide range of light intensity radiating from the fuse. Fast
cameras capable of capturing multiple images have to have fast shutter speeds. Film
exposure times need to be small, consequently, the films must be very sensitive and
given the high intensity of arc light, the lens apertures must be small. The resolution of
the image, inevitably, will be poor as resolution quality is observed to vary
proportionally with speed of disintegration or inversely with the occurrence of arcing.

Investigating the temporal development of disintegration from the start of arcing
would be aided by visibly capturing fragmentation of the fuse element. An initial
requirement of any capturing device to accomplish this, must be the capability to
distinguish individual arcs in images. Previous images testify that the intensity of the arc
light must be attenuated. Moreover, a prerequisite of the device to allow temporal
analysis must be sequential multiple image capture. Technological advances and
availability of video equipment now provides this capability.

The technique of penetrating the fuse cartridge with optical fibres would allow
an image to be transmitted to a video camera. Yet, numerous fibres would have to be
longitudinally aligned along the element. Moreover, arcing during element
disintegration would destroy the fibre tips. These circumstances were anticipated to be
time-consuming, prone to errors and financially unsound for this investigation.
Additionally, the size of elements capable of multiple arc disintegration, using the
experimental fuse test facilities, were small. Moreover, the ratio of element to available
optical fibre diameters was considered detrimental to good image resolution.

Given the forgoing image capturing attributes, a new method to overcome the
opaque cartridge of the HBC fuse to view disintegration was developed. Techniques
used by other researchers to view disintegration and the experimental technique used in

this investigation is addressed hereon.
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3.4.3 Techniques to Observe HBC Fuse Element Disintegration.

Filler material, surrounding a HBC fuse element, is significant in the process of
rapid element disintegration and current interruption [5][73] and the fundamental
phenomena of element disintegration could be different for elements suspended in air
than for elements bound in filler [5]. As element disintegration of HBC conductive film
substrate fuses is one of the principal study areas of this investigation, measurement
techniques to observe disintegration of filler bound elements are of considerable
significance.

Spectroscopic observation of light radiating from arcs during disintegration of
silver current-limiting fuse elements were made by Chikata et al/ [63]. The elements
were surrounded by sand and packed in a Pyrex™ tube. No account is presented for the
influence of the Pyrex™ tube on arc vapours or disintegration and its attributes as a arc-
viewing medium.

Spectrum analysis of an ablation stabilised arc in ice was made by Cao et al [74]
in which light radiation from arcs captured during disintegration of copper wires, was
analysed. Temporal analysis of arc spectra over the period of element disintegration is
attempted. This was of secondary importance to the primary aim of the investigation to
establish arc diameter, arc column and vapour temperature, however, no account is
presented for the influence of the ice on element disintegration.

A high voltage current-limiting fuse element was embedded in sand and packed
in a Plexiglas tube by Narancic et a/ [72]. Sandwiched between the element and the tube
wall was a thin layer of sand and multiple sequential images were captured of transient
arc development. Visual capture methods can be judged from the poor resolution of the
images, however no comparison between the performance of the Plexiglas fuses and
standard fuses using like elements, to dispel the influence of the tube, were presented.

Use of a quartz slide to view element disintegration was suggested as a viable
method by Turner and Turner[73]. In this arrangement one face of the element would be
pressed against the slide and supported with filler on its opposite face, however, no
images of element disintegration were presented. It is suggested that investigation of
arcing is limited to its early stages. Moreover, the study of filler is limited due to the

presence and subsequent destruction of the quartz slide.
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3.4.3.1 Key Findings and Propositions - Techniques to Observe HBC Fuse
Element Disintegration.

The method employed to view disintegration of the fuse element should not
impose conditions on fuse construction, such that the transient development of
disintegration deviates from that which occurs in a standard HBC fuse.

Pyrex™ and Plexiglas tubes present a satisfactory method to view disintegration.
However, the effect on disintegration of the reduced amount of filler between the tube
and the HBC fuse element is unreported. Circumstances with elements supported in ice
are considered far removed from HBC fuse element construction.

An attribute of film substrate fuse construction presents an opportunity to the
study of element disintegration. A transparent substrate would allow visual capture of
element disintegration. It is suggested that minimal effect on element disintegration
would be imposed in doing this and can be readily validated. Consequently, this method

was used in this investigation.

3.5 Investigation Applied Experimental Techniques

Experimental techniques devised for investigation of the disintegration of HBC
conductive film substrate fuses are presented in the concluding section of this Chapter.
The section is subdivided as follows :

The first section presents the method used to view disintegration of HBC
conductive film fuses. The attributes of the method present a subtle variation to the
construction of experimental fuses presented in Subsection 3.2. Consequently, the
approach of the investigation was changed from the analysis of the temporal phenomena
of disintegration of HBC fuses to that of HBC conductive film substrate fuses.

The second subsection presents a methodology for capturing multi-source time
correlated data relating to HBC conductive film substrate fuse element disintegration. It
is proposed that the methodology will improve confirmation of transient phenomena of
disintegration. Consequently, the techniques of capturing data from three separate data

sources and the attributes of the techniques are described.
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3.5.1 Method to View Disintegration of HBC Substrate Fuse Elements.

The applied experimental technique used to view disintegration of HBC
conductive film substrate fuses was simple. A transparent substrate was used in the
construction of the fuses. Incorporating the substrate in the wall of the fuse cartridge
further modified the construction of the fuse. Consequently, disintegration of the fuse
element could be viewed through the substrate

Similarity of the proposed applied experimental method to that presented by
Turner and Turner [73], is acknowledged, moreover, the report describing the method
came to the authors attention much later in the period of this investigation. However, it
is proposed that the experimental sample fuses used in this investigation differ subtly
from standard HBC fuses reported in the work of Turner and Turner and hence, the fuse
type was labelled a ‘HBC conductive film substrate fuse’ for exactness. Therefore the

construction of HBC conductive film substrate fuses is presented hitherto.

3.5.1.1 Experimental HBC Substrate Fuse Element Construction.

An example of a HBC conductive film substrate fuse element, used in

experimental investigations, is shown (Figure 3.5).

Figure 3.5 Example of HBC conductive film substrate fuse element used in experimental investigations

Various elements types were used in the construction of the experimental fuses
investigated. The elements, the attributes of which were, previously presented in
Subsection 3.2.1, were soldered using 60:40 solder, to the end caps. The end caps were
fabricated from 25 mm (/) x 10 mm (w) x 0.15 mm (d) copper strip and bonded to the

substrate. The narrow depth of the strip allowed close contact between the element and
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the substrate. The element was pressed against the substrate by rear acting pressure of
the compacted filler medium. The fillers and their compaction attributes are referred to
in Subsection 3.2.2.

The two types of substrates used were commercial grade glass ‘type 1°, of size
50 mm (/) x 25 mm (w) x 3 mm (d) and commercial grade glass ‘type 2’ of size, 75 mm
(D) x 25 mm (w) x 1 mm (d).

The chemical compositions of the substrates were,

Table 3.4 Primary chemical components and ratios of substrate materials.

The glass type 1 substrate was used in the construction of the majority of
experimental fuses for financial reasons. The influencing attributes of the substrate types

on element disintegration are discussed in Subsection 5.5.7.

3.5.1.2 Experimental Fuse Cartridge ‘B’

The fuse cartridge used to hold the substrate fuse elements is shown in Figure

3.6.

Figure 3.6 Fuse cartridge ‘B’ used to hold substrate fuse elements.

Cartridge ‘B’ had internal dimensions 153 mm (/) x 77 mm (w) x 77 mm (d).

The cartridge had a removable lid to allow packing with filler. The 1id was secured with
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screws to seal the cartridge. Substrate fuse elements were clamped between two copper
terminal posts and the side wall of the cartridge. The terminal posts were connected to
circuit cables via standard connectors. A window in the cartridge wall allowed the fuse
element to be seen through the transparent substrate. The window of dimensions 40 mm

(1) x 15 mm (w), was positioned centrally in the wall of the cartridge.

3.5.2 Methods of Data Capture

The lack of time correlation between data sources of previous element
disintegration investigations has been referred to in earlier sections. To fully ascertain
the temporal development of disintegration it was decided to use three independent data
sources, namely :

o Fuse terminal data capture.

e Video image data

e Inspection of commutated disintegration fuse elements.

It is proposed that temporal development of disintegration would be identifiable
from observation of events indicated by each data source and that the correlation of
events would confirm observed phenomena of disintegration. Time correlation between
all three data sources necessitate the establishment of a time datum.

The experimental data capture equipment, the integrity of captured data and time

correlation techniques are addressed in the following sections

3.5.3 Fuse Terminal Data Capture.

Transient data relating to the parameters of fuse current and fuse voltage were
captured. Current and voltage were monitored using standard voltage differential sensor
methods. Transient measurements were taken, stored and initially analysed using digital
storage oscilloscopes ( DSO ). Oscilloscope data was transferred to a personal computer.

This provided a secure storage environment and means for later analysis.

3.5.3.1 Fuse Current.

Data relating to the magnitude of fuse current was obtained by monitoring the
voltage difference across a double coaxial current shunt. The shunt was constructed
from two matching 20:0.075 current shunts. The shunts were connected in series
opposition side by side. This configuration was adopted to reduce measurement noise by
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mutual field cancellation. Individual shunts were co-axially located within a copper

screen housing and coaxial signal cables were used to connect the shunt to the DSO.

3.5.3.2. Fuse Voltage.

Data relating to the magnitude of fuse voltage was obtained by monitoring the
voltage difference across one arm of a potential divider connected across the fuse
terminals. The measuring arm comprised two resistors connected in series opposition
for purposes of field cancellation and measurement noise reduction. The resistors were
also enclosed in a conductive shielding screen and connected to the DSO using coaxial
cable.

The potential divider resistors were of high power, high accuracy specifications.
Calibration of the potential divider was undertaken using a wheatstone bridge network,
accurate current source and galvanometer. The ratio of the potential divider was

50530:133.

3.5.3.3 Digital Storage Oscilloscopes - DSO

Oscilloscopes used in the investigation were of type Gould DSO 400. These
provided two separate channels for capturing and analysing data. The maximum sample
rate of the oscilloscopes was 100 MHz. This equates to an inter-sample time period of
10 ns on the minimum horizontal axis time base. The oscilloscopes were capable of
storing 501 samples per channel. Capturing the 501 sample data window was able to be
delayed from a time datum. The delay range was 20 ns to 5000s. A proportion of the
sample window could also be captured before the time datum. The oscilloscopes were
calibrated frequently using the internal calibrator that provided a 1 KHz, 1v peak to
peak signal. Oscilloscope accuracy was frequently checked to ensure that they remained
consistently within the stated tolerance limits. Details on the oscilloscope specifications

are given in Appendix 5.

3.5.34 DSO - Personal Computer (PC) - Data Transfer and Data
Conversion

Data was transferred from the DSO to an IBM compatible PC, via a RS432 link.

Each DSO channel was transmitted and received independently. Channel data was
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received in the PC in a stream format comprising channel identification, date, time,
vertical volts per division, time base and raw digitised captured data.

Channel signal raw data was received in the form of the oscilloscope analogue to
digital converter voltage levels. Before data conversion, the channel 0 ( zero ) volt
digitised level had to be noted. Conversion of raw data to genuine signal levels was
accomplished in the PC’s MATLAB™ software environment. The precise ( genuine )
voltage level was 1/30th of the channel vertical volts per division. Actual fuse parameter
levels were the product of the genuine voltage level and the shunt/potential divider
ratios.

The channel time base equated to 50 sample periods. The quotient of these gave

the time period between individual data points or the sampling interval.

3.5.3.5 Accuracy of Fuse Current and Voltage Measurements.

The accuracies of fuse current and fuse voltage measurements were found to be
good.

The accuracy of fuse current measurement was checked using measured values
of current in mathematical models [75][76] of the temperature rise of a wire fuse
element. Model temperature predications were in the range of +1% of values,
determined by other researchers [3][4], who used separate values of current derived
from separate data sources.

The accuracy of voltage measurement was established by first measuring the
generator terminal voltage across a voltage divider, with a standard calibrated
instrument and then comparing this value with that, measured by the DSO. The range of
accuracy was +1% (measuring 1.045v = generated 240v rms.). Furthermore, the value of
peak voltage measured across the fuse terminals during disintegration of HBC wire
element fuses, compared favourably with the value of peak voltage determined from an
empirically derived relationship [12], which also supported the accuracy of voltage

measurements.

3.5.4 Video Image Data.

Three separate video cameras were used in the investigation where the speed of

data capture (frames/second f/s) was different for each camera. Cameras were selected
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for use dependent on their frame speed and the time period of element disintegration
being investigated. The cameras are speed categorised as slow, medium and fast. The
slow and medium speed cameras were commercially available units. The fast camera,
however, was designed, constructed, tested and commissioned by the author,
specifically, for this investigation . Camera attributes and their significance, with respect
to the time periods of disintegration are referred to in Subsections 3.5.4.1, 3.5.4.3 and

3.54.5.

3.54.1 Slow Speed Video Camera

The slow video camera was manufactured by Panasonic™ and was of type NV-
G101B. The camera specifications are presented in Appendix 6, however the frame
speed of the camera was 25 f/s which reciprocates to 1 frame every 40 ms. The shutter
speed was variable, but for this investigation was set at 250us. Light entered the camera
via a standard optical lens system. The lens system focused the light on to a matrix of
charged coupled devices ( CCD ). The output from one cell ( pixel ) of the CCD matrix
is proportional to the light energy falling on the pixel in a finite exposure time period.
Consequently, the pixel output is dependent on light intensity and exposure time. The
electronically-conditioned pixel outputs were stored using conventional magnetic tape
methods. These were later viewed using 625 line 50 field monitors. Selected static
images were acquired using commercially available video-PC hardware and software
image capture packages.

The frame speed of this camera is relatively slow for the tasks in hand.
Appreciation of this can be gained when comparing the frame speed (40ms), with the
time period of one cycle of power frequency current (20ms). Moreover, the time periods
relative to the formation of unduloids in wires is 30~300ms [48][19], hence the range of
the number of captured images is 1~7 depending on the time instant of capture of the
initial image. Also, given a time period from the instant of unduloid formation to current
interruption of the order of 500 ps~3ms [48] only a single image may be captured of

element disintegration.
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3.54.2 Experimental Use and Event Time Correlation : Slow Speed Video
Camera.

Given the speed limitation of the slow camera, it was only used to investigate
disintegration of elements over long time periods (>80ms). The camera was mounted on
a tripod and positioned to obtain maximum resolution of the viewed object, i.e. the fuse
element, and the capturing of images was manually initiated. Direct synchronisation
between the camera and the test facility supply voltage wave form was, therefore not
feasible. Time correlation between the captured images and captured voltage and current
oscillographs was achieved by visual indication of the instant of current switching in the
captured images. The method incurs a range of time correlation between images and
oscillographs in the range 0~40 ms. However, given the time periods of disintegration,
this discrepancy was considered acceptable.

The camera provided accurate evidence of transient phenomena occurring from
the instant of current injection to periods well beyond the instant of current interruption.
Images and discussions of element disintegration, arising from the use of the camera,

are presented in Subsection 4.3.

3.54.3 Medium Speed Video Camera.

The medium speed video camera was manufactured by Redlake Imaging
Corporation, USA. The specifications for the camera of type, Motionscope®2000S are
presented in Appendix 7, however the camera has a frame speed of 2000 f/s. which
correlated to a frame every 500ps. The shutter speed was variable, but for this
investigation was set at 100ps. Capturing of images was manually initiated and light to
electrical current conversion was accomplished in a similar way to that of the slow
video camera except that the medium speed camera stored the pixel outputs in a fast
acquisition semiconductor memory. This allowed slower speed interrogation of the
memory contents for visual analysis and magnetic tape storage of the images after the
event. Images stored on magnetic tape were viewed using 625 line 50 field monitors. As
with the slow camera, selected static images were acquired using commercially
available video-PC hardware and software image capture packages.

The frame speed of the camera is an 800% improvement on the frame speed of

the slow camera. Given the same example of disintegration, presented for time
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appreciation of the slow camera, during the disintegration period (500pus~3ms) 6 frames
would be captured by the medium speed camera. This gave a considerable improvement

over the single image captured by the slow camera

3.54.4 Experimental Use and Event Time Correlation: Medium Speed
Video Camera

The speed of the camera allowed numerous sequential image analysis of element
disintegrations over long time periods (>30ms). Moreover, the camera provided
sequential images that allowed adequate analysis of fast element disintegrations during
very short time periods (<1ms).

Figure 3.7 shows the camera, mounted on a tripod positioned to obtain

maximum resolution in captured images.

Figure 3.7 Medium speed video camera experimental arrangement.

Due to the limitation of the combined camera frame rate ( 2000 /s ) and shutter
speed ( 100 ps ), the object resolution was poor and appeared very dark under normal
lighting conditions. To overcome this, external high intensity light sources were used to
direct light on to the object.

Similar to the slow video camera, direct time correlation between the medium
speed video camera and a reference point on the test facility supply voltage wave form
was not feasible with the equipment. However, the same method of capturing a visual
indication of the instant of element current flow initiation in the images was used. With
this feature, the range of time correlation between captured images and captured voltage

and current oscillographs of 0~500us was achievable.
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Images captured by the medium speed video camera were used to corroborate
those captured by the slow camera for the disintegration of elements within similar time
periods. Furthermore, images were used to investigate temporal arc development during
fast disintegration time periods to corroborate the images captured by the fast video
camera. In these cases a filter, with a luminous transmittance in the range of
0.16%max~0.023%min and spectral response 350nm~780nm (BS-EN169), was used to
attenuate the intensity of the light radiated from the arcs. The filter and camera

arrangements are shown in Figure 3.8.

Figure 3.8 Medium speed video camera and filter arrangement.

3.54.5 Fast Speed Video Camera

A photograph of the fast speed video camera, designed, constructed, tested and
commissioned specifically for investigation of fast time period element disintegration, is

shown in Figure 3.9

DSO Image Capture

Optical System Control Electronics

Figure 3.9 Fast speed video camera arrangement consisting of optical system, control electronics and DSO
image capturing facilities
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The integrity of the images captured by the camera was an important design
consideration. A systematic program of development, testing and commissioning was,
therefore, necessary to confirm and provide repeatable evidence of the camera integrity.
Consequently, the construction and operation of the camera will be elaborated in some
detail, hitherto. Moreover, results obtained in commissioning and testing of the camera
will be presented as validation evidence of the integrity of the images subsequently

presented in Chapters 4 and 5.

Light Sensor

The sensor used to capture light radiating from the fuse element was
manufactured by Texas Instruments, USA, and of type TSL 1401. The sensor measured
10.9mm (/) x 8.25mm 9 (w) and comprised of 128 pixels, contained in an 8 pin DIL
package. A photograph of the sensor is shown in Figure 3.10.

Figure 3.10 Fast video camera, light sensor, TSL 1401

Each pixel contains a photo diode, associated charge amplifier and pixel data
hold circuitry. Light energy falling on a photo diode gives rise to the generation of
photo current. The current is then integrated by the active integration circuitry
associated with each photo diode. The pixel data hold function provided simultaneous
start integratioh and stop times for all pixels.

During the integration period a sampling capacitor is connected to the output of
the integrator through an analogue switch. The amount of charge accumulated in each

pixel is directly proportional to the light intensity of the source and the integration time.
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The output and reset of the pixel integrators, is controlled by a 128 bit shift
register and reset logic. An output cycle is initiated by the application of a serial input
pulse ( SI ). This causes all 128 sampling capacitors to be disconnected from their
respective integrators and initiates an integrator reset period. The integrator reset period
ends 18 clock cycles after the SI pulse clocks in. The device uses a 2MHz clock ( CLK )
for this purpose, consequently the integrator reset period equates to 9us. Following
integrator reset, the next integration time period begins. As the SI pulse is clocked
through the shift register, the charge held in each pixel is sequentially connected to a
charge coupled output amplifier. This generates a voltage at the output of the sensor (
AO ). The nominal range of pixel output is 0 volts for no light and 2 volts for nominal
full scale output. The sensor’s nominal spectral response is in the range of
300nm~700nm.

The above sensor operating parameters, in essence, illustrates that the maximum
frame capture speed of the camera is 1 frame every 64.5us. This correlates to a camera

speed of 15,5041/s.

Optical System

The optical system
comprising lens, beam splitter and
two light sensors were embodied in
an opaque box (Figure 3.11). A high

quality planar convex lens was used

to converge light radiating from the
fuse onto two light sensors after  Figure 3.11 Fast speed camera optical system.

passing through a beam splitter. The rationale for using the beam splitter was to increase
the capture speed of the camera. This was achieved by applying independent SI pulses
to both sensors at different time instances. It was anticipated that the increased number
of multiple images captured by the sensors would allow for better interpretation of
temporal element disintegration. Unfortunately, when the sensors were exposed to the
same intensity light source for the same integration time periods, extreme difficulty was
encountered matching the magnitude of sensor outputs so that temporal analysis could

be conducted with a very short time period between independent SI pulses (10~20 ps).
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However, the presence of individual light sources were corroborated from comparison
of two images captured at the same time instance and the transient development of light

sources was established with a long time period between independent SI pulses (30~40

Us).

Camera Control

Sensor output sequences were initiated by the application of serial input pulses.
The pulses were derived from electronic circuitry, specifically designed and constructed
to control the capture of images by the camera. Sensor analogue outputs were captured
at specific time instances using 100 MHz digital storage oscilloscopes. The
oscilloscopes were of the same type, described in Subsection 3.5.3.4.. Figure 3.12 shows
the camera control electronics and
oscilloscope arrangement.

Figure 3.13 shows a simplified

schematic diagram of the camera and
the interconnections between the fuse
test facility, the optical system, the

camera control electronics and the

oscilloscopes.
Figure 3.12 Fast video camera control electronics . . :
and  sensor output  capture The fuse voltage is applied, via
oscilloscopes.

an isolation buffer amplifier, to the
input of a fast precision comparator. The comparator reference could be manually
adjusted. The output of the comparator is latched to stop multiple transitions of the
comparator output occurring. The latch could be manually reset and the latch output was
used to trigger an ‘event’ monostable circuit. The monostable provided a time delay
period between the instant of comparator latching to a desired time instant after latching.
On expiry of the delay time period, a second monostable was triggered to provided a
pulse of suitable duration ( 400ns ). This pulse was applied to the light sensor, as the
serial input ( SI ) pulse. Parallel sets of ‘event’ and ‘SI’ monostables were OR’d
together to provide a series of SI pulses. The series of pulses are manually set by
adjustment of the event monostable time periods and structured to initiate multiple

output sequences of the sensor as illustrated in the time event diagram in Figure 3.14.
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Time Instant of
Comparator Latching
Figure 3.14 Structured timing sequence of serial input (SI) pulses

From the following diagram (Figure 3.15), it may be seen that the output
sequences are initiated at required time instances with respect to the comparator latch
time instant and the comparator latch triggers the oscilloscopes so that the oscilloscopes
could be set to capture sensor output data at specific time instances. It is important for

temporal analysis of element disintegration that the sensor integration time periods are

equal for oscilloscope captured images.
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Trigger Delay
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P

Figure 3.15

Structured oscilloscope capture sequence of sensor outputs.
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Camera Testing

A camera testing procedure was
devised to determine the camera attributes

and collate the images captured by the

camera as evidence of its validity to capture
images of fast disintegration of fuse Light Front Elevation
Box

elements. To accomplish this an attempt was

made to simulate the proposed disintegration

light patterns of wire fuse elements. To do 55&;’::“
. . Source
this an homogenous light source was
constructed as shown in Figure 3.16,
. . Figure 3.16 Alignment arrangements
comprising a high powered light source of optical system and homogenous light

source

(650W) and light box.

Light radiating from the source was directed upwards into the columnar light
box where a small opening (hole) on one side of the box allowed light to exit the box.
The hole was positioned on the same horizontal axis to the light aperture 6f the camera.
Light entered the camera through a 25mm (/) x 0.2mm (w) grating and was focused on
to the two light sensors.

A electronic ramp generator was constructed to simulate the fast transient rise of
the fuse voltage. This signal was injected into the camera control electronics. By setting
the comparator reference voltage, equal to a voltage magnitude, which would latch the
comparator near the start of the voltage ramp, an SI pulse was generated and applied to
the sensor. The SI pulse initiated an output sequence from the sensor and subsequently
started a new integration time period. The length of the integration time period was
manually set, as previously described.

Using this test method, the output of the sensors were monitored and their
positions adjusted relative to the horizontal axis of the optical system. This was carried
out until the responses of all pixel outputs were within a range of +0.1 volts of each
other (3% nominal fsd). Additionally, by positioning a 0.5mm diameter rod
perpendicular to the horizontal axis, and through the vertical axis of the optical system,
the sensor positions were axially aligned so that the center pixels of the pixel array lay

either side of the vertical axis.
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The results from a series of tests which are presented in Appendix 8, confirmed

that the relationship between pixel voltage output and integration time was linear.

To confirm the transient
performance of the camera necessitated
designing a series of patterned encoded
wheels. Such a wheel is shown in Figure
3.17. The wheels were designed to be
positioned directly in front of the camera
aperture grating with the horizontal axis of
the wheel in line with the horizontal axis of
the optical system and rotated, at a speed of
12000 rpm. A basic wheel was pattern

encoded with 25 alternating transparent and

Peripheral

Initiate o Equipment

Ramp Camera
Generator  Control

Angular Position Opto
Datum Coupler
v
Plan View of
Wheel and
Motor Assembly
Front Elevation K Encodef

of Encoder Wheel Wheel

Figure 3.17 Patterned encoded wheel
and simplified block diagram of camera test
arrangements.

opaque rings. The centre ring of a wheel was positioned in line with the vertical axis of

the optical system. An angular position datum was established on each wheel by a

transparent window in the opaque outer ring. This was detected by an opto coupler,

which triggered the ramp generator when camera data capture was initiated.

Wheels with varying encoded patterns were used to validate the transient

response of the camera, an example of which is shown in Figure 3.18 with the

corresponding normalised sensor output shown in Figure 3.19. Further examples of

patterned encoded wheels and sensor outputs

Figure 3.18  Patterned encoded wheel, designed to
simulate sequential arc ignition
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Figure 3.19 Normalised sensor output integration time =
1.5ms



Camera Commissioning

Before commissioning the camera, a ‘fuse holder’ was constructed. This is

shown in Figures 3.20 and 3.21.

Figure 3.20 HBC conductive film substrate fuse holder Figure 3.21 HBC conductive film substrate holder with
with horizontal and vertical datum’s for accurate additional substrate clamping plate with vertical alignment
positioning of fuse elements indicated. datum’s indicated.

The holder was used to aid the construction of HBC conductive film substrate
fuse elements. By using the holder, a near homogenous series of sample substrate
elements could be constructed by first fixing the fuse substrate relative to a horizontal
datum and then positioning and soldering the element between the end caps, relative to
the datum. The distance between the datum and the horizontal axis of the element was
set which ensured consistent alignment of fuse elements with the horizontal axis of the
camera optical system. Similarly, during construction, fuse elements were also
positioned relative to a vertical datum, which consistently ensured the alignment of fuse
elements was central to the vertical axis of the camera optical system. Commissioning
of the camera was carried out using copper wire fuse elements 0.2mm & x 25 mm (1).

To confirm the noise immunity of the camera, the optical system was first sealed
to stop entry of light from ambient sources. Wire fuses mounted close to the camera
were then ruptured to first ascertain the magnitude of the voltage level measured across
the fuse terminals at the assumed instant of element disintegration. Measurements of
voltage were captured and the camera comparator was set to latch at this level of
voltage. Comparator latching initiated a sensor integration period as previously
described and the length of the integration period was set at 100 ps. This time period
was chosen to be comparable to the time period of element disintegration and arc

ignition which was assumed to be indicated in oscillographic records by the fast rising
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fuse voltage. After expiry of the time period, the sensor outputs were captured by
oscilloscopes. Analysis of the results confirmed excellent noise immunity of the camera.
The results of the sensor outputs obtained for confirmation of camera noise immunity
are presented in Appendix 9.

Final camera commissioning tests were conducted to set the range of the sensor
output (0~2volts ) within the range of the maximum light intensity radiated from the
fuse element during disintegration, on the basis that the intensity of light radiated from
the fuse is assumed to be greatest during element disintegration and the period of arc
ignition. Consequently, the light sensor integration time was set to the allowed
minimum ( 65.5 ps ), to provide the maximum image capture rate. Wire element HBC
conductive film substrate fuses were ruptured and the light, radiated from the fuses
during disintegration, was captured by the sensor opto-couplers. Analysis of the
oscillographs of sensor outputs indicated the sensor pixels had reached saturation level
(nominally 3.5 Volts). Therefore a light attenuator was positioned in front of the sensor
to reduce the detected light intensity. Fuse ruptures, output analysis and light attenuation
adjustment was carried out systematically until the sensor outputs did not saturate. The
luminous transmittance of the light attenuator after this procedure was
0.12%max~0.061%min with a spectral light range of 350nm~780nm (BS-EN196). The
results from these tests are presented in Appendix 9

Time correlation between the capture of light sensor data and fuse terminal data
was validated at the assumed time instant of element disintegration. A range of time
correlation of +2 ps, was established from analysis of the oscillographs of many
repeatable measurements of the fuse voltage and comparator latch.

Systematic testing and commissioning of the fast video camera enabled a
satisfactory performance specification to be determined which is presented together with

the camera schematic wiring diagrams in Appendix 10.

3.5.5 Techniques to Terminate Disintegration of HBC Substrate Fuse Elements

Recapitulating, termination of disintegration in fuse elements is accomplished by
presenting a lower by-pass resistance path to the fuse current at specific time instances.
Consequently, the state of matter of the fuse is ‘frozen’, subject to factors referred to

earlier, at the time instant of current commutation. Post commutation examination of a
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fuse can, therefore, capture data relating to disintegration at the time instant of current
commutation. Two techniques were used in this investigation to divert the fuse current

and consequently terminate disintegration.

3.5.5.1 Commutation Relative to Fuse Voltage.

A ‘crow bar’ thyristor was connected across the fuse terminals. Additionally, a

variable resistor was connected between the anode and gate of the thyristor as shown in

Figure 3.22.
) | TestFuse
: Co-axiai cu[ref{i Shunt ;(T:Lm': 33;‘

20045 oS

L ,,Cdfre

W - Commutation

Fuse Test Circuit ' i.... Clrcuit. -

Figure 3.22 Fuse test circuit with additional crowbar thyristor, variable resistor arrangement, which allowed

for commutated disintegration of fuse elements relative to fuse voltage

Incremental adjustment of the variable resistor enabled different thyristor
triggering time delays, depending on the fuse voltage and the thyristor triggering current
level. Consequently current commutation and disintegration in fuses was terminated

relative to the fuse voltage.

3.55.2 Commutation Relative to Fast Video Camera Comparator Latch.

A crowbar thyristor was also used to commutate fuse current, relative to the
latching of the fast video camera comparator involving a different thyristor triggering

technique. This arrangement is shown in Figure 3.23 and explained on the following

page.
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Figure 3.23 Fuse test circuit and additional crowbar thyristor arrangement, which allowed commutated
disintegration of fuse elements relative to fast video camera comparator latching.

In this arrangement, upon the latching of the fast video camera comparator, the
time delay of a selected ‘event’ mono stable circuit is initiated. Expiry of the time delay
is then arranged to trigger the crowbar thyristor and consequently commutate the fuse

current and hence terminate disintegration relative to the comparator latching.

3.6  Chapter Summary and Propositions

The main objective of this investigation was to investigate the disintegration of
conductive film HBC substrate fuses. The fundamental nature of the investigation
required a fundamental approach to the construction of the fuses and measurements. The
parameters of fuse construction have been identified and their attributes presented. Fuse
constructions were purposely developed to permit visual investigation of disintegration.
An experimental test facility has been designed, constructed, tested and commissioned
to fulfil the investigation objectives and commissioning tests validated the accuracy and
scope of the fuse test facility.

A comprehensive treatment has also been presented of the significant
experimental data capturing techniques used by other researchers to investigate the

parameters of HBC fuse disintegration. These methods have been categorised and the
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attributes of the techniques analysed, from which key attributes of the required
techniques for the investigation have been proposed and subsequently used for capturing
data relating to the disintegration of HBC conductive film substrate fuses. A procedure
to analyse the data captured from three separate data sources has been proposed and
implemented in hardware. Using event time correlation of data captured from separate
data sources, it has been shown that the transient phenomena associated with
disintegration in fuses can be observed and validated.

The proposed experimental techniques involving three separate data capturing
techniques, therefore, have been justified as an appropriate methodology for
investigating disintegration. The techniques of terminal measurement and video camera
image capture have also been implemented as transient data capturing methods.
Validation of disintegration by inspecting commutated disintegrated fuses is categorised
as a historical data capturing method with inherent limitations. Systematic testing and
commissioning of the transient data capturing sources was carried out to confirm their
integrity and to provide evidence to validate the results of temporal disintegration
investigations using time event correlation. Time event correlation between the three
separate data sources has finally been reviewed and hardware solutions have been
implemented

In summary, this Chapter has addressed the attributes of the available
experimental techniques for capturing data relating to the disintegration of HBC
conductive film substrate fuses and proposed methodologies and hardware solutions.
The results obtained using these experimental data capturing techniques to examine
disintegration of HBC conductive film substrate fuses and subsequent analysis of

disintegration phenomena are the subject of the following Chapter.
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Chapter 4

Experimental Observations of the Causation Phenomena of Fuse Element
Disintegration

4.1 Introduction

This Chapter presents the results of experimental investigations into the
causation phenomena of fuse element disintegration, which focus on the observations of
the classical ‘unduloid’ and ‘striated’ classifications of disintegration for different fuse
fillers.

4.2  Experimental Approach and Chapter Format

Because the fundamental investigations were examining, principally, the
unduloid and striated disintegration of wire fuse elements, the observations were
considered, primarily, in two distinct pre-arcing time periods, referred to hereon as the
‘long’ (80ms~200ms) and ‘very short’ (3ms~20ms) time domains. Fuse behaviour was
examined, subsequently in the time periods (20~80ms), and referred to as the short time
domain. The ‘long’ and ‘very short’ time domains also featured in the investigations of
the experimental conductive substrate fuse element samples, compacted in silica quartz
and encapsulated resin fillers. Consequently, the disintegration phenomena of the fuse
elements could be proposed for similar current densities and compared. Moreover, the
different compaction density of the fillers that influence the causation and subsequent
fragmentation of the element, could also be investigated in the same time domains.

The Chapter presents a temporal description of observed disintegration
phenomena for each element type, starting in real time from the instant of fault current
application and beyond the instant of current interruption. Subsequently, analyses of the
observed phenomena are presented and the key points summarised for each class of fuse

in these two time domains, which inform the concluding discussion.

4.3  Investigation of Disintegration in the Long Time Domain

The experimental investigations commenced with classical unduloid formation
in silver wire elements suspended in air as this form of disintegration had been
investigated extensively by previous researchers [32 ][44]. These investigations assisted

the establishment of the application of time domain classification, from the instant of
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fault application to the occurrence of element disintegration, within the capacity of the
experimental test facilities. Recapitulating, the time period associated with unduloid
formation was classified as ‘long’. Furthermore it was demonstrated in Chapter 3, that
the phenomena of disintegration in this long time domain could be reliably examined

within the capture time rates of experimental equipment (Subsection 3.5).

4.3.1 Description of Temporal Observations of Wire Disintegration in Air.

Fuse Element Longitudinal Deformation.

Virtually immediately following initiation of fault current conduction in the
wires suspended horizontally between two terminals, pronounced longitudinal
deformation of the fuse element was observed using video cameras, which took the
form of wave motion (Figure 4.13ii). This ‘wave’ motion tended to subside after * 50ms
leaving the element in a smooth ‘catenary’ shape. In most cases the element catenary
settled below its original horizontal position, although, the element's disposition was
also observed, occasionally, to settle above the horizontal plane (Figure 4.1). This

motion is analysed in section 4.3.2 and Appendix 11.

(i) Catenary shaped element disposition below the (i) Catenary shaped element disposition above the
horizontal origin ~ 50ms after current initiation. Element = horizontal origin ~ 50ms after current initiation. Element =
0.20320mm/60mm silver wire. 0.2032zmm/60mm silver wire.

Figure 4.1 Images of ‘catenary’ shaped element disposition. (Medium speed video camera images )

Fuse Element Axial Deformation.

Axial element deformation in the wire was observed in the form of classical
unduloids. Observations showed that the temporal evolution of unduloids is sequential
and their initial formations were seen to occur around the instant of disintegration. The
formation time, from that of the pristine wire to unduloid shape, was observed to be of
the order of 6ms. Figure 4.2, indicates the case where unduloids formed just prior to the

onset of element disintegration.
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