View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Loughborough University Institutional Repository

B Loughborough
University

This item was submitted to Loughborough’s Institutional Repository
(https://dspace.lboro.ac.uk/) by the author and is made available under the
following Creative Commons Licence conditions.

@creative
commons

COMMONS D D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
» to copy, distribute, display, and perform the waorlk

Under the following conditions:

Attribution. ¥ou rmust attribute the wark in the manner specified by
the author or licensor,

MWoncommercial. vYou may not use this work for commercial purposes,

Mo Derivative Works, vou may not alter, transform, or build upon
this work,

& For any reuse or distribution, vou must make clear to others the license terms of
this work,

® Any of these conditions can be waived if you get permission from the copyright
holder,

Your fair use and other rights are in no way affected by the above.

This is a hurman-readable summary of the Legal Code (the full license).

Disclaimer BN

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/



https://core.ac.uk/display/288388395?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 25, NO. 5, OCTOBER 1997 961

A Rotating Arc Gas Pump for Circuit
Breaking and Other Applications

Michael G. Ennis, Gordan R. Jones, Michael G. KoMgmber, IEEEJoe W. Spencer, and David R. Turner

Abstract—A rotating arc circuit breaker is described which the movable contact, an arc is drawn between the movable and
uses an auxiliary current source to generate the magnetic field the stationary contacts as the former moves toward its fully
for driving the arc. Test results obtained using optical fiber onen hosition on the axis of the annular structure. The arc is
measurement systems have shown that there are three main “ . . .
arcing phases. Initially the arc rotates at an essentially constant then blown under its own.magnetlc force, toward the annular
but low velocity, subsequently its velocity oscillates between this Structure via the contact finger. Once the arc has transferred
and much higher values, and finally the arc plasma may become into the annular structure, the magnetic field produced by the
diffuse in nature. Test results obtained with dielectric strength coil is used to both rotate the arc and move it axially so
probes have indicated that a unidirectional flow of arc heated producing a helical arc column.

gas is generated. The flow is away from the moving contact Th trol d extincti f helical highl
of the interrupter so promoting good dielectric strength in this € control and extinction of a helical arc areé highly

critical contact region. The combination of the optical fiber COmplex physical processes, influenced strongly by both the
and dielectric probe results indicates two possible modes of gas magnetic field of the coil and the aerodynamic field of the arc-

pumping represented, respectively, by a fan and a piston-type ambient gas system. This is accompanied by the arc heating
action of the arc. Simplified analytical models for both modes the surrounding gas and so modifying the mass density and

are developed with predictions obtained showing good agreement d fficient. Th is al id f a bulk fl f
with the experimental results. Discussion of experimental results rag coefncient. there 1S also evidence o a bulk flow of gas

suggests that the transition from oscillatory velocity changes to a@xially from within the cylindrical electrode [8] although its
diffuse arcing represents an important parameter for scaling the mechanism remains to be determined. The complexity of this

geometries of future interrupters and arc heaters. problem is further compounded through the magnetic field
Index Terms—Arc discharges, circuit breakers, electromag- be€ing produced by the same time dependent current as that
net coupling, helical arcs, magnetic fields effects, optical fiber flowing through the arc but additionally with a phase difference
measurement, Sk. produced by eddy currents in the annular electrode [9]. The
different time variations of current and the magnetic field
produce a complicated time-dependent Lorentz force [2], while
this dependence of the magnetic field upon the arc current

T IS WELL known that electromagnetic forces can be usegactively leads to the Lorentz force amplitude varying as the
to drive electric arcs for circuit breaking and gas heat"'%uare of the arc current.

applications [1]-[6]. In general, the arc plasma column may the purpose of this paper is to report experimental results

be driven laterally between two linear and parallel electrode§; that the complex nature of the mechanisms producing

be spun radially between two annular electrodes, or be drivgp, puik flow of gas from the helical environment may be

as a helix within an extended cylindrical electrode [1], [2]. gycidated. In order to achieve this objective, the complex
Helical arcs are of particular interest because their implggq,e dependence of the Lorentz force has been simplified by

mentation in circuit breakers brings many attractive beneﬁ@xciting the magnetic field producing coil independently of

such as low energy operation and freedom from the troublg, arc current itself. Experimental results suggest that the

some current chopping [7]. They are driven by a compl&xqoyement of the helical arc during its entire extinction process
system of electromagnetic forces arising from the combmath:&rp(,le be described by three arcing phases. It is also indicated
of radial, azimuthal and axial magnetic field componentg,,: the bulk flow of gas is unidirectional away from the

produced by a coil wound around the outside of a cylindricglgyaple contact and its operation has two possible modes.

electrode, and similar components of the electric curreg‘mme analytical models of these two gas pumping modes
flowing in the convoluted arc plasma column [1], [2]. are presented.

Fig. 1 shows an example of a circuit breaker geometry
which can sustain such helical arcs. In the closed position, a I

movable contact mates with a stationary contact. On opening ) ) .
A schematic of the experimental unit used for the present
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Fig. 1. Contact unit of a rotary arc circuit breaker with the diagnostics mounting ring.

were introduced to the steel tank so as to facilitate extermaldial and circumferential directions. It has been demonstrated
access to the diagnostic system of the circuit breaker. that three such fibers provide adequate information to draw
The excitation of the magnetic field producing coil coulé@ clear picture of the arc rotation [11]. The viewing angle of
be realized in one of two ways. In a conventional rotatinthese three fibers was restricted to°ltdy a collimating tube
arc circuit breaker, one end of the coil is attached to tred 1-mm diameter in order to give a narrow line of sight. This
breaker's annular contact whereas the other is connectedptovided a viewing field of only 2 mm in diameter at the arc
the main contact. Thus the fault current flows through tHecation so that only a fraction of the arc length is observed.
field producing coil to generate an arc-driving force that i§his results in the pulses in Fig. 3(c) being relatively sharp.
proportional to the square of the fault current. Alternatively, Dielectric probes of a spark gap type were introduced at both
the coil could be excited by an auxiliary current sourcthe poker and the diagnostics mounting ring end to monitor
so as to achieve independent control of the arc movemeifie changes in the dielectric strength of the gas in the circuit
Fig. 2 shows the implementation of such an independentdyeaker [12]. These miniature dielectric probes employ a spark
excited coil in the experimental apparatus. A current of 158p that is continually stressed so that on discharge the gap
A produces a maximum axial magnetic field of 440 mT withs immediately recharged until the next breakdown. Thus their
the field distribution in space being solenoidal. As alreadgPeration is repetitive.
noted, the eddy—current induces in the annular electrode a
phase difference between the exciting current and the magnetic lll. EXPERIMENTAL RESULTS
field. !:ull dgtaﬂs of the field distribution and phase difference a series of tests was undertaken using an independently
are given in [9] and [10]. excited coil wound uniformly on the annulus and energized
Also indicated in Fig. 2 is the diagnostics arrangement g, 5 quasi-dc excitation current. Fig. 3 shows a set of oscil-
optical fibers and dielectric probes. In addition, a Dynafgggrams typical of those obtained under test for an average
high-speed camera was used to photograph the arc along4he current of 860 A and a gas-filling pressure of 0.3 MPa
coil axis from the diagnostics ring end of the assembly. Bor,  The arc current, shown in Fig. 3(a), has an initial
the high-speed camera and the optical fibers were employggue of approximately 1260 A for 5 ms, then declines with
to monitor the time-varying position and appearance of thgperimposed oscillation until it is extinguished at 20.9 ms [not
fault current arc. The photographic records produced spatiadiiiown in Fig. 3(a)]. Particularly noteworthy is the increase in
detailed snapshots of the arc while the optical fiber signalscillation amplitude at around 17 ms. The average value of
gave a continuous time record at only three spatial locatiorgc current between 5 and 20.9 ms is 860 A. Comparison
With sufficient protection, the fibers could be placed close tf the arc voltage and current waveforms shows that the
the arc without being susceptible to electrical and magnetarrent oscillations between 5 and 17 ms are accompanied
disturbances. by a third phase in which its mean value rises again, and
For the present experiment, there were three optiahle large oscillation in the voltage continues. This third phase
fibers—F1, F», and Fy—placed to view the arc axiallyF; corresponds to the period of large fault current oscillation.
and F3 were both placed on a circumference of 30-mm radius As the arc rotates, its light emission is received by each of
with an angle of 90 apart, whereas, was placed on a the three optical fibers in turn. For the experimental conditions
circumference of 15-mm radius but on the same radial lirspecified (average arc current of 860 A and 0.3 MPg) SRe
as Fs. Therefore, the signals gathered by these three fibenstputs from the fibers are in the form of a series of sharp
provided the information about the arc rotation in both theulses [Fig. 3(c)]. The time interval between the pulses is an
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Fig. 2. Circuit arrangement for an independently excited field coil and a dielectric probe.

indication of the arc’s average rotational velocity. Thus sin@ac region to the remote end. However, no such reduction of
the pulse sequence has initially a relatively long period, the afg; post arc is apparent at the poker end, suggesting that the
has correspondingly a low velocity. However, at later timegas displacement is unidirectional from the poker end to the
the period between pulses becomes less uniform and redugssote end.
in length, implying that the arc velocity fluctuates between Measurement of the instant at the middle of the arcing
substantially different maximum and minimum values. Conperiod and the instant when the minimum breakdown voltage
parison with high-speed photographs shows that this phdséecorded gives an approximation of the time interval for the
corresponds to the onset of helical arcing. It is also of intered@s to travel a distance from the poker nose to the dielectric
to note that the onset of the higher velocity phase coincidBEobe, resulting in an estimate of the averaged axial speed of
with the start of the higher arc voltage [Fig. 3(b)]. the gas flowy,. Since gas density can be obtained from an
The average arc velocity over one revolution for the 86@ssumed gas temperature [13], [14], the mass flow rate may be
A arc may be determined from the time difference betweddlculated from the continuity equation of = v pu,. Thus
optical pulses in Fig. 3(c), yielding results of the form showihe c'omblned use of the dlelgctrlc probe results (Fig. 5) and the
on Fig. 4. The velocity over one-quarter of a revolutiofiotational velocity results (Fig. 4) allows the gas flow effects

may also be calculated using the time difference betwelh e related to the rotational modes of the arc discharge. The
pulses from optical fiberd, and F (see Fig. 1). There are implication is that the arc rotation produces a unidirectional

three arcing phases. Initially the arc executes a numbergl?:’ff1 flow av]:/ay fr(;m thelpok((jar aqd a blldlrectlg)nal expansion
revolutions at a relatively low but relatively uniform velocity0 ot gas from the enclosed arcing volume does not appear
19 dominate.

in the region of 5-10 rad/ms. It then accelerates into a high Further. it b wlated that th ; bl
velocity regime where its velocity fluctuates between this urther, 1t may be postulated that Inere are fwo possible gas

low velocity and a maximum velocity of 32 rad/ms. Finall umping modes. During the smooth, low velocity arcing phase,

after approximately 20 ms when the current is interru tea unidirectional gas flow may be produced by a *fan™like
bp y PteSetion of the rotating radial arc column. During the fluctuating,

the arc becomes diffuse in nature and its velocity becomﬁs . : .
. : . . . igher velocity arcing phase, it may be postulated that an
indeterminate. During the arcing period, the Lorentz force an

o additional pumping mechanism may occur, namely, a “piston”-
the arc changes as both the magnetic field and arc curr pumping y y.ap

. . ) ﬁl?é action produced by the repeated lengthening and short
change. It should be noted that the high-velocity regime OCCWPcuiting of the arc helix. Inspection of the annular contact

after the peak of the magnetic field excitation current, at a ti”&?‘ter each and all experiments showed that wear was uniform

when the Lorentz force is decreasing. _in the area of the contact nearest the poker, i.e., the arc has
The local breakdown voltagd}, for the 860-A arc is no preferred path.

measured by two dielectric probes placed at both the poker

end and the remote end of the magnetic field coil as shown

in Fig. 5. Both breakdown voltage curves exhibit a small dip IV. GAs-PUMPING MODELS

when the fault current arc is present, and this is most likely to The rotating arc under investigation is complex in nature
be due to the radiation from the arc column [12]. This smadnd thus difficult to model rigourously. A simplified model is
reduction inV,q is then followed by a recovery. However therefore suggested for gaining a preliminary insight into the
after arc extinction, the breakdown voltage measured at the behavior. It has been established that the rotation speed
remote end experiences a much greater reduction beforafithe arc is slow immediately after it is blown into the yoke.
recovers back to its pre-arcing level. This reduction impli€Bhus for this initial period of slow arc rotation, the arc may be
an axial displacement of dielectrically weak gas from the hobnsidered as a linear plasma filament inclined at an angle to
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Fig. 5. Dielectric probe responses after current initiation.

the arc may act like a single-bladed fan, in which the blowing
action would increase as the arc extends toward the remote
end and its angle) decreases. Data from the two radially
lined optical fibersF, and F; in Fig. 3(c) support such a fan
model since the light emission of the arc arrivedatand £
at approximately the same time in the first 10 ms of arcing.
As the arc rotates more rapidly, the difference between
the peripheral and central velocitieg, [and v» in Fig. 6(a)]
increases such that the aerodynamic drag force on the arc’s
outer root becomes significantly greater than that on the arc’s
Fig. 3. Oscillograms of (a) arc current and coil current, (b) arc voltage, aril'aner root. Thus the arc’s outer root on the annulus gradually
(c) optical fiber output. falls behind its inner root on the poker as illustrated in
Fig. 6(b). This leads to the arc having a significant circum-

the axis of the yoke as shown in Fig. 6(a). Since the entire all‘recrentlal component of current which reacts with the radial

. . ) . ) ) and axial components of magnetic field to produce axial and
is rotating with an angular velocity, the linear velocityv; radial forces, respectively. The combined effect of all three

close to the _annular contact is greater than t_he linear velocjfy o components is to produce a three-dimensional expanding
vy near the inner arc root, and thus the static pressure at fiica| form to the arc, which drives hot gas in a downstream
inner arc root is greater than that at the arc’s outer root near §)8a| direction. The radial expansion of the arc eventually
annular contact. This suggests that there is a pressure gradigiifses part of the column to be short circuited, by contact
along the length of the arc column. Note that because thgth the outer electrode, and evidence shows that the arc then
column is itself inclined with respect to the yoke axis, theeforms near the “poker” end of the system in cold gas at a
pressure gradient will have an axial component. Consequentbuy velocity. Subsequently it rapidly accelerates giving rise to

(©

Wit TR

T R

AR el
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arc at low speed

as the balance between the magnetic force on the arc and the
axial momentum transferred to the surrounding gas

rotation
direction

yoke B,i.s = %pvQSdCd (4)
(b) whereB,. is the radial magnetic field,. is the circumferential
Fig. 6. (a) An idealized arc inclined at an angle to the yoke axis. (b) A€OMponent of arc current is the circumferential length of
shape at high rotation velocity. the arc,d is the arc diameter, andy is the drag factor. This

leads to the formulation of the axial mass flow rate due to the

the oscillatory section of the waveform shown in Fig. 4. ThiRiston action as follows [13]:

mode of fast arc rotation may be considered as a piston which . i
repeats the process of first moving axially toward the remote 1 = 2psay/ Bric/apCy. ()

end, making contact with the annulus and then short—circuitir_}g ]
back toward the poker. 0 verify the two proposed models, the mass flow rate of

With the above two arc models, the induced gas flow {#i€ 9as is measured and compared with both the fan and
the axial direction may be formulated to compare with th&'€ Piston models. Fig. 7 shows that mass flow rates of the

experimental results. For the fan arc model, an element of figler of 0.2 kg/s are produced by each mechanism with
arc experiences a lift force [13] the “fan action” dominating for relatively low arc rotation

velocity (0 < w < 8 rad/ms) and the “piston action” dominating
dFy, = 4rbpw?a? (1) for typically 7 <w <25 rad/ms for the conditions of Fig. 3.

Therefore, the actual gas pumping process may be reliably
where ¢ and b are the radii of the arc column and of thedescribed by the arc fan and the arc piston models.
rotation of the arc element about the axis, respectivelis It is seen from Fig. 7 that the mass flow rate for the arc fan
the gas ambient density, anrd is the rotational velocity of operation at low rotational velocities is higher than that for
the arc. This lift force leads to a steady state faFgemoving the piston operation. Also noteworthy is that the scatter of the
the fluid at a velocityv in a direction normal to the axis of results in the piston mode is higher than that in the fan mode
the inclined arc because the arc in the former mode is less stable.

2
dF,. = v*pdA, (2) V. CONCLUSIONS

whered A, is an elemental plane area of the arc. Consequently,Experiments performed with an independently excited mag-
be formulated by integrating along the arc from the axis to tf&e essentially three phases in the arcing period, characterized

annular contact yielding [13] by distinctively different arc velocities. Unidirectional bulk
flow of the gas has been confirmed, for which there are two
T = 7} psin ¢/ Tw?az sin ¢ (3) possible operational modes. Simple analytical models for both

gas pumping modes have been developed with predictions in
wherez is the extent of axial displacement of arc root on thgood agreement with the experimental results.
annular contact, ang, the radius of the annular contact. The combined experimental and theoretical results of Fig. 7
For the piston arc model, on the other hand, a simplifieshow that the fan mode of operation has a higher rate of
form of the momentum conservation equation may be writtexxial gas flow for low arc velocities (up to approximately 15
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rad/ms), but at higher velocities the piston mode can moyg
gas at a higher rate. Clearly it is important in device design
understand the effects of changing the size and shape of
arc device. Consideration of the two equations developed
the mass flow rate shows that the latter is much more sensit
to circuit breaker size in the fan mode than it is in the pistg
mode. The equations suggest that an increase in diamete
the annular electrode from 60 to 120 mm will increase t
“fan” driven mass flow rate fivefold while only producing a
50% increase in the “piston” driven flow rate.

Within a given size constraint on a circuit breaker, one
aspect of the shape that can be changed is the form
the magnetic field. If the distance that the arc penetrat
into the coil were restricted, it is possible that the bounda
between fan and piston modes may be changed and that
repetition rate of the “piston” may be increased. Preliminai _
experimental results have indicated that by shifting the poi )
of zero radial magnetic field from the center of the coil towar
the poker end by 25% of the half length of the yoke delay - At
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