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Time-Resolved Measurement of Arc
Temperature 1n a Sand-Filled High-Voltage Fuse

Muhammad A. Saqib, Anthony D. Stokes, Brian W. James, and lan S. Falconer

Abstract—We report measurements of the temperature at
different times during the arcing period of an experimental
model of a sand-filled, high-voltage, high breaking capacity
fuse. The cylindrical fuse-holder, containing a single-strand of
uniform silver fuse-element, is tested at 6 kV, 50 Hz, and
1.25 kA prospective current is passed through it to generate
the fuse arc. An optical fiber is used to carry light from the
fuse arc to a spectrograph which is used to isolate spectral
lines of interest. The spectrum is recorded by an intensified
photodiode array. By gating the image intensifier in front of
the diode array a complete spectrum is recorded in several
microseconds. By varying the timing of the gate pulse the arc
spectrum can be obtained at any desired time during the
arcing period. The arc temperature is determined from the
relative intensities of Si II spectral lines. The arc temperature
was found to be around 20,000 °K.

Index Terms—Arc temperature, relative intensity of
spectral lines, sand-filled high-voltage fuse, the fuse’ arc
spectrum.

1. INTRODUCTION

ACCURATE modeling of high-voltage, high breaking
capacity (HBC) fuses requires better knowledge of the
arc parameters of which the electron temperature of the
plasma is a key parameter. Spectroscopic determination of
the electron temperature and electron density has several
advantages over other methods, such as the use of probes,
as it does not disturb the plasma [1]. The use of
spectroscopy to investigate the properties of a fuse arc was
reported first by Chikata et al. [2]. Using a transparent
Pyrex glass tube as the fuse holder, they recorded a
spectrum and from the relative intensity of two Si II lines
estimated the arc temperature to be about 23,000 °K. To
obtain a more reliable picture of the arc in a sand-filled
non-transparent fuse-holder, Barrow and Howe [3] inserted
optical fibers into the plasma to convey light to a rapidly
scanning spectrometer. They observed three pairs of Si II
doublets around 505.1 nm, 597.2 nm and 635.5 nm
wavelengths. Their estimated temperature of the arc varied
from around 3000 °K to 7000 °K. The applied voltage of
the circuit was 255 V with the prospective fault current of
525 A. Cheim and Howe [4], who also inserted optical
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fibers into a fuse arc, deduced temperatures of about
20,000 °K (throughout the arcing period) from the relative
intensities of the Si I 413 nm and Si III 457 nm lines. The
fuse was tested at 250 V (AC) and with a prospective
symmetrical current of 600 A (rms). The result was
inconsistent with that of Barrow and Howe [3], but
comparable with those of Chikata ef al. [2] who tested the
fuse with a prospective short circuit current of 1 kA (peak)
at 1.3 kV. Although the technique used by Cheim and
Howe [4] gave temperature values throughout the arcing
period, it had inherent problems owing to the use of
interference filters to isolate the spectral lines of interest.
Saqib and Stokes [5] studied the fuse arc using optical fiber
as light carrier and photographic film to record the
spectrum. They found Si II lines to be most suitable for
temperature estimates as they were detected throughout the
lifetime of the arc plasma. They could however not
estimate arc temperature due to the complexity of
calibration of the photographic film for intensity
measurements. Bezborodko and Fauconneau [6] used two
Cu lines to measure arc temperature obtaining a result
around 12000 °K. The drawback of this technique was that
Cu lines could not be used to measure temperature of the
hot core, due to ionic migration. The high levels of
continuum light background signal in studies [5] and [6]
show the weakness of using interference filters to isolate
spectral lines.

We report here an extension of this technique to the
investigation of fuse plasma for higher applied voltage and
prospective current, conditions more typical of those likely
to be encountered in a commercial sand-filled fuse. Several
Si II lines were used to estimate the temperatures, rather
than just the two used by other researchers, in order to
increase the reliability of the temperature measurement.

II. THEORY OF SPECTROSCOPIC TEMPERATURE
MEASUREMENT

Emission spectroscopy involves the analysis of light that
is emitted when an excited atom undergoes a transition to a
lower energy level [7]. The intensity of the emitted light
can be represented by the following relationship [8]:

I = P;gAe EkT )
A
where [ is the intensity of emitted light, A is the
wavelength of light, £ is the energy of the excited level,
g is its statistical weight, £ is the Boltzmann constant, 4
is the transition probability for the transition, 7 is the
electron temperature of the plasma, and P is a constant for
lines from the same ionization state. Equation (1) can be
written as
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Fig. 1. Photograph of the test fuse: length is 112 mm and inner diameter of
the cartridge is 59.5 mm.

log| P |-_Eloge 100 p 2)
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When FE is in electron volts and 7 in kelvin, (2)

reduces to:
( I j 5040 E
log| — ———+const . 3)
g4 T

Thus a plot of log(/A/gAd) versus E, for several lines
belonging to the same ionization level, should be a straight
line, from the slope of which the arc temperature is readily
obtained. Values of the parameters g, 4 and E are
available in references [9]-[14].

III. EXPERIMENTAL SETUP

A simple experimental model of a high-voltage HBC
fuse in which the current was forced to zero, using a crow
bar, was used to study the fuse arc. Commercially available
fuses are designed to ensure that the current goes to zero at
a time well before the fault current would have reached its
maximum value had the fuse been replaced by a metallic
link of negligible impedance. The current-limitation
phenomenon is affected by a sudden rise of the voltage
across the fuse at the initiation of the arcing: this voltage
should be higher than the system voltage and is dependent
upon the length of the fuse-element used. In commercial
sand-filled fuses the fuse-element’ length is thus kept very
large compared with the length of the fuse holder. The
cylindrical holder for the experimental model HBC, of
length 112.2 mm and internal diameter 59.6 mm, was filled
with SiO, sand (Fig. 1)]. The fuse was energized from a
parallel-current-injection synthetic test circuit, as shown in
Fig. 2. The fuse was tested at a prospective current of
1.25 kA (peak) at 6 kV, 50 Hz. The fuse element was a
0.55 mm diameter uniform silver wire. In order to convey
light to the spectrograph a multimode silica optical fiber
with a core diameter of 62.5 um was inserted through the
wall of the fuse holder to touch the fuse element [3]-[5].
The other end of the fiber was mounted in the middle of the
25 um entrance slit of a Jarrell-Ash MonoSpec 27
Monochromator [15]. The spectrum was recorded using a
Princeton Applied Research model 1460 Optical Multi-
channel Analyzer (OMA) with a 1024 element intensified
photodiode array detector [16].

MS1

Model fuse
MS2

190.8 A/V shunt

Fig. 2. Parallel-circuit-injection synthetic test circuit used to energize the
test fuse.
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Fig. 3. A simplified block diagram to synchronize the OMA with the
test fuse.

IV. RECORDING OF THE SPECTRUM

The OMA is operated in its gated mode in order to
synchronize it with the fuse energizing circuit.
The initiation pulse, provided by the OMA, closes the
mechanical make switch MS1 of the test circuit (Fig. 2)
which takes about 65 ms to close. A delay circuit enables
the image intensifier to be triggered in order to record a
spectrum at any chosen time during the arcing process. The
exposure time, determined by the duration of the gating
pulse, is several microseconds. A block diagram of the
timing circuit is shown in Fig. 3. A Nicolet Pro digital
oscilloscope [17] is used to record the voltage across the
fuse, the current flowing through the fuse and the time at
which the spectrum is recorded. The voltage across the fuse
is measured by Tektronix P6015, 1000:1, 20 kV, 100 MQ
resistive divider voltage probe (rise time 5 ns). Current is
measured using a 190.8 A/V coaxial current shunt (rise
time approximately 60 ns).

V.EXPERIMENTAL RESULTS

A low-pressure mercury lamp was used to calibrate the
spectrometer wavelength scale. Relative calibration of
sensitivity as a function of wavelength was accomplished
using a calibrated tungsten ribbon lamp. The light from the
tungsten lamp traversed the same optical path, including
the optical fiber, as the light from fuse arc. Thus:

Ilampoc Slamp and Iarcoc Sa.rc
where [, and [, are the intensities of the radiation

from the tungsten lamp and fuse arc respectively, S,
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Fig. 4. Spectrum of the tungsten lamp and the background level, exposure
time was 5 seconds at a current of 15.53 A, and the intensifier set in
“continuous” mode.
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Fig. 5. The OMA head is opened and the fuse’ arc spectrum recorded at
2.302 ms after the arc has struck (arcing time at which the spectrum is
recorded is thus 2.302 ms).
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Fig. 6. The arc spectrum is recorded at an arcing time of 8.95 ms, i.e.
8.95 ms after the start of the arcing.
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used to determine the electron temperature at arcing time of 2.302 ms
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TABLE I
SUMMARY OF MEASUREMENTS OF ARC TEMPERATURE AT DIFFERENT TIMES DURING THE ARCING PERIOD

Arc time [ms] Temperature [K]

Arc current [A])

Arc voltage [V] Arc power [MW]

0.090 21, 600
0.833 19,775
0.925 19, 205
1.965 18,725
2.263 17,555
2.302 18, 745
2.979 17,417
3.650 16, 840
4.102 15, 000
4.400 18, 585
4.446 19, 946

114.5

2768 3.7783
1456 1.7224
1200 1.4040
856 0.7499
848 0.6513
728 0.5606
466 0.2638
440 0.1122
320 0.0366
424 0.0045
352 0.0194

and S, are the corresponding signals recorded by the
OMA. Since the proportionality factor is same function of
wavelength in both cases the relative intensity of the fuse
arc spectrum is given by:

Iarc = (Sarc X Ilamp) / Slamp : (4)

Four pairs of Si II lines were identified in the arc
spectrum. They were around 413 nm (412.8 and 413.1),
505 nm (504.1 and 505.6), 597 nm (595.8 and 597.9), and
636 nm (634.7 and 637.1). Because of partial overlap of
the recorded line profiles the four doublets were treated as
single lines with the signal value determined by calculating

the area under the combined profile after subtraction of the
background level. Average wavelength values were used
for plotting (/A/gd), and g4 was replaced by
g4, + g,4, where subscripts 1 and 2 represent the first
and second lines of each doublet. Fig. 4 shows the
spectrum of the tungsten lamp; Figs. 5 and 6 show arc
spectra taken at different times during the arcing period. A
typical plot for determining the electron temperature is
shown in Fig. 7.

A summary of temperature measurements as a function
of time is shown in Table I which also gives the
instantaneous arc current, instantaneous arc voltage, and
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Fig. 8. Plots of arc temperature and instantaneous arc power for the test
fuse at 1.25 kA.

instantaneous arc power. The arc time was obtained by
subtracting the pre-arcing time for each shot (the average
value around 5.3 ms) from the time at which the spectrum
was recorded. Arc temperature as a function of time is also
given in Fig. 8.

VI. DISCUSSION

During the measurements care was taken to ensure that
each sample fuse was identical and was energized under
identical conditions so that a variation of temperature with
time could be measured on a shot-to-shot basis. The
spectrograph enabled us to record spectra from 300 nm to
800 nm. Since intensity calibration using the tungsten lamp
was reliable above 420 nm only, we were forced to ignore
the 412.8 and 413.1 Si II lines. As shown in Table 1
temperature varies in the range 15,000 °K to 22,000 °K.
However it is clear from Fig. 8 that the temperature falls
slowly during the arcing period from a approximately
22,000 °K at the start to around 18,000 °K towards the end
of the measurements. This contrasts with the findings of
Chikata et al [2] and Cheim and Howe [4] who concluded
that temperature remained constant around 20,000 K
during the fuse arcing.

The fuse arc plasma was assumed to be in local
thermodynamic equilibrium: this was confirmed by finding
that plots of log(/A/gA) versus E did not deviate
significantly from a line of best fit. According to Lochte-
Holtgreven [18] there is no self-absorption in plasmas
above 10,000 °K, so the fuse plasma is optically thin. This
has also been established experimentally by Bezborodko
and Fauconneau [6].

As shown in Table I, the arc temperature falls during the
arcing period at a significantly slower rate than does the
instantaneous power dissipation in the arc suggesting that
other factors such as arc volume and arc density may be
important.

Our investigation of arc temperature during fuse arcing
gives arc temperatures significantly higher than those
recorded by Barrow and Howe [3]. This is not inconsistent
with the significantly higher power dissipated in the arc in
our experiments. The values of temperature obtained by
Bezborodko and Fauconneau [6] do not correspond to the
hot region of the plasma and cannot therefore be compared
with the results of the present study. Cheim and Howe [4]
measured temperatures comparable with those reported

here, even though they used interference filters which
cannot be corrected for the presence of neighboring lines
and high background levels.

VII. CONCLUSION

Our investigation shows that the temperature of the arc
falls slowly from about 22,000 °K - at the arc initiation - to
around 18,000 °K - at the end - during the arcing period
when a 112.2 mm long (at internal diameter of 59.6 mm)
model fuse was tested from a prospective current of
1.25 kA at 6 kV, 50 Hz. The arc was not extinguished by
the fuse due to its current-limiting action, but in fact the
fault current was carried by the crow bar (MS2, Fig. 2).
The high temperature measured throughout the arcing
period indicates that the arc probably had not cooled
enough for successful current interruption by the fuse itself.

ACKNOWLEDGMENT

The authors wish to thank Greg Toland for his assistance
in running the laboratory during the course of this study.

REFERENCES

[11 R. H. Tourin, Spectroscopic Gas Temperature Measurement,
Elsevier Publishing Company, Amsterdam, 1966.

[2] T. Chikata, Y. Ueda, Y. Murai, and T. Miyamoto, "Spectroscopic
observation of arcs in current-limiting fuse through sand," in Proc.
Int. Conf. on Electric Fuses and Their Applications, ICEFA’76,
pp. 114-121, Liverpool, England, 1976.

[3] D.R. Barrow and A. F. Howe, "The use of optical spectroscopy in
the analysis of electric fuse arcing," in Proc. International
Conference on Electric Fuses and their Applications, ICEFA 91,
pp. 221-225, Univ. of Nottingham, UK, 1991.

[4] L. Cheim and A. F. Howe, "Spectroscopic measurement of fuse arc
temperature,”" in Proc. International Conference on Electric Fuses
and Their Applications, ICEFA’95, pp. 251-258, Technical Univ. of
Ilmenau, Berlin, 1995.

[S] M. A. Saqib and A. D. Stokes, “Time resolved spectrum of the fuse
arc plasma,” Journal of Thin Solid Films, vol. 345, no. 1, pp. 151-
155, 7 May 1999.

[6] P. Bezborodko and J. Fauconneau, "Spectroscopic measurements in
plasmas with silica ablated walls", in Proc. XXIII Int. Conf. on
Phenomena in Ionised Gases, CNRS, pp. 68-69, Univ. Paul Sabatier
of Toulouse, France, 17-22 Jul. 1997.

[71 E. Metcalfe, Atomic Absorption and Emission Spectroscopy, John
Wiley & Sons, Chichester, p185, 1987.

[8] W. J. Pearce, in "Optical Spectrometric Measurements of High
Temperatures," P. J. Dickerman, editor, University of Chicago Press,
Chicago, p125, 1961.

[91 W. L. Wiese, M. W. Smith, and B. M. Miles, Atomic Transition
Probabilities, A Critical Data Compilation, vol. 1 and 1I, National
Bureau of Standards, NBS 22, US, 1965.

[10] C. Moore, Atomic Energy Levels, National Bureau of Standards,
NBS 467, US, 1949.

[11] H. Drawin and P. Felenbok, Data for Plasma in Local
Thermodynamic Equilibrium (LTE), Gauthier Villars, Paris, 1965.

[12] W. L. Wiese and A. W. Weiss, "Regularities in atomic oscillator
strengths," Phys. Rev., vol. 175, no. 1, pp. 50-65, Nov. 1968.

[13] M. W. Smith and W. L. Wiese, "Graphical presentations of
systematic trends of atomic oscillator strengths along isoelectronic
sequences and new oscillator strengths derived by interpolation,”
Astrophys. J. Suppl., vol. 23, no. 196, p. 103, Jun. 1971.

[14] G. A. Martin and W. L. Wiese, "Tables of critically evaluated
oscillator strengths for the lithium isoelectronic sequence," J. Phys.
Chem. Ref. Data, vol. 5, no. 3, pp. 537-570, Aug. 1976.

[15] Jarrell-Ash MonoSpec 27 Monochromator/Spectrograph, Models
82-497, 82-498, 82-499, Operator’s Manual, Allied Analytical
Systems, Waltham, MA 02254, 1985.

[16] Optical Multichannel Analyser, Model 1460, Preliminary Operating
Manual, Revision D, Princeton Applied Research Corp., 1986.

[17] Nicolet Pro Digital Oscilloscopes, Operation Manual, Nicolet
Instrument Corporation, Madison, USA, 1991.



SAQIB et al.: AMETHOD TO ESTIMATE ELECTRON DENSITY IN A HIGH-VOLTAGE FUSE’ ARC 121

Muhammad Asghar Saqib received his B.Sc. degree in electrical
engineering from University of Engineering and Technology, Lahore,
Pakistan in 1991, and M.E.S. and Ph.D. degrees in electrical power
engineering from the School of Electrical Engineering and Information
Engineering, University of Sydney, Australia, in 1996 and 2000
respectively.

He joined the Faculty of Electronic Engineering, Ghulam Ishaq Khan
Institute of Engineering Sciences and Technology, Topi, Pakistan, as
Assistant Professor in November 1999. Dr. Saqib’s research interests are
in the areas of electric arcs’ investigation, power electronics and electrical
drives, and renewable energy.

Anthony David (Tony) Stokes graduated B.Sc., in 1960 and B.Eng. with
First Class Honors, in 1962, both from the University of Sydney. He
joined the Electricity Commission of N.S.W., working on generating plant
design, system control and substation equipment. Later he pursued
research in the area of high frequency induction plasmas and, after
graduating Ph.D. in 1966, undertook studies of the electrical and mining
applications of high frequency electrical power.

In 1967 he was appointed Lecturer in Electrical Engineering at the
University of Sydney, and is now an Associate Professor. Since 1972 he
has been engaged in studies of high power electric apparatus with
emphasis on switching equipment and electric arcs. In 1978 he won the
Orbit Award of the Australian and New Zealand Association for the
Advancement of Science for his film "Circuit Breaker Arcs". In 1979 and
again in 1990 he won the John Madsen Medal of the Institution of
Engineers, Australia for the best papers in those years. In 1995 he was
awarded the University medal of the Gdansk Polytechnic University. In
1997 he was awarded the inaugural CIGRE Distinction medal. In 2004 he
attended the Petroleum and Chemical Industry conference of the IEEE to
give a key invited paper on Electrical Arcing Burn Hazards. He is the
author of over 215 engineering publications and has been the supervisor of
32 higher degree research candidates. He has completed over 78
engineering consultancies for the Australian police, legal firms and
engineering organizations.

Professor Stokes has been a Fellow of the Institution of Engineers,
Australia, a member of the CIGRE international Study Committee 13,
Switching Equipment and a member of the working groups, 13-01,
Modeling Methods and 13.04, Electrical Test Techniques. Between 1984
and 1996 he was Convener of the Australian Panel 13 of the Australian
National Committee of CIGRE. He is a member of the Electrical Board of
the Standards Association of Australia and of the SAA Committees, EL/S,
on Static Electrical Machinery and EL/7 (Chairman), on Switching
Equipment and a number of their sub committees. In 1989 he co-founded,
and was elected Chairman of the Executive of the Optical Fiber
Technology Center at the University of Sydney. He has been a Member of
the Organizing Committee of the International Conference on Electric
Fuses and Their Applications since 1991. Between 1993 and 1996 he was
the Director of the Optical Fiber Sensors Center. In 2000 he moved to an
honorary post at the University of Sydney and co-founded the Sydney
based engineering company Golden Triangle Enterprises Pty Ltd. He is
now its Managing Director.

Brian William James was born in Sydney, and educated at state schools
before studying physics at the University of Sydney, where he graduated
B.Sc. with First Class Honors in Physics in 1967 and a Ph.D. in Plasma
Physics in 1971. He was appointed as a Lecturer in the School of Physics
in 1971, where he continued his studies of ionizing shock waves and
plasma spectroscopy.

In 1974 he spent a year at Culham Laboratory, where he gained
expertise in laser diagnostics. On his return he played a leading role in the
design and construction of TORTUS (Toroid of the University of Sydney),
a medium-sized tokamak specifically designed for the study of plasma
waves and the development of diagnostics which went into operation in
1981. Although he continued to contribute to the TORTUS program, in the
1980s he expanded his interests to the study of processing plasmas.

Professor James’ current research interest is in the experimental study
of dusty plasmas, where his leadership has ensured that the University of
Sydney team is a key contributor to this aspect of plasma physics.

During his tenure at the University of Sydney Professor James has
traveled overseas to continue his researches at the Culham Laboratory
(UK), UCLA, Kyushu University (Japan) and the Dublin City University,
Dublin, Ireland.

Professor James is an authority on the application of laser and
spectroscopic techniques to the measurement of the characteristics of
plasmas, and has been involved in the experimental study of a wide range
of plasmas ranging from tokamaks to dusty plasmas.

Ian Stuart Falconer was born in Lower Hutt, New Zealand, and educated
at state schools before studying physics at Victoria University College
[now Victoria University of Wellington], where he graduated B.Sc. in
1957 and M.Sc. in 1959. He continued his studies at the Australian
National University, graduating with a PhD in 1963. In that year he took
up a Postdoctorate Fellowship with the National Research Council of
Canada, where he worked with Stuart Ramsden’s Plasma Physics group,
one of the pioneers in the application of lasers to plasma diagnostics.

In 1966 Dr. Falconer accepted a position as Lecturer in the School of
Physics at the University of Sydney, where he worked on laser diagnostics
of plasmas, using lasers operating at wavelengths from the ultraviolet to
the submillimetre regions. He has extended his interests from laser
diagnostics to plasma spectroscopy, and from fusion-related plasma to
gaseous electronics. He retired in 1997, but continues his association with
the University of Sydney’s School of Physics as an Honorary
Senior Lecturer.

During his tenure at the University of Sydney, Dr, Falconer has
traveled overseas to continue his researches at the University of Hull
(UK), the MIT Plasma Fusion Center, the JET Joint Undertaking at
Culham (UK), and the Laboratoire de Spectrometrie Physique in Grenoble.
He has also worked for a period of several months at the CSIRO’s
Division of Applied Physics in Sydney.

Dr. Falconer’s research interests are based around the application of
laser and spectroscopic techniques to the measurement of the
characteristics of plasmas ranging from fusion plasma to the dielectric
barrier discharges that form the pixels of plasma screen TVs.



