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Abstract. In the electric fuse operation the arcing period follows immediately the pre-arcing
period depicted in Part 1 (Part 1. Pre-arcing period). The transition between these two
operation steps is not fully understood at this time. To simplify the beginning of the arcing
period can be identified with the electric arc ignition i.e. with the electrodes voltage drop. The
consecutive plasma is of metallic type at the beginning of the arcing period and of metallic plus
silica type with varying mixture up to the end of the arcing period. The energy brought by the
fault current is withdrawn by means of the interaction between the electric arc and the arc
quenching material (usually silica sand) whose morphometric properties influence the
properties of the plasma column: composition, thermodynamic properties and transport
coefficients of the plasma column depend on the porosity (and other morphometric properties)
of the filler. The fuse element erosion also known as burn-back is responsible for the
lengthening of the plasma column and the variations of the electric field. The whole of these
processes is depicted by means of experimental results or modellings when possible.

1. Introduction

In spite of their apparent simplicity both for technical, geometrical and working considerations the
physical processes involved in electric fuse operation are far to be fully understood. Moreover they are
of very high interest for electrical safety purposes both for persons and systems and widely used in the
Low and Middle Voltage systems.

Some general considerations linked to the arcing period from the electrical and physical point of
views are given in the Part 1 (Part 1. Pre-arcing period) of the current review. Especially the arcing
period in its whole is described from the chemico-chemical point of view.

During the arcing period the energy brought by the fault current has to be dispersed on one hand.
And the electric field induced by the plasma column has to shorten the arcing period duration on the
other hand. A long arcing time is problematic because the electrical conductivity of the plasma
column is high enough to allow the flow of the fault current and can induce irreversible damage in the
devices behind the point of the fault current appearance. The electric field (E) level of the plasma
column necessary to ensure a short arcing time is the result of the compromise between the increase of
the voltage across the fuse (V; ) and the relative limitation of the plasma column lengthening or inter-

electrodes gap (d;, ). In other words the most favourable situation is to quickly increase the electric
fuse voltage so that it can not be maintained any more by the supply thus forcing the current to fall
down. If one considers that v; ~ E xd;, it follows two main remarks. First the electric field of the

plasma column is the result of the chemical species issued from the melting and the vaporization of the
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metallic (mainly silver) fuse element and from the melting and the vaporization (and the dissociation
of various chemical species produced at low temperature in the plasma) of the silica sand. The density
of each of these chemical species varies inside the plasma volume and also during the arcing period.
Consequently the electric field varies on the whole duration of the electric fuse operation and can be
strongly inhomogeneous from the centre to the edges of the plasma column because of material (silver
and silica) injection. Secondly the length of the plasma column which is roughly the gap between the
two erosion fronts of the fuse element increases during the arcing period. The erosion of the fuse
element is the result of various parameters. The fuse element features (material, thickness, shape of the
reduced section, number and distribution of the reduced sections on the whole length of the fuse
element), the fault current level, the level of di/dt at the fault current appearance, the energy transfer

from the plasma column later during the arcing period are some of the main parameters. The selected
set of these parameters has to be chosen in order to increase the length of the plasma column at the
maximum. But there is a high limit: one has to prevent the merging of each of the plasma columns
appearing around each reduced section. If not the electric fuse can be considered as a single plasma
column on the whole length of the fuse element which could lead to the electric fuse destruction.

It is not possible to give a full depiction of the physical processes occuring during the arcing period
be means of a single tool such as a modelling especially as these processes are not still well known or
identified. Section 2 is organized as follows. The problematics of the arcing period depiction is
discussed in section 2.1. Phenomena occuring around the erosion fronts are addressed in section 2.2.
Section 2.3 is dedicated to the study of the plasma column, especially the burn-back rate, the
assessment of some plasma column properties such as the plasma composition, the plasma radiation,
the temperature and the electron density, and the fulgurite. The comparative analysis of these
properties is done in section 2.4. Section 2.5 is dedicated to the trends in electric fuse modelling for
the arcing period.

2. Arcing phenomena in electric fuses

2.1. Which depiction for which phenomenon?
Arcing period understanding is a very complex task. Many approaches are carried on with plus or less
success depending on the expected level of physical depiction.

Difficulties lie in various problematics: the simultaneity of various physical mechanisms occuring
in the whole of the interaction volume or are confined either in the plasma column either around the
close surroundings of electrodes (with a differentiation between cathode and anode phenomena) ; the
very strong gradients — in temperature, electron density and pressure — from the core of the plasma
column to the sourroundings causing fluctuations in the dependent transport coefficients such as
electrical conductivity, thermal conductivity, viscosity and radiation ; the two main materials - silver
and silica — in the solid, liquid and vapour phases ; a continuously varying plasma composition
resulting from material ablation — erosion of the fuse element also called burn-back and ablation of the
silica sand grains — and material removal — spreading of liquid silica through the filler interstices,
condensation of metallic vapours in the plasma surroundings — from the plasma core.

To be understood each of these problematics was first studied separately if possible and mainly by
experiments. With these experimental databases empirical formulations or modellings were produced
but often with significant limitations implying new experiments to obtain the value of adjustable
parameters. The next step consisted in semi-empirical modellings or physical modellings dedicated to
arcing period in its whole. In this latter case the contribution of experimental results is required for
comparison purposes.

2.2. Cathode and anode phenomena

As for another types of arc discharges one has to take into account phenomenas occuring at the arc
roots. General considerations about arc roots can be found in [1, 2], and cathode and anode
phenomena are reviewed respectively in [3, 4] and [5-7] with a detailed review of experimental and
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Figure 1. Pictures of arc roots obtained by high-speed imagery (see quoted references for full
details). (a) Cathode spots view in the case of high-current (11 kA) developed vacuum arc
stabilized by axial magnetic field (0.25T), exposure 25 ps (copper-chromium electrodes) [6].
(b) Side-on view of a cathode spot on a hot tungsten cathode (thin curved line) at 1.3 bar argon
and 1 A current, exposure 500 us (band-pass filter at 4008.nm suppressing argon lines) [3]. (¢),
(d) Silver fuse element strip (~ 5 mm-width, 2 circular reduced sections) view focussed on the
reduced sections area, di/dt ~2x10° A-s”, exposure 3.8 ps (band-pass filter centered on Ag I

520 and Ag I 546 nm) respectively obtained 1.18 ms and 2.16 ms after the start of the fault
current, pre-arcing time ~ 0.89 ms (dashed lines symbolize the intial position of the fuse
element strip) [12].

theoretical studies. There exist only few works dealing with cathode and anode phenomena dedicated
to electric fuses [8-10]. These latters include the cathode and anode regions in a theoretical approach
with simplying assumptions.

No specific experimental studies are dedicated to arc roots or more exactly to erosion fronts in the case
of electric fuses: one of the main difficulties lies in the shifting of the two erosion fronts during the
arcing period. To illustrate the very high difficulty to assess experimentaly these phenomena even in
the case of motionless electrodes we refer to figures 1(a) and 1(b) for cathode views. Figure 1(a) refers
to a high-current vacuum arc whose ignition takes place on cold electrodes. As mentionned in [6]
during the whole duration of an arc (~ ms) the cathode spots (bright points in figure 1(a)) appear,
growth and hence disappear many times. During its life each cathode spot is the area where electrode
material is removed (inside the cathode spot the temperature is higher than the boiling temperature) to
form the plasma by means of plasma jet and microdroplets. The significance of these processes
depends on the electrode material, the current and the duration of the arc. In figure 1(b) is shown a
side-on view of a spot on a hot cathode in the case of an argon arc with a hot tungsten cathode. As
quoted in [3] the bright spot can be seen on the surface of the cathode and its position changes by
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Figure 2. (a) Cross-section of a
fulgurite cut along the arcing
channel axis, copper fuse element
with two reduced sections : 1,
copper droplets ; circle fuse
element end directly in contact with
the arc column (metal droplets in
white, sand grains in grey) [13]. (b)
Microscopic picture of fulgurite
section from Wright et al.: a,
electrode ; b, electrode material
which has flowed aways in liquid
form ; ¢, grains of filler ; d, arc
cavity which has been filled with
araldite to enable the section to be
made through the fulgurite [9].

jumps of the order of 100 ms. As aconsequence of these two latter quotations one understands that the
erosion fronts in a fuse can be seen as a combination of all these features.

An example of the erosion fronts in a silver fuse strip is shown in figures 1(c) and 1 (d). These two
frames are extracted from a high-speed film for the times 1.18 ms and 2.16 ms, the pre-arcing duration
~ 0.89 ms, the time of measurable intensity ~ 3.61 ms, di/dt ~2x10° A-s™, Joule integral ~ 6.2x10°

A’s, and the observed spectrum is restricted to those including the two neutral silver lines at 520 nm
and 546 nm (to be disturbed the less possible by the radiation issued from silicon lines). In the used
camera pictures are focussed on a black and white photographic film. Figure 1(c) shows that ~ 300 us
after the arc ignition (sharp increase of the voltage across the fuse) which is close to the peak fuse
current (~ 2.1 kA) the inter-electrodes gap is ~ 4.6 mm and that the two erosion fronts are erratic with
roughly half-circular shapes for the irregularities distributed along the fuse element strip width. It has
to be noticed that metallic vapours spread in the width direction further away from the intial position
of the fuse strip. Figure 1(d) is observed ~ 1.3 ms after the arc ignition i.e. during the decrease of the
fuse current. Erosion fronts are more regular without showing a clear trend. Some gradients in
intensity are observed in the whole of the interaction volume with strong inhomogeneities right in the
centre. Especially at the cathode side (left part in figure 1(d)) it can be seen a highly irregular erosion
front.

Keeping in mind the previous remarks — especially the considerations given to explain the observed
fluctuations — and the pictures shown in figures 1(c) and 1(d) we understand that a thorough
investigation of the arc roots in a fuse or at least of the erosion fronts is made more complex by the
instability of the erosion fronts and the time-changing shape. So there remains a non negligible lake of
knowledge which could be very helpful to understand better the transition between the pre-arcing and
the arcing periods.

2.3. Burn-back and growth of the plasma column

2.3.1. Burn-back rate. The erosion of the fuse element also called burn-back has been widely studied
within the electric fuse community. Many experimental studies and modellings can be found in the
literature [14].

The initial point of the burn-back approach can be seen in figure 2(b) and also in figure 11(b) (Part
1. Pre-arcing period): at the solid fuse element end some liquid silver splashings can be seen starting
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from the liquid-vapour erosion front. It is interesting to note that in the two pictures the liquid
splashing is seen flowing through the interstices which would lead to assume a high level of pressure
linked to the vaporization: it is clearly shown in figure 2(a) close to the fuse element end. This
indicates that only a part of the fuse element is vaporized to form the plasma column: this would seem
to confirm the assertion quoted in section 2.2 about microdroplets but at another scale and raises the
problem of the vaporized part of the total fuse element material. Wright et al. [9] gives the following
relation for the vaporized mass (my, ) as a function of the total mass (m;): my /m, =40% which
results from many actual fuse tests. To assess the inter-electrodes gap or burn-back length equality is
assumed between the energy provided for melting and vaporisation:

Env =2><(Vaf +Vis +Vr )x f;am i(t)-dt (V4 : voltage of anode fall, V4 : work function equivalent

voltage of the fuse element material, V; : voltage associated with the thermal energy of the electrons
which enter the anode), and the energy necessary to remove electrode material:
Epmy =My x Loy +m, x Ly +m, x(T,, —200)xc, where 200°C is the bulk temperature raise of the
electrode material during the pre-arcing period. So doing the energy necessary for the temperature
increase from melting to boiling point is neglected.

From these bases two other main calculations are done: the cross-sectional area of the positive
column and its electrical conductivity. Many simplifying assumptions are done and justified keeping
in mind that the complexity of physical processes in a fuse prevents a full modelling of the fuse arc
[9]. We highlight two problematics.

First both for electrons and atoms the Maxwell distribution for velocity is assumed wvalid.
Respectively for the kinetic energy ( E,; ) of atoms/ions (ng; ) which are scattered out of the column

and for the kinetic energy ( E, ) of the electrons (n,) scattered out of the column Wright et al. write:
Eai =3/2xn,kgT and E,=3/2xn.kgT, where T is the mean temperature defined for a step time in
the calculation. These two latter formulas imply the same temperature for electrons (T, ) and heavy
particules (Ty,) that is to say that thermal equilibrium is checked [15]. This assumption can be

reasonably accepted for the core of the plasma column i.e. far from the edges where material is
injected by means of liquid silica vaporization and where the pressure is the highest. On the contrary it
is rather questionable for volumes close to the silica liquid/vapour interface (plasma column
surroundings) and close to the silver liquid/vapour interface namely the fuse element ends.

Secondly electrical conductivity (o) is assessed from the Spitzer’s formula written for ionisation
levels of more than 0.01%, the electron density being deduced from Saha’s equation assuming that
Ne =N;. As previously this can be properly assumed for the plasma core. But it is more questionable

for the periphery of the plasma core because of the strong gradients for temperature, pressure and
density moreover as material injection changes the plasma composition during the whole of the fuse

operation. As a matter of fact we recall that o follows roughly the electron density as ne2 [16]: small

variations of the metallic material amount vaporized to form the fuse plasma can imply strong
variations of the resulting electron density [17].

Empirical formulas deduced from many experiments have been published in [18]. The burn-back
rate is deduced by assuming that the fuse element erosion is mainly due to local electrode effects. The
temperature of metal droplets is obtained from the comparison between experimental burn-back rate
and empirical values calculated from the latter consideration: 1700 K for silver droplets and 1356 K
for copper droplets. From [19] a useful formulation is given for the burn-back rate (figure 3(a)):

dx/dt =107 x(4.6+0.236>< i%¢ )x i/S where i=i(t) (A) and S (cm’) is the cross-section area. This
formulation improves the older reliability obtained with linear approximation. For the volumetric

erosion rate Wilkins et al. give: dv/dt=104 x(4.6><i+0.236><i1'6) cm’s”. It is compared in figure
3(b) with the results of Turner et al. [20] where the volumetric erosion rate is studied in the case of
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contact erosion. There is a significant shift between the results because the heat transfer is different for
the two situations, heating of contacts and heating of the fuse element erosion fronts. In the first
situation a large part of the incoming energy is used in the heating of the contact, the remaining part
being used for erosion. In the second situation only a small part of the incoming energy is used in the
heating of the fuse element and the significant remaining energy is used for the fuse element erosion.
[19]. Another limitation in the trend curves has to be pointed out: the level of current linked to the
level of the overcurrent that has to be cut by the fuse. Correlatively to the type of pre-arcing period
(short, medium and long) one defines small overload current (typically some |,,, the nominal current),
medium overload current and high overload current. These definitions depend on the nominal current
of the electric fuse, the features of the fault current and supply regarding the power factor, the phase
angle of the electrical fault, current peak and are resumed in [21] (test series at I, |, and I3). In
figure 3(c) experimental volumic erosion rates from [12] fit well with the approximation from [19] for
currents higher than ~ 1000 A. For smaller currents down to ~ 100 A there is a significant gap. For
smaller overload currents the role played by the filler and the solid parts of the fuse element can not be
considered as negligible in the actual thermal transfer: thus discrepancies appear because the Joule
integral contribution is divided in the global heat transfer and in the fuse element erosion.
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Figure 4. (a) Axial electric field values measured in the case of d.c. arcs in current-limiting
fuses [62]. (b) Electric field values measured in the case of HBC fuse tested with high fault
current level (1: cathode side, 2: anode side, each probe wire being at 3 mm from adjacent
ones) [63].

2.3.2. Plasma column.The formation and the evolution of the plasma column geometry (inner part of
the fulgurite obtained after the fuse operation) and of the whole interaction volume (which is
assimilated to the whole fulgurite) has been studied experimentaly mainly [13, 18, 22] with some
attempts to formalize these experimental results in the form of more or less empirical modellings
dedicated to the whole of the fulgurite or focussed on the plasma column section also called lumen [9,
10, 18]. This task is of very high difficulty even in the case of experimental results: in an actual fuse
the plasma column is enclosed by liquid silica itself enclosed by silica sand grains more or less melted
themselves enclosed by solid silica sand grains. As a consequence each experimental attempt can
strongly modify the true geometry of the plasma column. In [9] the column is assumed cylindrical for
simplifying purposes and the output current and voltage curves obtained by means of the modelling
are satisfactory.

The electric field assessment is shown in figure 4 with two different measurements (voltage probes
are referenced to earth in both measurements). In figure 4(a) axial electric field values range from ~
2.5 V-mm" to ~ 17.5 V-mm™" at the most. These measurements correspond to the average axial electric
fields obtained between the probes (nickel alloy probe wires) at positions A, B and C in the case of
d.c. arcs in current-limiting fuses. This technique has been fitted to assess the time evolution of
average electric field both at the cathode side and at the anode side as shown in figure 4(b) for a total
arcing period duration ~ 9 ms. Around the centre of the fuse element and on the whole duration of the
measurement the evolution of E,3 is similar to those of E,5, the main difference being observed for

the peak values at the beginning of the arcing period with E;3 > E,5. On the contrary as the distance
from the centre of the fuse element increases the discrepancies become smaller. The peak values of the
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Table 1. Spectroscopic lines from various chemical species observed in the plasma column during the
fuse operation, from [25].

3a. Spectrocopic lines 3b. Duration of lines in the arc

Line Wavelength (nm) Wavelength (nm) Line Durations (ms)
Agl 487.410, 520.908, 546.550 441.491 o1l 1.924
Sill 504.101, 505.598, 587.376, 595.756, 441.698 o1l 1.765
597.893, 634.710, 637.136 455.262 Si I 2.310
Silll  455.262,456.782,573.973 456.782 Si Il 2.150
ol 418.546,418.979, 431.714, 433.686 466.164 o1l 1.820
434.556, 434.943, 436.690, 439.595 469.921 o1l 1.765
441.491, 441.698, 444.821, 445.238 470.536 o1l 1.870
446.628,446.783,459.097, 463.885 487.410 Agl 0.760
464.181,464.914, 465.084, 466.164 504.103 Sill 3.300
469.921, 470.536, 492.460, 494.306 505.598 SilI 3.420
520.908 Agl 3.004
546.550 Agl 3.180
573.973 Si Il 2.150
587.376 Sill 3.004
595.756 Sill 3.100
597.893 Sill 3.300
634.710 Sill 3.498
637.136 Sill 3.498

experimental average electric field range from ~ 30 V-mm™ to ~ 50 V-mm™'. Whatever the couple of
probe wires or the location of the measurement a regular decrease is observed from the peak value
showing that the steady plasma column assumption sometimes made appears to be really questionable.
The comparison between the measurements from [62] and [63] can not be done because the fuse
elements have different features and are tested in different conditions about the electric fault.

The plasma column is now discussed preferentially from the physico-chemical point of view [23].
The first paper dealing with the study of the electric fuse arc plasma has been published by Chikata et
al. [24]. The main aim of the work is the spectroscopic study — especially Optical Emission
Spectroscopy (OES) — of the radiation escaped from the fuse arc plasma: identification of the spectral
lines escaped from the plasma column, evolution of the intensity of these lines on the whole duration
of the fuse operation and assessment of electron temperature, electron density and ratios of particle
densities. This work was done by means of a specific fuse body and a spectrograph equipped with
three photomultipliers to observe simultaneously different spectral intervals (use of bandwidth filters)
on the whole duration of the fuse operation. A wavelength calibration and a relative intensity
calibration were performed. From the time integrated spectra over the 330-560 nm spectral range
many lines from different radiated species are identified: Ag I, Si I-II-III (I: neutral, II: first ion, ...)
but no lines corresponding to O I-II-III which is due to the studied spectral interval and the value of
the energy levels of the excitated states for these latter species. It wasfound a typical temperature ~
20 000 K and a typical electron density ~ 10'® cm™. But it has to be noticed that no variation during
the fuse operation has been found. Because of the continuously changing radiating volume no Abel
inversion was done to obtain the local values of the temperature and the electron density: thus the
measurements lead to a mean value or integrated value. On the basis of LTE a set of Saha’s equations
was built from the experimental relative intensities of the quoted radiated species to calculate the
composition and the pressure of the pressure. Stark broadening of ionized silicon lines was also used
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Figure 5. Optical emission emission spectroscopy dedicated to the fuse arc plasma spectroscopic lines
identification [34]: (a) at the beginning of the arcing period (~ 0.9 ms) (b) at the end of the arcing
period (~ 3.6 ms) in the case of a silver fuse element tested by means of a capacitor bank discharge.

to assess electron density which was compared with values otherwise obtained from composition
calculation and experimental line intensity ratios.

This work represents the reference of the later spectroscopic studies: Stokes AD and co-workers
[25-30] where the wall-stabilized interaction dedicated to the fuse arc plasma was tested
experimentaly and Cheim [31, 32]. From these works and [33-36] it appears that the modified fuse
body or way to collect the light escaped from the plasma column can influence the results concerning
the observation of the ionization degree radiating lines especially as many features — the overload
current, the fuse element (geometry and features of the reduced sections and position within the fuse
body) and the arc quenching material (chemical features, mean granulometry and packing density) —
play a significant role in the resulting temperature, electron density and pressure of the plasma column
during the fuse operation [35]. Main trends and results are resumed in the following paragraphs.

We show in table 1(a) the spectroscopic lines observed in [25], the light radiated by the plasma
column being directly collected via an optical fibre whose end is inserted very close to the plasma. On
the contrary to [24] many O II lines are observed and even some Si III lines which may be attribute to
the proximity between the plasma and the optical fibre and electric features. The dependence between
the duration of observation, the ionization degree of the chemical species and the implied excitation
level is shown in table 1(b). In figure 5 we show the spectra observed by means of a direct integration
of the escaped light without any optical fibre inserted in the plasma column, the light being collected
by means of a lens from the glass window close to the fuse element to the entrance slit of a
spectrometer via an optical fibre [34]. The same chemical species are observed but with a lower
ionization degree. By comparison between figures 5(a) and 5(b) the discrepancies between the
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radiation observed at the beginning of the arcing period (~ 0.9 ms) and at the end of the arcing period
(~ 3.6 ms) are clear: Si II lines — especially the multiplets Si II (1), Si Il (2) and Si Il (3) —and O I —
especially the triplet ~ 777 nm — show a high level of intensity for ~ 0.9 ms ; on the contrary for ~ 3.6
ms ionized silicon lines are not visible any more, and the spectra are dominated by neutral silicon and
silver lines whose excitation energy levels are lower than those of Si Il and O L.

The Na I doublet seen ~ 589 nm is due to the nature of the glass window (the same for Li I, Ca I
and K I). It was used in [37,38] to study the colder periphery of the plasma column, especially the
temperature: in the case of the capillary [37] a temperature ~ 4300 K is found, in the case of the
electric fuse [38] a temperature ~ 6600 K is found. To limit the number of chemical species in the fuse
arc plasma the glass window can be replaced by a quartz window [35].

The specific fuse body with optical fibre inserted used by Cheim is shown in figure 6(a), the optical
fibre being close to the fuse element reduced section (= 3 mm) and in front of its centre. From the
measurement of the ratio between radiation intensities from various lines the temperature is deduced
versus the arcing time. Temperature is obtained from the ratio of the intensities (£'/& ) of emissions of

radiation [39]: 5/ E'= (/1'3 gf / isg' f')x exp[(E'—E)/ kBT] where A is the wavelength, g the statistical
weight of the line, f the oscillator strength, E the energy level. This formulation can also be written

for lines corresponding to two consecutive ionization stages. From these formulations the temperature
T identified to the plasma temperature is obtained for the whole duration of the arcing period: from
Si II 505 nm and Si II 634 nm lines in figure 6(b) and from Si II 413 nm and Si III 457 nm in figure
6(c). From Si II lines the temperature decreases from ~ 20 000 K down to ~ 9000 K, and from Si II
and Si III lines the temperature decreases from ~ 25 000 K down to ~ 24 000 K during the first
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millisecond of the arcing time, and increases weakly and steadily up to ~ 26 000 K for ~ 3 ms. As it is
mentioned by the authors themselves: the trend in figure 6(b) appears to be coherent with the fact that
during the arcing period energy in the fuse decreases which justifies the cutting role played the fuse ;
but the trend in figure 6(c) shows a mean value ~ 25 000 K during the whole of the arcing period and
even during the last millisecond of operation which seems to reinforced the measurements of Chikata.
During this last millisecond current in the fuse falls quickly down to zero which appears to be in
contradiction with the temperature measurement. Authors explain that the radiations emitted in the hot
plasma core may be absorbed by colder layers located at the edges of the plasma column. These layers
develop between the emission area of the studied transitions and the end of the optical fibre close to
the edges of the interaction volume. They finally argue that for lines corresponding to high quantum
levels the influence of absorption is negligible and that these lines can be considered as thin lines.
First, narrow bandwidth filters are used to record only the part of radiation corresponding to the lines
studied. The silicon lines used (Si I, and Si II and Si III) are sensitive to Stark broadening so the
resulting full width at half maximum of these lines can be many nanometers of even tens of
nanometers. This can be increased by the high level of continuous radiation, the observed spectrum
being the result of the convolution of the Stark broadened profile with the continuum. Secondly, we
can imagine that once the electric power is around its maximal value which falls approximately in the
same time as maximum pressure, there exists a very strong gradient in material density from the core
to the surroundings of the plasma column. As once more the Abel inversion is impossible to go back
to local emissivities, the effect of these strong gradients can not be understood. Finally it is evident
that the lack of the radial profiles of the silicon lines is a strong limitation which makes more difficult
the temperature analysis from the recording of lines intensities.

Reliable comparisons are sometimes difficult to perform mainly because of the spectroscopic
considerations linked to the various devices or whole experimental set-ups. For example in the past
interferential filters were often used to obtain the spectral selectivity. At the present time CCD matrix
with high sensitivity and high spectral resolution is commonly used. Considerations linked to intensity
calibration are also of high interest but they are poorly discussed in the bibliography [40] and even less
in the case of the electric fuse plasma analysis. On the contrary main of the electrical properties can be
easier compared in so far as electrical features and fuse element features are accurately depicted. As a
conclusion about the reliability and the reproductivity of the measurements dedicated to electric fuses
one can conclude that reproducible measurements can be performed (especially owing to the
improvement of technological solutions), the more questionable step lying in the analysis of the
experimental results and the corresponding assumptions made to apply classical diagnostic methods
such as in spectroscopic analysis.

The fuse arc plasma properties such as the temperature and the electron density i.e. microscopic
properties can be directly linked to macroscopic properties such as the morphometric properties of the
silica sand.

» Temperature of the fuse arc plasma is obtained by assuming a Boltzmann distribution for the

energy levels [35, 38, 40] thus leading to the excitation temperature. If thermal equilibrium

conditions are assumed one can identify the excitation temperature with the electron temperature

(electron velocities following a Maxwell distribution). This method can be applied with integrated

intensities (1,) for the studied line (with spectral profile P(4)) instead of local emissivities (&, )

at the condition that the plasma can be considered as homogeneous along the line of sight (L)

namely: |, = L I, -di= LL1 e, ()P (1)dA = Lx (/47)x (hc//ijm )>< Aju *Njx  (h : Planck

constant, C : speed of light in vacuum, A4;, : wavelength of line emitted by the j-chemical

species where U and | symbolize the upper E, and lower E; energy levels of the transition, A;

: transition probability of the line, and nj is the part of excited particles of the j-chemical

species with u,l =k ). In the case of fuse arc plasma one can only work with integrated intensities
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because the set of radial measurements necessary to obtain &; from I, (by Abel inversion) is

impossible. The hypothesis for which homogeneity is considered valid along the line of sight is
highly questionable. As a consequence it is better to consider the experimental temperature as an
average temperature. In the case of the fuse arc plasma the assumption of the Boltzmann
distribution for the energy levels and more generally about the Maxwell-Boltzmann distribution
linked to equilibrium considerations is a complex task. Even in the case of apparent easier
situations — such as plasma produced by ICP torch — some key points are still under consideration
(see [40] for discussions about the accuracy of classical spectroscopic methods used to assess
excitation temperature, electron temperature and the thermal disequilibrium). The high pressure
level in the fuse arc plasma column is a favourable condition: in fact in the more general case of
plasmas at least close to atmospheric pressure the number of collisions is sufficient for efficient
energy transfer. As a consequence the Maxwellian distribution function is obtained for particles of
the same species. As high level of electron density is obtained in the fuse arc plasma especially
when the electric power is maximum [35], typically ~ 10" cm™, we can assume that the transfer of
energy between electrons (e) and heavy particles (h) is efficient. Thus the unicity of temperature is
assumed in order to define the plasma temperature by T =T, =T, . This unicity appears to be valid

for the inner part of the plasma core where gradients (in temperature, density and pressure) are
small (figure 8(c)) compared to the edges of the plasma. In the plasma surroundings the quoted
gradients are strong and the composition of the plasma is continuously changed because of material
injection (around the two erosion fronts and around the inner wall of the fulgurite or interaction
volume). As a consequence the equilibrium assumption is difficult to assume for these areas. Local
measurements could be helpful to analyse these areas, but typical methods such as Abel inversion
can not be used. More details about the whole of these considerations linked to equilibrium
(thermal, chemical) can be found in [64].

* Electron density of the fuse arc plasma is mainly obtained by means of two different approaches.
First, it can be deduced by applying the Saha’s equation [24] and using the experimental variation
of the spectral intensities of various chemical species with different ionization degrees. This way is
questionable in so far as the plasma composition has to be defined and LTE has to be assumed.
Secondly, it is deduced from the spectral line shapes (broadening and sometimes shift) of ionized
silicon lines by assuming that the observed spectral width at half maximum is mainly due to Stark
broadening (splitting and shifting of the energy levels of the emitters) that is to say by pressure
broadening [24, 30, 34, 35, 38]. So doing the assumption of LTE is not necessary. Main limitations
lie in the substraction of the continuous contribution and of the apparatus function. But in the
analysis of the results one has to consider that even with ionized silicon lines the observed profile
can be more or less broadened by absorption because of the radial gradients (in density, pressure
and temperature).

2.3.3. Fulgurite. The formation of the fulgurite has been discussed in section 2.3 with quoted
references in which more details can be found. This section is more concerned by the electric rigidity
of the fulgurite once the arcing period is ended. It is of very high interest because the fulgurite has to
ensure the highest dielectric rigidity possible to avoid any restriking linled to the appearance of a new
electric fault.

In figure 7 we briefly illustrate some results from [41-43]. First in figure 7(a) is shown the
dependence between the resulting resistance and the initial value of the copper fuse element thickness:
higher values are obtained for thiner fuse elements. Secondly, as it has been previously observed in
figures 5 and 11 (Part 1. Pre-arcing period), there is a bulge located right at the initial position of the
reduced section (linked to the high pressure which is the result of the metal vaporization). Each part of
the fulgurite contributes in the resulting resistance. From figure 7(b) we see that the resistance
obtained for the whole length of the fulgurite is especially the result of the contribution of the bulges:
if the fuse element is equipped with many tens of reduced sections in series (typical case of an
industrial fuse element) the resistance of the fulgurite will depend directly of these. Figure 7(c)
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Figure 7. Considerations about the post-arc fulgurite resistance [41-43]. (a)
Experimental post-arc resistance versus Cu element thickness (source voltage 500 V).
(b) Distribution of post-arc resistance alonf different parts of fulgurite of Cu elements
(resistances: R, for the whole length of the fulgurite ; R,,, for only one metal part ;
R, , for a swell of the fulgurite). (c) Sketches of the experimental fulgurite (on the left)
and of the model put in the calculation: 1, swell observed at the initial place of the
reduced section ; 2, quartz sand ; 3, fulgurite shell ; 4, voltage probe ; 5, thermocouple
; 6, fully melted layer ; 7, partially melted layer. (d) Profile of the fulgurite resistance
versus time up to 25 s.

illustrates the simple schema retained to build the modelling: the actual fulgurite volume with bulges
is simplified in an equivalent cylindrical volume. Especially fitted layers are deduced from a simple
temperature cartography established by means of thermocouples inserted the filler volume, the
temperature measurements being used to set the temperature profiles to put in the calculation. As a
result we show in figure 7(d) the evolution of the post-arc resistance versus time. After few seconds a
post-arc fulgurite resistance of some kQ is obtained. Thus this simple tool can be helpful to design
roughly the number of reduced sections and the gap between each of them.

2.4. Properties of the fuse arc plama

Among the studies published up to know there are only a few numbers of papers dealing with the
physico-chemical properties of the fuse arc plasma in spite of the fact that microscopic properties i.e.
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those of the fuse arc plasma are of high interest in order to understand the macroscopic properties i.e.
those induced by the fuse.

» At the microscopic scale. The transport coefficients of the fuse arc plasma — electrical
conductivity, thermal conductivity, viscosity and radiation — are difficult to assess in an
experimental way. From theoretical calculations [16, 17, 44-46] one knows that small variations of
the metallic material to silica sand ratio can imply strong variations. Among them the fuse arc
plasma radiation is the most studied even if few studies have been done. In that case the high
difficulty lies in the analysis of the radiative properties especially for temperature and electron
density measurements. To be obtained these evaluations require experimenters to apply classical
spectroscopic methods whose assumptions and applicability are sometimes questionable. Some
examples are detailed in the following sections.
» At the macroscopic scale. The analysis of the fuse resistance can be improved by use of the
calculated electrical conductivity of the fuse arc plasma but many calculations are necessary to
depict the whole duration of the arcing period and the whole of the plasma volume (for example of
metallic type at the beginning and hence with an increasing percentage of silica). The instantaneous
mesurement of the pressure can be helpful at the condition that the measured pressure is the plasma
pressure and that the plasma column shape is known at the time of evaluation [47]. The
dimensional features of the fulgurite can be an indirect way to check the trends calculated for the
viscosity but in this case the correlation has to be established from post-operation features (and the
task is made more difficult because of the role played by the plasma pressure).

For physical modelling purposes of the arcing period one has to increase the knowledge of the
physical processes occuring inside the plasma column. In the case of fuse arc plasma OES methods
have led to the most significant contributions. In addition to the identification of the chemical species
of the fuse arc plasma the temperature and electron density are obtained. As the fuse arc plasma
radiation is assessed by means of an integration over the whole interaction volume thickness according
to a single line of sight — whatever the way: either by direct insertion of an optical fibre either through
a quartz window — the measured spectrum has to be considered as an average over this line of sight for
the given integration time. This way to proceed raises many unknowns linked to fluctuations during
the integration duration: about the changes in the plasma composition, about the optical thickness of
the layers met by the light from the core of the plasma column to the surrounding layers where the
light is collected, about the subvolume from which the studied spectroscopic line is emitted, about the
validity of the necessary assumptions for the use of classical spectroscopic methods [40].

As example we show in figure 8(a) the spectra observed during the arcing period (pre-arcing time
~ 0.9 ms) for the spectral interval [360-440] nm. Neutral and ionized silicon lines are observed
together with the continuum whose level changes significantly: sharp increase up to ~ 1.7 ms (for
which electric power is maximum) followed by a regular decrease down to the end of the arcing
period. The pressure evolution follows the electric power during arcing period [48]: thus for the time
interval where the pressure level is high the lines used for temperature and electron density
assessments are strongly broadened and the line wings are strongly disturbed. In the same time the
level of the continuum increases and even becomes higher than the discret radiation level: as a
consequence discret radiation becomes weaker compared to continuous radiation and can not be used
any more for diagnostic purposes. In figure 8(b) we show a comparison between an experimental
spectrum focussed on the ionized silicon multiplet Si II (2) and the calculated profiles for the two lines
of the multiplet, namely ~ 634.7 nm and 637.1 nm and assuming a 100% SiO, plasma. This spectrum
if observed ~ 3.24 ms after the application of the fault current, that is to say at the end of the arcing
period for which the continuum level is low. Calculated profiles are obtained by means of the radiative
transfer equation [36] written for only one dimension comparable to the line of sight. The observed

intensity |, is defined by: IA(R)= J.OR g (x,T).exp(— LR K, (X',T).dX'j.dX , where R indiquates the
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Figure 8. Fluctuations of the fuse arc plasma radiaition [36]. (a) Evolution versus arcing time of the
neutral silicon line Si I 390 nm and the two ionized silicon multiplets Si II (1) and Si II (3). (b)
Experimental spectrum at 3.24 ms focussed on the Si II (2) ionized silicon multiplet. (c) Radial density
and temperature deduced from the Radiative Transfer Equation.

edge of the integration domain, k, is the spectral absorption coefficient (necessary to calculate the
optical thickness of the plasma at the wavelength A1) and the total spectral emissivity is:
gﬂ(ﬂu,T)zgj’u|’/1(/1,T)+£fb’l’j(A,T)+8ﬁ’M(/LT), where ¢g, and &4 are respectively the free-

bound and the free-free contributions of the continuum. For this calculation the radial density and
temperature of the plasma are shown in figure 8(c): the plasma density is weak in the center ~ 0.01
kg-m™ and increases up to ~ 1 to 10 kg-m™ at the edges ; the maximum temperature is ~ 13 kK in the
plasma core and decreases down to ~ 9.5 kK at the edges.

Spectroscopic considerations on one hand, and composition and transport coefficients calculations
[46, 49-51] on the other hand are currently improved. For the latters the non equilibrium plasmas are
studied in the low temperature domain namely from 1000 K to 6000 K. In addition to these novel
calculation tools some experimental works have been done to study chemistry considerations linked to
the arcing period in a fuse [23, 52, 53]. Especially in [23] experiments performed after the device
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Figure 9. (a) Sketch of the geometry of the studied fuse. (b) Sketch
of the one-dimensional geometry of the fuse process. From [57].

operation do not show any significant evidence of the lasting chemical change. The devices concerned
are fast-acting HBC fuses with silver fuse elements designed to protect semi-conductor devices.
Experiments include calorimetry, ‘wet’ analysis of the fuse fulgurite, electron spectroscopy for
chemical analysis and determination of gas produced. On the whole of the results and within the range
of experimental error no specific trend is pointed out from the chemical point of view and the results
doesn’t show any permanent chemical change due to the fuse operation. Moreover the black regions
that can be seen in figure 11 (Part 1. Pre-arcing period) have been analysed also and three main
conclusions are given [23]: (a) the presence of silver oxide is not proved in significant quantities, (b)
the central black area of the fulgurite corresponds to silicon dioxide (SiO,) and silver, and hence (c)
there is no evidence of lasting chemical change.

The distribution of silver within the fulgurite has been studied in [53] by means of local neutron
activation. Results have been averaged over tens of fulgurites obtained after fuse operation and show
that an axial flow of silver exists from the centre of the fulgurite towards the extremities, the anode
side flow being stronger than the cathode side flow.

2.5. Trends in arcing period modelling
Most of the published works up to now are digital simulations [9, 10, 54] or more or less empirical
calculations especially the one of Daalder [18] which is very comprehensive. Among digital
simulations reliable calculations have been produced to predict current and voltage induced by the fuse
but they are dependant on fitting paramaters i.e. specific to one type of fuse or based on simplifying
geometrical considerations espcecially for the plasma column. One of the main difficulty to build a
physical modelling is first to identify the physical processes that have to be included. This task is
complex because the whole of the processes are not known or not known with acceptable accuracy to
be depicted properly. Secondly one has to integrate the three phases for the materials with different
silver to silica proportions, the ratio between each of these phases varying during the arcing period
(due to the localization within the interaction volume). Thirdly the chemical species forming the fuse
arc plasma can vary with the proportion of the material and with the level of pressure (the increase of
pressure shifts the chemical reactions to the high temperatures). Fourthly the whole interaction volume
is not delimited by a homogeneous and steady boundary with accurate limits. On the contrary the
thickness of the melted silica layer surrounding the plasma column is inhomogeneous in temperature
and most probably in density and viscosity. The diffusion of the melted silica and of the vapours
produced in the plasma column has to be depicted because it corresponds to energy withdrawal and it
modifies the whole electrical conductivity of the plasma column and of the electric fuse. And fifthly
one has to find experimental and calculated or modelised quantities to establish reliable comparisons.
A physical modelling of the arcing period in a HBC fuse has been published in [55-58]. We invite
to refer to these works to obtain the full mathematical and physical considerations included in
themodelling. In the next parts only the quantities which can be compared with experiments are
discussed.
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Figure 10. Pressure (a), density (b), temperature (c) and velocity (d)
distributions in the plasma core during the fuse operation of 5 ms
duration [57].

One of the contributions of these latter works is the approach developped to take into account the
fluid flow through the porous granular filler. The sketch of the studied electric fuse is shown in figure
9(a) together with the one-dimensional geometry retained for the modelling. To simplify the fuse
domain is divided into two main areas, the plasma area and the silica sand area. To model the HBC
fuse the compressible Euler equations for perfect gas are used. The basic flow model is coupled with a
model of the porous medium which integrates a mechanical interaction between the gas and the silica
sand and the heat transfer between the hot gas and the cold silica sand grains. From the numerical
point of view a finite volume scheme is used and each cell is defined according to the material
involved depending on the area: especially in the silica sand the void space filled with air is set by the
porosity ¢ whereas the silica sand correspond to (1—¢). The fluid flow through the porous filler is
described by means of the Darcy and Forchheimer coefficients experimentally assessed by means of a
modified Ergun’s equation [59,60] where the pressure drop ( AP ) through the porous layer of given
thickness (L) is given as a function of the fluid velocity (v) by: AP/L = (,uv)/ ki + (p\lz )/ Ky, Kq is the
viscous term linked to the Darcy coefficient and k, is the inertial term linked to the Forchheimer
coefficient. Mass, momentum and energy conservations are written and the heat transfer is described
by taking into account the effective thermal conductivity of the filler. In figure 10 we show the
evolutions versus time of the pressure, the density, the temperature and the velocity in the plasma core
for total fuse operation of 5 ms, the pre-arcing period duration is ~ 0.9 ms. The pressure increases
quickly up to ~ 2.2 MPa at ~ 2.3 ms before to decrease steadily down to nearly atmospheric pressure.
The plasma temperature shows a sharp increase at the beginning of the arcing period up to ~20 000 K
and remains nearly unchanged up to ~ 3 ms, the temperature at 5 ms being ~ 13 000 K. The density
normally falls from ~ 1 kg-m™ at the beginning of the pre-arcing time to less than 0.1 kg-m™ at the
beginning of the arcing time. Next it increases due to vaporization of material and high temperature
and reaches ~ 0.4 kg-m™ when the pressure is maximum and finally decreases down to less than 0.1
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Figure 11. (a) Evolution of the pressure during the fuse operation [36]: comparison
between experiments [48], simulations from modelling [57] and calculations (for
three initial SiO, amounts fully vaporized to form the fuse arc plasma) [17]. (b)
Comparison between experiments and simulations given in normalized pressure: at 7
mm, 9.5 mm, 12 mm and 15 mm from the intial position of the fuse strip [61].

kg-m™ at the end of the arcing period. More simulations can be found in [57] at different positions (at
the plasma periphery ~ 1 mm and in the filler) which exhibit coherent trends.

The fuse arc plasma pressure is one of the physical quantities which can be compared (figure 11).
Experimental curves shown in figure 11(a) are similar to those showed in figure 9(b) (Part 1. Pre-
arcing period): they correspond to the pressure measured the closest as possible of the plasma column
within the granular filler for a given experimental test [48]. Simulated pressure is the arc plasma
pressure obtained in the same way as in figure 10 but for different conditions corresponding to the
experimental tests. Calculated pressures are given for three silica plasma compositions namely 0.1
kg-m>, 0.2 kg-m™ and 0.5 kg-m™: for each case three curves are given depending on the temperature
scale which is deduced from the spectroscopic measurements [36]. The experimental and simulated
pressures follow a similar trend, the simulation (arc plasma pressure) showing logically higher values
compared to experiments (pressure within the solid silica sand but the closest as possible to the plasma
edges). On the contrary and whatever the composition, calculated pressures exhibit a significantly
different trend. These latters are obtained from the temperature/time correlation for each of the plasma
compositions. The absorption of the radiation emitted in the plasma core by the colder surrounding
plasma layers justifies partially these different trends.

From the calculation of the Darcy and Forchheimer contributions the total flow resistance can be
calculated [48, 57, 58] and the variation of the pressure during the fuse operation can be deduced at
various positions from the fuse element and compared with measurements [61]. The comparison is
shown in figure 11(b) in terms of normalized pressure for the following positions from the initial
position of the fuse element: 7 mm, 9.5 mm, 12 mm and 15 mm (absolute measurements can be found
in [61]). For the smallest value i.e. 7 mm the sensitive area of the quartz pressure transducer is very
close to the edges of the fulgurite (a closer position could imply irreversible damages for the
piezolectric transducer). A good agreement is found about the time variation especially for the closest
positions 7 mm and 9.5 mm. For 12 mm and 15 mm there are some reasonable discrepancies between
measurement and simulation. This is due to the higher silica sand thickness. The pressure wave ignited
in the plasma column is transferred via the silica sand grains intersection points: higher the silica sand
thickness, higher the number of intersection points and stronger the reduction of the pressure wave
magnitude.
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In figure 12 we show a comparison between the fuse arc plasma temperatures obtained in various
ways. For a given mean granulometric interval [35] the mean excitation temperature is obtained from
the relative intensity ratio method with the multiplets (1) and (3) of ionized silicon. The temperature
increases from ~ 15.5 kK (the first spectrum during the arcing period is obtained ~ 30 us after the arc
ignition) to ~ 21 kK at the most. Hence the temperature decreases less or more regularly down to ~ 12
kK for ~ 3.1 ms (spectra integrated up to the cancellation of current can not be used for spectroscopic
diagnostic). Up to ~ 2 ms these measurements are close to the simulated temperature [55, 57]
especially as uncertainty bars are considered. Significant discrepancies appear after 2 ms of operation.
Simulated temperatures are roughly unchanged up to ~ 3.2 ms and hence decrease steadily down to ~
13.5 kK at 5 ms. First noticeable inhomogeneity appears from the plasma core towards the plasma
edges thus changing the optical thickness of the ionized silicon lines along the line of sight and
increasing the broadening of the ionized silicon lines by absorption. Secondly the spreading of melted
silica through the pores of the filler is omitted in the modelling thus an energy loss term is omitted and
this remaining energy corresponding to the whole hot plasma energy is overestimated. The
temperatures obtained by means of spectroscopic measurements with Si II lines by Cheim [31, 32] are
consistent with those of [35]. On the contrary the temperatures deduced from the relative intensity
ratio method with Si II and Si III lines are quite stable with a rough mean value ~ 25 kK. A significant
increase is observed after 2 ms which is inconsistent with the decrease of the energy provided to the
fuse plasma. Considerations linked to optical thickness and absorption due to radial gradients could
explain this trend.

From temperature [24, 29] and electron density [24, 30, 61] measurements the electron density
versus temperature curves can be obtained for the whole duration of the fuse operation. An example is
shown in figure 13 and compared with electron densities calculated for various SiO, plasmas (volume
is kept constant): 0.1 kg:m>, 0.2 kgm>, 0.5 kg-m” and 1 kg-m™. It can be noticed that in the
temperature range from ~ 16.5 kK to ~ 18.5 kK the assessment of electron density is not possible. This
temperature domain is obtained when the electric power is at its maximum level. For these conditions
the level of continuous radiation is the highest observed during the fuse operation and it is not possible
to observe the ionized silicon lines any more: the radiation emitted in the plasma core crosses dense
layers in the radial direction towards the plasma edges as shown in figure 8(c). From the calculated
curves shown in figure 13 one notes that a single calculation is not sufficient to describe the fuse
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operation. Actually the evolution of the fuse arc plasma electron density is the result of the variation of
the plasma composition: of metallic type at the beginning of the arcing period and of silica type for
most of the arcing period duration. The electron density shown in figure 13 lies varies from ~ 10" cm’
> to ~10" cm™. These values and the trends during the arcing period depend strongly on the
morphometric properties of the silica sand.

3. Conclusion

The arcing period is clearly more complex to describe and to model compared to the pre-arcing period
(Part 1. Pre-arcing period). The assessment of the fuse arc plasma properties is mainly done by means
of classical spectroscopic diagnostics whose applicability is sometimes difficult to justify. Especially
conditions to obtained LTE within the plasma core can be reasonably assumed. On the contrary for
the area where the arc is ignited and for the edges of the fuse arc plasma the LTE assumption appears
questionable and the changes in the plasma composition (both close to the erosion front and close the
plasma edges) are still unknown. The plasma core — high temperature, electron density and pressure
and low density — is surrounded by colder layers whose composition changes during the arcing period
and with distance from the plasma core. These various temporal and spatial gradients imply strong
inhomogeneities and absorption of the radiation issued for the hotest areas of the fuse arc plasma. The
knowledge of the plasma properties has to be increased to identify the physical processes in order to
build a comprehensive modelling.
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