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Abstract

Industrial fuses are composed of a metallic elemeigbmpacted silica sand in a ceramic casing.aseaf short circuit, rapid-
heating of the metal conducts its melting and di&pea. The current is maintained momentarily byaaon of an electrical arc
which create a hole of vaporized material callect “ehannel”. The aim of this work is to evaluate tkey phenomena and
variables involved in the transfer of the arc egetg the silica filler of the fuse to develop a qtitive procedure of
dimensioning. The physical description is inspibgdnodels on laser/matter interaction. Goal isredjrt speeds of liquid and gas
fronts, surface temperatures, and the pressure céodu  in the arc channel.

|. Introduction

The role of a fuse is to open the electrical ciraquicase of over intensity of curreing., when the current overcomes a predefined
value. It has also to be conductive and shouldsigmtificantly disturb the current in normal opengticonditions.

Ultra-fast fuses are key components in protectibiseani-conductors against over intensities in eieat circuits. The energy
dissipated in ultra-fast fuses varies betweehat@ 10 J, and the current must be cut in less than 50T his energy is dissipated
through an electrical arc (“arc plasma”) by meltangd vaporizing the medium which surrounds the ootuat.
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Fig.1. A typical fuse and its main components.

A typical electric fuse is made of four main compnts (Fig.1): the (Ag blade in the present cad®);arc quenching material,
usually packed silica sand [1]; the two metal etmd®s which enable the contacts with the exterimauit; the outer cartridge

(generally a ceramic body) which ensures the meachhand thermal protection against outer enviromim€&he conducting/fusing

part design involves the distribution of reducedtisas (“notches”) (Fig.2.) in which the currentnocentrates, and in which play
the key part in fuse breaking.
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Fig.2. View of notches geometry

The events inside a fuse placed in a short ciggwiaition can be sequenced in three periods:

Pre-arcing period The concentration of the high current in notcleehances the Joule effect and leads to metal meltin
vaporization, and expelling of metal from the cehpart of the notch, leading to breaking of thedwcting metal continuity. This
pre-arcing period (typically 50usec in a fast fusedls in the ignition of an electric arc betweemnttio parts of the notch [2], and
in the sharp increase of the voltage across the fus

Arcing period. The arcing period involves complex physical, cheshand mechanical aspects. General consideradiomst arc
roots can be found in [3] and cathode and anodegrhena are reviewed in [4] with review of experitaérand theoretical
studies. There exist only few works on dealing va#tthode and anode phenomena dedicated to eltctes [5]. The formation
and evolution of the plasma geometry and its intéwa volume has been studied experimentally, wittme attempts to formalize
experimental results in the form of empirical mad@l, 7,8]. The very high gradients (temperaturespure, electron density) from
the arc channel (or core plasma) to the surroundiage strong effects on transport (electrical caotidity, radiation...)
coefficients [9]. The continuous evolution of theagma composition was discussed on the basis ofigdlyand chemical
considerations [10], leading to typical temperasuaeound 20 000 K. During this arcing period, ams&m of the fuse element at
the ends of the arc occurs. THisrn-back phenomenon has been widely studied within thetrdefuse community [7]. The
produced liquid and vapor silver is expelled throulge porosity of the surrounding silica sand mediiThe energy production
from the arc also melts and vaporizes the surragndilica, leading to the typical geometry presérda Fig.3, in which the arc
channel containing the plasma is bounded by saoliiraelted silica.
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Fig.3. Schematic view of the arc channel during the arcing period: the arc between the silver electrodesis confined in a volume
bounded by liquid silica and silica packed sand.
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Post-arcing periodOnce the arcing period is ended, the quartz streds quenched and the solidified silica leada &wlid arc
channel or lumen (Fig.3). The extreme and rapiccgsses of heating and cooling results in the faomaidf silica glass, the so-
called lechatelierite, which exhibits typical flostructure and vesicles. The obtained structure indsnwhat is observed when
lightning interacts with sand and form a glassy eoaty tube (fulgurite, from latifulgur, lightening). This structure has to ensure
high dielectric rigidity to prevent restriking, amaéhs studied [12] because of this high industritdriest.

The present work explores the arcing period, incde of ultra-fast fuses. Its main goal is to psgpa first description of quartz
sand behavior under specific conditions involvedhiese high speed fuses. Most of the published svaitk at predicting current
and voltage induced by the fuse[8]; they are gédlyedlapending on fitting parameters (type of fusgeometrical considerations).
Physical modeling in fuses was proposed in somesgag)., to account for gas flow and heat transfer ofdflin the porous
medium [13]. This paper focuses on the interacbetween electrical arc and the surrounding quaatdswhich drives the
evolution of the arc channel during the arcing @eriThe electrical arc is considered as a heatescamd the compacted sand as
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an equivalent porous medium. Because of the charsiit time and dissipated power, the proposedainiscased on laser/matter
interaction works on laser drilling. The power ibhpnd geometric conditions are deduced from exptsand observations.

1. Methodology

1. Experimentals

Due to the very high velocity of the involved phermena (200usec), and to the fact that they occudena closed box in an
opaque mediunin situ observations are not possible. The experimental azquisition therefore involves two approaches.

The first approach is a macroscopic analysis oftetml analysis of the behavior of the fuse whdsced in a short-circuit
reference situation. The tensibift) and current(t) are recorded. These experimental curves (Figledrly show the pre-arcing
period (Joule heating of the Ag before melting amrgelling) at low voltage, and the abrupt increatgoltage when the silver
continuity is arc is formed. The produd(t).I(t) energy absorbed by the fuse per unit time is daht increased when the arc
forms. From this product and the number of notéheke fuse, it possible to calculate the powesiggted in the granular field in
each notch.

. Pre-arcing period ‘/h\ ‘_ “‘k Arcing period
,( \ \ f
[ )\ R @~ Arcvoltage
{ \ e A~ Arc current
= 1 \ v L
@ £ i \ \
E i A "
3 \ GH AL Ay
\
B \
= \
(4

-50 0 50 100 150 200 250
Time (us)

Fig.4. Typical evolution of tension and current during fuse breaking

The second approach is the observation of the gporaling fuses at microscopic scale. Two techniguere used:

- Observation of polished cross sections of smaltkdo(a few mm) around notches extracted from brdkeses. The
blocks were impregnated by an epoxy resin, thenpmlished and observed in a Scanning electronddape (SEM).

- Observation of such blocks by X-ray microtomographlyis technique enables non-destructive 3D aralymaterials
microsctucture [14,15]. Microtomography experimewere performed on a a microtomograph Easy Tom XI.18ing
2.5 um voxel size. It was possible to separate, 3@ and pores from grey levels.

The use of these two techniques leads to quaktatbservations and quantitative evaluation of dtarsstic sizes.
2. Model
Basic assumptions and simplifications

This model aims at evaluating the evolution of éne channel after the arc is formed. The arc cHasmaodeled as a cylinder
filled of high temperature gas. The arc is consgdeas a linear power source along the channel Bles power of this source per
unit length of arc channel is an input, obtainexrfrelectrical measurements (see previous paragrafnes cylinder is surrounded
by the porous silica medium constituted by comphssnd and typically 50% interparticle pores. Taattlow from the arc heats
the side surface of the cylinder (heat exchangéiseagénds along the axis are neglected). Heasspdited by diffusion inside the
porous medium, melting and evaporation of siliche &rc length is assumed constam® (he burn back phenomenon is assumed
rapid). The arc channel radingxpands by melting and evaporation of silica. Hflisws using a 1D-axisymetric model.

Silver is not taken into account in this first apach for two main reasons, deduced from obsenafisee results of broken fuses
observation): i) most of the fused metal Ag bladeekpelled backwards outside the channel area giutie burn-back
phenomenon, ii) the corresponding metal mass igdilp 2.3mg and a simple evaluation of the enanggded to heat and melt
shows that it only uses 15% of the overall inpwgrgg per notch (6J out of 20J). The presence oinAbe arc plasma is of course
significant, but the present model doesn’t aimratarstanding the plasma, and considers the powar agput.

The power flux from the arc per unit area of cyéndk:

P(t
Parc® =" ()




whereP(t) is the power flux per unit length of arc channel
Heat transfer in the silica porous medium
Considering the velocity=dr/dt of the arc channel surface, the conduction thrabghsilica medium writes:
Cop(T) [ 32+ ¥.(w.T)| = V.k(T)VT @)
wherep is the density of condensed phase (Rynt the thermal conductivity (W.m/s), T the temperat(K), andC, the heat
capacity per unit mass (J*Kg™).
The melting of silica is taken into account througlttontinuous description by replacify in eqgn.(11) by a the pseudo-heat
capacity:

_(T-Tm)
AT?

Cp(T) = C(T) + eAT—\/an )

with T,,, the melting pointAT an arbitrarily chosen melting temperature interfdef=10K was used here},, the enthalpy of
melting.
Boundary condition at the Si@channel interface
The energy balance at the channel surface is:
Parc(t) = 1ygp. L, —kVT =0 (4)
whereL, is the enthalpy of vaporization and,, the mass of silica evaporating per unit time pet surface.
The evaluation off,, is the key point of the model. The classic Hertaillsen-Langmuir equation , which is used in proklem

such as laser drilling [16] which involve similagdt fluxes and typical times was applied. This é#qonadescribes the evaporation
velocity of a molecular compound. A simple formidatis:

Mo = (=5, ()" P )

27RT

whereM is the molecular masg the gas constang,; the equilibrium vapor pressure (saturation) atlifpeid-gas surface at
temperaturdy.

Coefficientg, depends on both the total pressure in the gashenpartial pressure of the evaporating compourid.Q when the
evaporating phase is maintained in vacuii (vhen the gas pressure is low), equal to unity wihenpartial pressure of the
considered compound is equalRg,, and larger than unity (condensation) for highetipl pressures.

In the present model, silica is assumed to evaposithout dissociation, or at least that the saimmapressure concept can be
applied, and that the classic Clausius-Clapeyranbesaused. This equation allows the calculatioR,pf as: describes the change
of equilibrium vapor pressure as function of tenapere and is given by:

1 dPsqr _ AHygp ©6)
Psqt dT RT?

whereAH,,, the enthalpy of vaporization and R is is the mgas constant. IfAH,,, is assumed constant in the temperature
range of interest, this leads to:

_Mﬂ(l_i)
Pst(T) = Pgre R T To )
with T, the boiling temperature at pressupg;, .i.e., in the case of silici;=3200K atP?,=10°Pa

Substituting eqgn.(7) into eqn.(5) for vaporizatiate yields:

. M —x \FoT
Myap = (M) Poie R (TS TO)(l - Br) (8)
Coefficientp,.cannot be determined. We therefore selected twemxt cases:

B, =0 (9

which should describe the evolution when the ,Sgdessure in the channel remains small. This cara bealid
approximation when the silica vapor escapes thrahghporous sand packing.

B =722 (10)

Psqt(T)



with P the total pressure, which accounts for the intabibf evaporation by the gas, and. This is paldity significant
when most of the evaporated silica remains in theehannel (note that heReis close to the partial pressure of silica).

Pressure in the arc channel

The pressure evolution in the arc channel dependwttether the gas can escape or not. When the agly escapes (open
system) the pressure remains constant, and rdiatoxe.

If the gas cannot escape, which will occur foranse if the melted silica forms a continuous liglaiger around the arc channel,
the pressure in the channel will increase as ediporprogresses. In this case, the pressure vedgatgd at each tinteusing the
perfect gas law:

PV = ngRTs  (11)

in which the numben, of moles in the channel and the volumef the channel are calculated from the time iraéign ofr,,,
from O tot. The gas temperature is assumed to be equal tertiperature surfack.

Numerical implementation

Computer simulations were realized using the figitlement method (FEM) by means of the Comsol Mijtgics® software
package. This package includes an ALE (Arbitrargraagian Eulerian) technique [17] which enableskirag the liquid gas
interface and taking it into account in the he#fudion equations, with this moving boundary withoemeshing.

Fig.5. 3D distribution of silver around afdr;ner notch. The unaffected part of the silver bladeisin light blue; the red and yellow
objects are solidified Ag drops expelled out from the notch by the arc and by the burn back phenomenon. The yellow onesarein
contact with the blade. The green dashed curve marks theinitial Ag notch.

1. Results

Used fused observation
Ag notches

The distribution of Ag in a used fast fuse arouniraner notch is presented on Fig.5. On this 3Da}{tomography image, the
sand was made transparent to observe the 3D distribof silver (Fig.5.). During the burn back pbemenon most of the silver
was expelled away, mainly backwards (towards theblagle), so that almost no silver remains in tieassand close to the arc
channel. This dispersion can also be seen on SEMémof cross section (Fig.6). The measuremertiteofrielted volume of the
notch on 3D images (green bounds on fig. 5) shtvas2mnd of silver were melted and expelled.

SiO, grains

Ag liquid SiO, grains cracked

Arc channel
Liquid SiO,
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Fig.6. SEM image of the cross section (perpendicular to the silver blade) of the arc channel in a used ultra-fast fuse.



Arc channel

The SEM images of arc channel cross sections@F&how the melted silica at the internal boundzrthe arc channel, due to
the absorption of the arc energy. The observatioth@ 3D distribution of glassy silica was not pbks due to the too low
contrast between amorphous and crystalline (quasitida in microtomography images. Quantative asiglyof the 3D
microtomography images were used to evaluate thensmelted Ag and geometric characteristics ofatteechannel, such as the
arc channel length and volume (Table 1).

Cracks through the grains are also observed cltiset@rc channel boundary (Fig.5), but their origimn open question: shock
wave during the arc or thermal shock during querghi

Arc channel volume (“empty” volume) 1 nim
Volume of fused and dispersed silver 0.2 m
Former sand+pore volume 0.8 mm

Arc channel length 2.3 mm
Equivalent radius of the arc channel radjus 0.37mm
Melted silica layer width 100 to 200 pjm

Table 1. Typical arc channel geometric characteristics obtained from SEM and XRay microtomography images

Modeling
Input data

The physical characteristics of the porous silmadsmedium (porosity around 30%) are summarizethinie2. The length of the
arc channel isy = 2.3 mm (Table 1). Its initial radius is set elpoathe initial radius of a notch i.ep = 100 pm.

.- | Value
Parameters Symbol [Unit] [transition at T.J
Room temperature | Ty [K] 293
Melting point T [K] 1996
Melting latent heat | L, [J.kg'] 1.595 18
Evaporation later| L, [9.kg] 8.87 16

heat

Heat capacity (solid)| C[J.kg".K™] 765

Heat capacity (liquid] CJ[J.kg".K™] 1426

Heat conductivity (s)| k [W.m™.K7] 0.33

Heat conductivity (I) | k [W.m™.K7] 5

Packed sand density| p [kg.m"] 1700

Liquid silica density | p [kg.m?] 2100

Table 2. Physical data used in computations for the porous silica medium.

The evolution of arc power per unit length of at@mnel obtained from macroscopic measurementsnsice and current is
presented on Fig. 7: the power rapidly increasdherfirst microseconds, reaches a maximum valtgx 80usec, and then drops
by a factor of 1000 after 60 to 80usec.
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Fig.7. Time evolution of the power (W/m) dissipated by the arc per
unit length of arc channel, calculated from



Résults

Three examples of outputs are presented on Fitgs18, with the coefficients, being set to zero or depending on the pressure
pressure in the arc channel.

The evolution of the width of vaporized silica (p@ized radius” on Fig.8) rapidly increases, tacteaalues around 250um. This
corresponds to about 0.3 to Om#m3 around each notch. This value is about half theinse deduced from arc channel
measurements (0.8 miniTable 1): the difference could be explained by flow of melted in the pores, which is not takatoi
account in the model. The total evaporated volusriewer when the increase gf with pressure is considered: this is due to the

limiting effect of pressure on the vaporizationeraThe decrease of the vaporized volume after J@OweenB, = %
Sat

corresponds to the condensation of the confinedvaien the arc power ends, while the model Bijte= 0, which corresponds
to an open system in which silica vapor went a#dk to a constant vaporized radius.
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The evolution of temperaturg; at the surface of silica facing the arc channéy.@ shows a drastic increase in the first
microseconds, which simply corresponds to the ifastease of the power (Fig.7). Strong differences Bowever observed
between thegs, = 0 case and whefi, depends on pressure. Whgn= 0, the maximum temperature, around 5000K, decreases
after a few microseconds: the decrease of thefheat,,. towards the surface due to the increase of thereiaadius (Eqn. 1)
overcomes the increase of the power fRix When the arc power ends is around, temperaterestto about 2000K, which
corresponds to the ‘slow’ solidification of thedid layer.

In the case of the pressure depen@ana higher temperature is reached (8500K), andi¢loecase after a few microseconds is not
observed, because the increasing pressure shéftethperature towards higher values. The maximumpéeature remains high
when the arc power ends: in this case, gaz contensa observed §. > 1), with the high pressure-high pressure gaz as gnerg
and matter source.

It is to be noticed that the predicted surface emafures are high but remain below the values g¢&gen the arc plasma.
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The evolution of internal pressure of 3id the arc channel calculated for a closed chammeresented on Fig.10. The high
values (1-2GPa) reached in both cases clearly shatwthe 5, = 0 case is not compatible with a closed channel,ranst be used
only.
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Fig.10. Evolution of pressurein case of B, = ‘;S;Oz
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The partial pressure reaching 1-2 GPa in 10 p®iig kigh. Saquib and Stockes [18] used mechanagr@®s to measure the
pressure during arc extinction. They obtained makivalues during the arc extinction between 1.6 Nt*aa current of 1 kA to
5.5 MPa for a current of 4 kA. However, the senseese placed at 10 mm from the core of the arcatéhe edge of a volume
about 103 times larger than the present arc chanimehigh speed fuses, the maximum current isA@mkd because of the very
small involved volumes between notches, we canasgfhat the values reached in the arc columrr isidaer.

4. Conclusions

The simple model presented here is based on expetainobservations and data, without any adjustphtameter. It leads to
correct orders of magnitude of the amount of vamati matter. It also provides estimations of temipeeaon the liquid/gas
interface and pressure in the arc channel.

The obtained temperatures are below the typicainpdatemperatures expected in arc plasmas (20 J@Qkyc and they can be
considered acceptable as liquid/gas interface teamhyre.

In the light of results on pressure in the arc dedurapid increasing and high final value arourf@Ha) two phenomena should be
taken into consideration: i) because of the poyasitthe granular field a part of the gas and ligpropagate in granular field, ii)
due to very quick increasing of the pressure alsh@e could be transmitted through the solid.

Additional experimental data have to be collectedirdy arcing, (pressure and temperature), althahgly are hard to obtain
because of the extreme conditions (high temperatlosed field...). X-ray tomography will give otherders of magnitudes on
ablated material for different characteristics fuld) and the amount of fused silica. Thermochehdaga on the system Ag-SjO
could help understanding the phenomena and estighkitietics and temperatures.
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