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SUMMARY

Experimental results in air at a pressure of one atnosphere on the
bohaviour of arcs under the action of applied magnetic fields are given for two
electrode materials (graphite and brass) and different electrode configurations.
These results extend earlier work, in annular gaps using graphite, to larger
electrode path lengths on graphite and brass, and also include results for a
pair of long straight electrodes. The range of arc current has been extended
to 3700anps and the applied magnetic field to O-49 Wb/m2 for experiments on a
pair of straight electrodes.

The results are analysed using a sinple nodel for the are notion assum ng
that the arc behaves in the sane way as a body in a gas stream Some comments
are made on a major difference between results for brass and graphite electrodes
in experiments where the arc wake might affect the arc notion (annular gaps).

Arc drag areas are calculated for results where the arc wake does not affect the
motion (pair of open-ended rail electrodes) and are found to be about one half
of the maxinmum lumnous frontal areas of the arc determned photographically.

L tentative picture of the arc's cross-sectional shape is also given.

Finally, the results are analysed according to a theory for convectione
stabilised arc colums and snoothed-out results for arcs moving through stationary
air at constant temperaturc are shown to agree qualitatively with this theory.

However, a direct analogy between an arc and a heated solid body in a
transverse gas flow is shown to be inadequate.

* Replaces R.A.L. Technical Report No.65273 « A.R.C.28072
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1 | NTRODUCTI ON

This Paper is a continuation of the work discussed previously' and is
concerned with the behaviour of direct-current arc discharges in air at a
pressure of one atnosphere propelled along electrode systems by external
magnetic fields.  The experiments of the previous reports are confined to arcs
nmoving round annular gaps with graphite as the electrode material, and because
of the short electrode path length round which the arc noves and the speed of
the arc it is difficult to define the state of the anbient gas, the arc noves
inits own wake. Three extensions of this work have been studied: -

(a) The motion of arcs around annular gaps with |onger electrode path
lengths (circunference) where the wake effects would be expected to dimnish.

(b) The motion of arcs immediately after initiation and along a pair of
open-ended rail electrodes where the arc does not nove in its own wake.

(c) The motion of arcs on brass electrodes. Brass and copper were
considered as suitable mterials, brass finally being chosen because a large
anount of work had already been done with this material at very small gaps 2’5’4.
Earlier work indicated that results with copper electrodes were unpredictable
and wi dely scatteredz.

Wth annular brass electrodes, it was fairly easy to increase the path length

to 1+12m, Which was the linmt inposed by the existing field coil, while with
graphite the convenient lint was O+48m., |In addition, by making use of an
apparatus primarily intended for studying a different aspect of the arc notion
over straight electrodes (nanely arc shape) it was possible to increase the

path length to 2¢19m, but it should be noted that in this case the path although
nostly uniformand straight was interrupted by two sharp bends, see Fig,1(a).
This apparatus also permtted the use of larger arc currents and magnetc fiel ds
than did the annular electrodes and existing field coil, and somework on the
initial motion i.e., before noving into the wake, was possible. No work wth
graphite has been done with this shape of electrode path.

Most of the results on the initial motion were obtained for both brass and
graphite on pairs of open-ended rail electrodes (Figs.l(b) and (c)). This
permtted the use of even larger arc currents because overheating of the
el ectrodes became a ninor problem except at low velocities, and the rotating
machines providing the arc power could be overloaded for the short duration of
the arc. The maxinumarc velocity recorded was 435m/sec (Mach nunber 1-24)
with an arc current of 3600anp and an applied magnetic field of O<49 Wb/mZ.



The experimental results are presented in graphical form show ng
rel ationships between arc velocity, U electrode path length, applied mgnetic
field, B, arc current, I, and arc voltage, V.

The analysis of the results is concerned with two main aspects relating
to:-

(i) motion of the arc (velocity neasurenents)
(ii) heat transfer to the surrounding air (voltage neasurements).

In the first case, weareconcerned with relations between U end el ectrode
path length at constant B and | and al so relations between U, B and | with a
fixed path length. W use a sinple nodel of the accolum simlar to that
used earlier and bhased on a flexible conducting body moving in a transverse
magnetic fiel d where the electromagnetic driving force and the aerodynamic
retarding force arc equated1’5’6’7’8. In the second case, we aeconcerned
with relations between V (or nore exactly E the colum voltage gradientg,g
B, | and U and we use paraneters suggested by a theoretical treatment ~’7 of
the convective and radiative heat | osses froman arc colum held stationary

in a gas flow by neans of an external magnetic field.

The ranges over which the effects of the paraneters B, |, U and E were
explored were restricted by practical considerations such as (1) size and
range of power supplies available, (2) the fact that very-high-current arcs
could not bhe propelled at low velocities because of overheating of the
el ectrodes (small diameter uncooled netal electrodes could not be used for
arcs rotating round annular gaps and only the apparatus providing the [ongest
path length could be used for high current arcson uncocled brass electrodes),
(3) the fact that very long arcs could not be propelled over long distances
because of instability due to external disturbances (e.g. natural convection).

2 DESCRI PTI ON OF APPARATUS AMD METHODS OF MEASUREMENT

2.1 Field coils and electrical supplies

The experinents with annular gap electrodes were made using a solenoid
O+*45m inside dianmeter and O+45m | ong consisting of 480 turns of 100 anp "PREN"
cable wound on an existing wooden forner. This inposed the linit on the
maxi num diameter of electrodes used and hence on the electrode path length
for arc motion. The maxinum value of magnetic field obtainable for short
periods was 0-1Wb/m2 at the centre of the coil.
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The electromagnet providing the transverse driving fields for experinments
using straight electrodes was constructed from copper bar (10x 0+6cnm and
produced a vertical uniformfield over a horizontal plane 1<5m |ong and O¢1m
wide; it was designed for use with a long cylindrical pressure vessel and a
general view is shown in Fig. 2. The maxinum value of the magnetic field was,
until recently, linted by the power supply available; a 12 volt 1200 anp d.ce
generator giving a field of 0«12 Wb/mz. However, a new power supply consisting
of a 3~phase transformer and solid state rectifiers capable of providing
10000 anmp at 120 volts has recently become available and has to date been used

at % maxi num power giving a field of 0-47 Wb/m2.

The arcs were supplied from four Ward-Leonard 600volt, 600anp d.c.notor
generator sets each with a series stabilising resistance consisting of two groups
of one hundred 1 kW, 50 ohmradiant fire bar elements connected in parallel, and
arranged so that these groups could be used in either series or parallel. The
generators had separate excitation controls and circuit breakers and were used
in parallel for very large arc currents, each machine being switched in
consecutively. In order to propel very high current arcs along a pair of
straight open-ended rail electrodes a circuit breaker capable of swtching all
four machines together was used.

2.2 El ectrodes

(a) Gaphite
Two el ectrodes configurations wereenployed: -

(i) Circular electrodes of various diameters formng annular gaps wth
different path lengths.  These electrodes were described in Ref.1 where results
were given for path lengths up to O0°315mwith aO*7 cmgap. New electrodes have
been made to increase the path length to 0-48m by making use of a fabricated
outer electrode made in sections clanped between two brass rings.

(ii) A pair of open-ended rail electrodes 1+2m x 0+355m x 0+025m with
electrical connections to one end were used for work on the initial nmotion of

arcs as shown in Figet(c). The arcs were started at one end by fusing a short
length of 20 swg copper wire connected across the electrodes, and the magnetic

field was applied so that it was added to the field due to the arc current in

the electrodes (calculated as in Appendix A). [t was evident from the tracks
left by the arcs on the electrodes that the arc roots wandered over the top

surfaces, and in an attenpt to prevent this happening in subsequent work using
metal electrodes it was decided to sandwich them between layers of refractory

insulating material.



(b) Brass

Three electrode configurations, made with 10 swg(0+325 cn) brass sand-
wi ched between refractory insulating material so that the arc roots were
restricted to a thin edge, have been used:-

(i) Grcular electrodes of various dianeters were nade so that results
for arcs rotating round ‘annular gaps with different path lengths could be
obtained. Three pairs of electrodes were used with a gap width of 127 cm
for inner electrode radii of 6+35 cm 412-7cmand 17 ® 8 cmas shown in Fig.3(a).
A shorter track length using electrode radii of 2+54 cmand 3+81 cmwas al so
obt ai ned using the sinple design of water cool ed el ectrodes shown in Fig.3(b)
where each electrode was isolated by rubber hose from the mains water supply.

It is planned to continue sone work with these el ectrodes and eventual |y
incorporate water-cooled electrodes in a pressure vessel. The electrical
connections to the inner electrode (cathode) were made via equal stabilising
resistances to each end of the central rod or tube support so that there was
no resultant magnetic field due to the arc current. The connections to the
outer electrodes were made to bhoth ends of the three equally spaced bars or
tubes used for supporting the electrode.

(ii) Two electrodes, intended primarily for studying acshapes by high
speed photography over a relatively long tinme interval enabled the electrode
path length to be increased to 2+19m as shown inFig.1(a). El ectrode spacings
of 1+27 ¢cm 2+54 cmand 3-81 cmwere used, and oneset of electrodes 0+63 cm
thick.with a 1+27 cmspacing were also made for high arc currents.

(111) A pair of open-ended rail electrodes, 1+2m x 0+038m with el ectrical
connections to one end as shown in Fig.l(b). The additional field due to the
arc current in the electrodes was calculated as in Appendix A

For the above el ectrode configurations (i) and (ii) the arcs were started by
using a piece of folded netal foil pushed between the electrodes; it was found
that this did not nelt but acted as a moving connection which was ejected from
the el ectrode systemthus formng an arc in a distance of |ess than 15cm.
The arcs on the pair of open-ended rails (iii) weestarted by fusing a short
length of wire.

2.3 Measuring equipment and methods

Measurements Of the mean arc velocity or frequency of rotation (depending
on which electrode configuration was used), the total arc voltage, arc current
and applied mgnetic field were made. In the case of the circular electrodes
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with annul ar gaps and the brass el ectrodes of Fig.1(a) the measurements were
made for a period corresponding to several cycles of the arc. For the open-
ended rail electrodes the measurenents were taken over an electrode distance
of O<5m. Tektronix oscilloscopes type 502 together with a Thonpson Land

type 410 camera and a Dunont type 302 camera were used to record the arc
velocity, voltage and current.

Optical probes, consisting of miniature photo-diodes mounted in one end
of a 15 cmlength of hypodernmic tubing 0¢128 cminternal diemeter to serve as

a collimtor, were used to provide voltage pulses for the measurement of arc
velocity.  For the annular gap experiments and the el ectrodes of Fig.1(a) &

single optical probe pointing at a position mdway between the electrodes was
used to neasure the frequency of arc rotation and hence the mean velocity. In

this case the oscilloscopes were triggered from an external circuit operated

manual [y once the arc was established. A check was also made to ensure that
this nethod gave identical results to the earlier nethod used for graphite
el ectrodes ! i.e., a smll search coil in the applied magnetic field so that a

voltage was induced in it which was in phase with the rotation of the arc+

For the rail experinents two probes were fixed O°5 * 0+001m apart with the ends
of the tubes about 3 cm above the electrode surfaces and pointing vertically
down to a point mdway between the electrodes. A third optical probe, placed
25 cmin front of the first of the two measuring probes and 20 cm from the
starting position of the arc, was used to trigger the oscilloscopes. In this
way any effects due to the initial starting period of the arc were avoided.

The arc currents and voltages were measured by using either a 2000 anp,
1000 anmp or 600 anp, 50 mV shunt in series with one electrode and a Toktroni x
type 6017 ten times attenuation probe connected across the electrodes, the
electrode common to both neasuring circuits being earthed. It was found that
the current records contained a large high frequency noise signal which my
have been anplified because of the inductance of the measuring shunts, or may
have been the result of actual variations in the arc. No such variations were
observed in the amplitude of the applied magnetic field and they were reduced
when a non-inductive shunt was used. Only the nmean d.c. current was recorded
and this was obtained by using a low pass filter with a cut off frequency of
320 ¢/s. The oscilloscope tine baso and amplifiers were noninally calibrated
towithin an accuracy of %3%, but since the neasurements were taken from
photographic records and because of fluctuations in the arc current and voltage
it is estimated that the experimentel values of arc current and voltage are
accurate to within x10% and the arc velocity to within 5. The arc gaps were
measured to within £0+05 cm
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The applied magnetic fields in all cases were taken from calibration
curves of coil current against mgnetic field obtained by using a search coil
and a Canbridge Insts. Fluxneter. The measured fields were accurate to wthin
*4%. Vhencircular electrodes of different radii were used the magnetic
fields were measured at the appropriate positions in the solenoid. In the
case of the experinents usngopen-ended rail electrodes the applied fields
were corrected for the field due to the arc current in the electrodes (for
method of calculation see Appendix A).

Typical observation errors based on the above are shown in the plotted

experimental results and a list of errors for all paraneters used is given
after the list of synbols.

Exanples of the oscilloscope records are shown in Fig.4.

In order to obtain some idea of the arc size and shape a nunber of high
speed phot ographs of the arcson the straight electrodes (Fig.41) were obtained
using a Fastax rotating prismcanera in conjunction with either (i) a neutral
density filter with brass electrodes or (ii) a narrow band filter (5855 A to
5925 fs.) or a neutral density filter with carbon electrodes. Wen the electrodes
of Fig.?(a) were used, so that the arcnoved continuously for a few seconds,
many circuits of the discharge were photographed. When a pair of open-ended
rail electrodes was used the arc was photographed over a distance of 0+35m and
synchronisation of the camera was obviated by replacing the filmspools by
smal | plastic wheels and running a O+48mn closed | oop of filmover them which
was driven in the normal way by the toothed drive wheel. Thus, by allow ng
the loop to revolve at high speed for two or three seconds, the arc could
easi |y be photographed since its total starting and transit time was nuch |ess
than this (approximately 400 mllisec for [owest velocity recorded). To use
the camera in this way it was necessary to remove the timing marker [ight
source ; the framing rate was thus estimted fromthe' arc velocity to be
7000 frames/second. With this method both panchronatic and colour filns were
used successfully and an exposure of 1 ® 6 X 1072 gec per frame at f/22 with a
0+*5 neutral density filter was typical for both PANF and Ektachrome filns.

Exanpl es of the high speed cind filns are shown in Figs.5,6 and 7.
3 EXPERIMENTALRESULTS

For conveni ence the neasured experimental results are collected together
in Figs.8 to 27 in the formof graphical plots. Figs.8 to 1are for graphite
el ectrodes, Figs.1l1 to 14 are for circular brass electrodes, Figs.15 to 20 are
for the electrodes of Fig.l(a) and are referred to as continuously operated
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arcs on brass electrodes and Figs.21 to 26are for a pair of open ended brass
rails. Fig.27 gives arc velocity against electrode gap width for all the
electrode configurations

The photographic evidence shows that the shape of the arc colum
fluctuates as it noves along the electrodes. The inclination to the electrodes
can vary from point to point and the arc can form bends and, for long arcs,
eenl oops during its somewhat erratic journey. In general, the corresponding
fluctuations in arc current and voltage increased as the electrode separation
was increased. Nevertheless, by measuring average values of arc velocity and
current, and mni numval ues of arc voltage over an el ectrode distance of O*5m
or for many cycles of arcs operating continuously, consistent results have
been obtained and analysed. It is assumed that the m ninum val ues of arc
vol tage correspond to arc lengths equal to the electrode gap width. For the
unshrouded graphite electrodes the fluctuations in arc current and voltage were
greater than for the brass electrodes sandw ched between refractory insulating
material.

We will now consider the results for each electrode configuration in
turn before discussing them in detail in a later section.

3«1 Circular graphite electrodes

These results were confined to fixed values of accurrent and applied
magnetic field in order to compare themw th those roported earlier'. The
earlier'results where the electrode path |ength was varied but the arc gap
kept constant by using electrodes of different radii, showed that an increase
in path length resulted in a decrease in the arc velocity. Inaddition it was
indicated that with the sanme applied magnetic field and el ectrode spaci ng one
woul d expect a limting velocity to be reached for very long track Iengths.

The path I ength has now been extended to 0+48m and the results are shown in
Fig.8 together with corresponding values of velocity for a pair of open-ended
graphite rails where the arc moves once along the electrodes. The velocities
were calculated from the measured frequencies of rotation and circunferences

of the inner electrodes and are thus values for the cathode root velocity.

3e2  Straight graphite electrodes

These el ectrodes were, for practical reasons, made fairly large in cross
section (7+5cmx 2+5cn), and it was at first thought that the arc roots wuld
remain onthe inside vertical surfaces. However, the oscilloscope records
showed that the arc voltage and current varied considerably during the notion
along the electrodes, thus making it inpossible to obtain results at a constant
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arc current, and the high speed photographs (see below) indicated that the arc
notion was very erratic. It was therefore decided to explore the arets notion
for a range of magnetic field using a constant total voltage (500v) applied
across the electrodes end series stabilising resistance. This gave arc currents
in the range 250 to 350 amp for magnetic fields between 0-0070 and0-086Wb/m2
and an el ectrode spacing of 3cm  These results together with those for
electrodespaci ngs of Qe«7cmand 41+5cmare shown in PFig.9. The neasured arc
vol tages plotted against the applied magnetic field are shown inFig.10, the
total variation in the recorded voltages being also shown.

The high-speed photographic records of the arc revealed that its motion
was erratic and its shape continually changing. A mrror was arranged al ong
the eleotrodes so that two image3 were recorded; one from a direction transverse
to both the elec trodesand the arc, and the other via the nirror, froma
direction at right angles to the field and across the upper surfaces of the
electrodes in order to see if any part of the discharge came above the upper
el ectrode surfaces, It wasevident fromthe filnms (e.g. See Fig.5) and the
tracks left on the electrodes that the arc roots wandered over the top
electrode surfaces in directions other than that of the magnetic driving
force, and that sonetimes the luminous discharge was almost conpletely above
tho electrodes.

3.3 Circular brass electrode3

Circular brass electrode3 of various diameters as described in
section 2.2 were used so that results for arcsrotating round annular gaps
with different path lengths but the same gap width were obtained. The inner
(cathode) root velocities were calculated from the neasured frequencies of
rotation and circunferences of the inner electrodes. The el ectrodes were
sprayed with aluminium oxide in order to confine the arc3 to the edges
(0+33 0om wi de).

The neasured arc vclocities are potted against arc current in Ppigll
and agai nst applied magnetic field in Fig.12. It is seen from Fig.12 that
changes inthe electrode path length did not significantly alter the arc
velocity.  This till be discussedin a later section. The mninum values of
the arc voltage are plotted against arc current in Fig.13 and against magnetic
field in Figs14. It should be noted that the voltage is approximitely
independent of the arc current and increases slightly with increase of
magnetic field.
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3.4 Brass electrodes with long closed path | ength

This el ectrode configuration (Fig.1(a)) was made so that a very long path
length could be used and arcs could be photographed over straight electrodes
without having to nodify the canera. In addition a large nunber of photographs
could be obtained for statistical studies of arc shapes.

Two types of refractory insulator were used to sandwich these electrodes,
and no difference could be detected for results using either material
(i.e. 0+63 cmthick "Sindanyo" or a thin sprayed coating of aluminium oxide).
The majority of results were obtained on el ectrodes 0¢33cmthick but sone
results were also obtained for a thicker set of electrodes (0+63cm) with a
1+27 cmgap; no difference could be detected between them

It was found that the mean arc velocity neasured by using a single probe
to reordt he nunber of circuits of the arc over a fixed time interval was |ess
than the velocity of the arc along the straight portions of the track
I.e., neasured by placing two probes O+5m apart as for the rail experinents.
In addition, the velocity along the straight portions for the initial circuit
of the arc was al so neasured (before it has moved into its own wake), and was
found to be the same as for arcs moving along a pair of straight open-ended
rails as given in the next section. A simlar result has been confirmed for
arcs rotating round annular gaps, i.e. Brom‘rr*em11 has found that the velocity
of an arc during its first revolution round a 0+1 cmannul ar gap between
copper electrodes was the same as given in published literature 12 for straight
paral l el electrodes andwas higher by a factor of 2 or 3for subsequent
revol utions.

The measured arc velocities are plotted against arc current in Fig.15 and
agai nst magnetic field in Fig.16 for an electrode gap of 1+27 cm Results of
velocities obtained along one side of the track are also shown in Fig.15, and
they are seen to be higher than those obtained from the nunber of arc circuits
per sec at the sane magnetic field. The mninmum values of arc voltage are
plotted against arc current in Fig.17 and against applied magnetic field in
Fig.18 for two electrode spacings. It should be noted that the voltage is
approxi mately independent of the arc current and increases wth magnetic field.
An attenpt was made to obtain voltage gradients, E for a range of magnetic
fields by plotting nmean values of V (the mninumarc voltage) against the
electrode gap, d, as shown in Fig.19. For this purpose, only three gap w dths
were used, the spread at the |argest gap being *#8 volts. If we assune that
the lengths of the non-uniformparts of the colum and the electrode fall

13
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regions are small conpared with the lengthof the uniform colum, then the
sl opes of Fig.99 give values for the colum voltage gradient, i.e.

V = v+Ed (1)

where V is the mnimum arc voltage
v is the sumof the electrode fall voltages and the voltages of the
non-uni formparts of the colum near the electrodes
E is the colum voltage gradient
dis the gap width

It should be noted that for high-current arcs in small gaps the above
assunptions are unlikely to apply and consequently our values for E are nean
values for the electric field in the arc. The val ues of electric field are
plotted against the applied magnetic field in Fig.20 and are seen to vary
between 44 vicmand 30 v/cm

The high-speed photographic records showed that the [umnous arc colum
was very nearly straight when the arc noved along the straight portions of
the electrodes, and varied about a nean position perpendicular to the el ectrodes.
A statistical analysis of the inclinations of the lumnous colum to the
el eotrodes has shown the nost probable position was perpendicular to t hem'?.
Over the curved parts of the electrodes the arc's motion was nore interesting
and the formation of a curved arc, simlar to that already observed in annular
gaps', was in general, observed. In addition, it was found that the ar
velocity over the inner electrode decreased when negotiating the sharp bends
at the ends of the system and this accounts for the difference in velocity
mentioned earlier and shown on Fig.15. Examplos of the high speed photographs
are shown in Fig.6, and the transition fromthe "“straight" to the "curved"
shape can be seenas the arc moves round the curved ends of the electrode
track.

3.5 Straight open-ended brass electrodes

These el ectrodes enabled a study of the notion of ares through cold,
stationary air to be mde.  They were sandw ched between refractory insulating
material 0«66 cmthick in order to confine the arc roots to an edge 0+33 cm
wide (big.1 (b)).

It was found that the velocities were cons&tent only after sevorcl runs
had been made, (more thanten), and visible tracks built up on the el ectrodes.
Because Of this and for conparison with the work on arcsnoving continuously
round el ectrode systens (sections 3.3 and 3.4), the results are for the sane
pair of electrodes used many tines (between 10 and 150 runs).
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The nmean arc vel ocities (measured over a distance of 0+<5m) are plotted
against arc current in Fig.21 and against magnetic field in Fig.22 for an
el ectrode gap of 1+27 cm the values of the magnetic driving field having been
corrected for the arc current in the electrodes. At fields bel ow 0+04 Wb/m2
the field due to the electrodes makes the presentation of results at fixed
magnetic fields (Fig.21) difficult i.e., the variationin Bis > *25% for an
arc current range up to 1200 anp. The results for 3700 anp and magnetic fields
bel ow Q-1 Wb/m2 are necessarily for arcs driven to a large extent by the self
field due to the current in the electrodes, and it is possible that the
divergence of these results (Fig.22) is due to the fact that the driving field
cannot be accurately determned at the position of the arc because of an
asymetric current distribution inthe electrodes. In calculating the cor-
rections for the self field a uniform current density in the electrodes was
assumed (Appendix A).

The mninum values of arc voltage are plotted against accurrent in
Fig.23 and against applied magnetic field in Fig.24 for three electrode spacings.
As noted before, the voltage is approximately independent of arc current and
increases with magnetic field. Estimtes of the voltage gradient, E, were made
as before (section 3.4)by plotting mean values of V (the nininumarc vol tage)
against d and using equation (1), see Fig.25. The same remarks about high
current arcs in small gaps made in section 3.4also apply so that our values
for E are mean values for the arc. The values of electric field are plotted
against the applied mgnetic field in Fig.26 and are seen to vary between
16vicmand 26 v/icm An additional experiment was carried out to try and
confirmthe estimated velue of E at an applied field of 0-12 WtVb/m2 by measuring
the voltages of arcs noving along either a diverging or converging electrode
gap and neasuring the gradient AV/A4 fromoscilloscope records. This was done
for various values of Ad and a plot of the gradient against Ad showed that
AV/bd tended to the value of E obtained for parallel electrodes as Ad tended
to zero.

The high-speed photographic records showed that the |uminous colum
behaved in the same way as for arcs over the straight portions of the electrodes
with a long path length (section 3.4)i.e., was very nearly straight and varied
about a mean position perpendicular to the electrodes as shown by the exanple
inPFig.7(a). High-speed cine filnms were also taken in a direction along the
direction of motion of the arc(e.g. Fig.7(b) and it is seen that the |um nous
wi dt h of the arctransverset o the direction of motion is greater than the
total thickness of the electrodes and insulation. Fromthe |imted nunber of
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filmrecords made in both this direction and iokingdown on to the electrode
gap width it is estimated that the lumnous width of the arc parallel to the
direction of motion and transverse to the driving field (approxi mately 0°5 cm
to 1+5cm tended to be less than the [umnous width transverse to the direc-
tion of notion and parallel to the magnetic field (approximtely 1 cmto
2:5¢cm. This wll be discussed in a later section.

4 DI SCUSSI ON

The results described in the previous section wll now be considered in
more detail and we discuss two main aspects:-

(i) Motion of the arc through the surrounding air, and, where applicable,

through its own wake. This will be confined to ananalysis of the velocity
measur enment s.

(i1) Heat losses fromthe arc to the surrounding air. This will include
an analysis of the voltage gradient neasurements and we will use paranmeters
suggested by Lord 829

4.1 Mtion of arc (velocity measurenents)

¢ make use of a sinple nodel of the arc motion simlar to that used in
previous papers1’5'6’7 where the conducting colum is taken to be a body moving
with velocity U through a surrounding gas, causing a displacement of the
external gas. It is assumed that this displacement does not close downstream
of the arc and that a wake is fornmed, which is related to an aerodynamc drag
force on the arc and can be witten in the form:=

Drag force = 1pv% A, (2)
where o is the density of the external gas

and Ais the effective frontal area of the body presented to the gas,
i.e. the "effective drag area"

To produce a uniform motion of the body, the drag force and the overall body
force, BId, on the arc due to the magnetic field nust be in equilibrium
Hence their magnitudes obey the relation:-

$pU% A = BIA, (3)
where @ is the distance between the electrodes-

This expression can only be applied to two-dinensional straight arcs or
el ements of curved arcs. However, for experiments reported here, in  which
circular electrodes have been used and curved arc shapes woul d be expected

27
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(e.g. involutes') the electrode spacing was kept small (127 cn) conpared with
the periphery of the inner electrodes (16 cmto 112 cn) so that, the arcs may
be considered as approximtely radial. In addition, because of electrode

plasma jets within the arc colum it is likely that the arc would in any
case be straight over gaps |ess than about 1+5 cm and suggested by earlier

experiments on carbon electrodes'. In this case, it must be remenbered that

the notion may not be governed by equation (3) and that equilibrium between
centrifugal and magnetic centripetal forces mght be produced. For the present
we Will ignore the effects of any plasma jets (which may be intermttent) and

assune that equation (3) is applicable, and express the arc velocity in terns
of the measured quantities B, | and d:-

U = Q@ BICVPA)%- (&)

Previous considerations using the above nodel 13558 have shown that the arc
size increasesswith arc current and decreases with increase of arc velocity,
so that Ais a function of I, Uand hence of B, In addition, the effective

area A would depend on (a) arc velocity, particularly for velocities conparable
with the speed of sound, and (b) the Reynolds number. In the special case where

the arc runs through its own wake as in the annular gap experinents, the
density p woul d change due to heating and contamination of the gas, and the
arc would also tend to produce circulation of the gas around the annulus so
that the velocity relative to the electrodes would differ from the velocity
relative to the surrounding gas.

Ve now consi der the experinental results in detail and will analyse them
using the sinple nodel above.

L 1.1 Effect of arc wake

Vie deal first with the motion induced in the surrounding gas by the
passage of the arc. It has been reported T4 that, for an arc rotating round an
annular gap in the open atmosphere, the velocity of the induced notion of the
gas in the annulus IS one or two orders of magnitude |ess than the velocity of
the arc. Further, a calculation given in Appendix B assuning (i) all the gas
in the annulus rotates under the action of the applied el ectromagnetic torque
and (ii) the shortest electrode path length used', where the effect would be
greatest, is in agreement with the results of this report. W shall therefore
ignore this effect for the present.

Consider now the effect on the density of the surrounding gas due to
contamnation and heating by repeated passage of the arc. Contamination of the
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air in the annulus by gases derived fromelectrode materials could only be
assessed by spectroscopic nmethods, but two remarks can be made concerning the
present results.  For carbon electrodes most of the |ikely contaminants, except
carbon vapour, would not have a density nuch less than that of air. For brass
el ectrodes, and nmost metals likely to be used, the netal vapours are nore

dense than air but neither the density nor the anount of contamnation is

likely to mke this significant,

An effect of tenperature on the gas density seems nore likely to be
significant because if thetenperature through which the are is noving is
raised from room tenperature to say, 1200°K then the arc velocity would be
increased by at least a factor of two. V¢ now consider experinental results
in which only the electrode path length varied and in which B, | and d were
kept constant.  For these conditions equation (3) becomes:=

'12‘ pAU2 = (const) (5)

so that any variation of U with electrode path length nust be a consequence

of variations inp and A These results for the annular gap experiments are
shown in Fig.28 where the arc velocity, calculated fromthe measured frequency
of rotation and the radius of the inner electrode, is plotted against the
periphery of the inner electrode. It is seen that there is a mgjor difference
between results for the two materials. Wth brassthe velocity is approxi-
mately independentof path length and is conparable with the value, U, for
the initial nmotion (before the ara traverses its own wake). Wth carbon, on
the other hand, the velocity decreases with i ncreasing path length and tends
to the value for the initial notion. Now, by conparing the velocities for
different path lengths with the velocity for the initial motion through still
air at room tenperature we obtain,

.
a z
v /o, = (& 0./A p) (6)
where the subscripts r and i refer to values for arcs rotating in annular gaps
and for the initial nmotion, respectively. If perfect gas laws are assumed to
apply,
: 2
A T/AL T = (U /0,) (7

where T is the tenperature of the surrounding gas (Ti= 300°K). By substi -
tution of the values of Ur and U given in Fig.28 into equation (7), the
ratio (Ai !L‘I/Ar Ti) has been calcul ated for each electrode size useds The
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results are plotted in Fig.29 and it is seen that for carbon electrodes the

ratio approaches unity for long path lengths, while for brass electrodes the
ratio increases slightly with path [ength but that the values are all close to
unity. Thereare three possible reasons why the ratio A TI/Ar Ti mght depend
on electrode path length:-

(1) the effective drag area depend? onthe velocity,
(ii) the tenperature in the wake decreases as the velocity decreases,

(ii1) the tenperature of the electrodes and thus the wake tenperature
depend on the path |ength.

Now, since with brass electrodes Ur a U and the ratio (Ai T/Ar Ti) is
approximately unity, this may be interpreted to nmean that the wake tenperature
does not change nuch with path length. In the case of carbon electrodes, the
ratio (Ai Tx/ArTi) approaches unity as the arc velocity, Ur’ approaches the
initial value, U, a the longer path lengths.  If we ignore the change in
drag area, A over the velocity range 45to 180 m/s, then the decrease in arc
velocity With path length may be wholly accounted for by a fall in wake
tenperature as the path length is increased. Thi s tenperature decrease wuld
havo to be from2300°K to 300°K for electrode path lengths ranging from
O-OLhm t0 O<48m, (inner electrode radii 0-0065m to 0+0765m).

The above difference in the results for the two electrode materiels is
not surprising when we consider the follow ng:-

(a) carbon electrodes operate at a higher tenperature than brass,

(b) the thermal conductivity of the carbon used is anorder of magnitude
smal ler than that of brass,

() the outer carbon electrodes were 1+9 cmthick and the brass el ectrodes
only 0°+33 cmthick,

(d the arc velocities for brass electrodes were in general greater than
those for carbon.

These differences could have caused the wake tenperatures for the two materials
to differ but in order to resolve this, wake studies will have to be made. It
is also possible that an electrode effect not accounted for by the sinple nodel
could result in different effects for different materials, and it must be
remenbered that the em ssion nechanisms for carbon and brass are different. It
was reported earlier' for carbon electrodes that a steady arc rotation was not
always immediately established but took a short time (up to a few seconds for
very long arcs) to reach a steady frequency. This was never observed with



20

brass el ectrodes and coul d have been the result of some conditioning period-
for thermionically emitting cathodes (e.g. Carbon), which my be accounted for
by a necessity for heating up the cathode track before a smooth arc notion is
possi bl e.

L.1.2 Variation of velocity with drag area, current and magnetic field

Ve consider next the experimental results for arcs noving over constant
electrode path lengths and along the open-ended rail electrodes with a fixed
el ectrode spacing (1+27 cnj. For these conditions equation (4) becones

u= (eonst)zcé%G (8)

rof=s

where the constant equals (2d)

Now, since the effective drag area has not been measured and can only be

cal culated for known values of p, (see section 4.1.3), and in order to make a
conparison wth previously published results 152,3:45:% e choose to obtain
enpirical relations of the form

, (9)

where the dcpendence of (pA) on | and B is included in the indices n, and n,
(not equal to %) and a nodified constant, K. Relations of this formhave been
obtained by plotting Llog,qU against log,.B at constant |, and log, U against
log,,I at constant B (Figs.30 and31). The values of K,n, and n, are given in
Table 1 together with the values gwnin the above references.

We now obtain relations between the parameters pA, | and B by conparing
equations (4) and (9 )

(1 -2n, ) B(“ '2n2)

i.e. pA =2 _Zé_ I (10)
K

This gives a different dependence of pA on land B for each el ectrode con-

figuration as shown in Table 2. It should be noted that for the experinents

where pis constant (using a pair of open-ended rails) this also gives the

dependence of A on | and B.

4.1.3 Arc size and shape

We now consider how the effective drag area, A changes with arc
velocity, U and also from photographic evidence conpare the |umnous arc
widths and consequent lumnous frontal areas of the arc with values of A as
defined by equation (3),

27"
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i.e. A = 2BId,/pU2. (11)

In order to have unambi guous val ues for p, it is necessary to choose data from
experiments in which the arc has noved through undisturbed air O known
tenperature and pressure.  This condition is satisfied by the experinents

using a pair of open-ended rails (Fig.1(b)), and a plot of calculated values

of A against Ufor the results of Figs.21 and 22 is shown in Fig.32.

Hi gh-speed ciné films were taken in directions along the arc axis and
along the direction of notion for two arc currents. As noted earlier in
section 3.5the lumnous wdth parallel to the direction of notion (approxinmately
0+5 cmto 1+5cm was |ess than that transverse to the direction of notion
(approximately 1 cm o 2°5cn). This gives a range of values for |uninous
frontal area of the arcs from1-27cm2to 32 cm2. Note that these are maxinmum
values taken to be the product of the lumnous width and electrode separation
(d =1+27cm. Two points representing the maxinmum |umnous areas from the
photographic records are also shown in Fig.32 and it is seen that they are about
twice the cal cul ated values of A. It should be noted that the observed |um nous
areas need not be the main current-carrying path of the arc and if we assunme
that there is a hotter central cone, then equations (3)and (41) may only apply
to this central core, Some evidence is already emerging from spectroscopic
work15 that the conducting width of the arc, assumed here to be the hotter
central core, is smller than the photographic width and the total radiating
width transverse to the direction of notion. Theoreti cal Work16 on the flow
about an arc transverse to an airstream using potential flow methods discusses
the possibility of the arc periphery being porous, and in order to arrive at a
satisfactory solution conpatible wth experiment an inner inperneable boundary
I's suggested for the arc.

Taking the above considerations into account we have the result that the
arc mght be represented by an inpervious body whose effective drag area is less
than the lumnous area and we therefore briefly consider this possibility. In
order to take the discussion a stage further, we draw an analogy betwcon the arc
and a solid body of uniform cross-section. For such a body we may put

A = C,Dd (12)

wher e CD is the drag coefficient

D is the geonetrical wdth
d is the length.



22 27

Now, if we take D and a@ to be the width and I ength of the conducting colum of
the arc, then the resltsin Fig.52 inply that:-

(1)  if Ddecreases withinrease of U, (as suggested in Refs.1,5 and 8), then
there is a conpensating increase in Cp which accounts for the observed increase

in Awth U

(11) 4f D decreases with increase of !, (s suggested in Refs.1,5 and 8), then
either this increase is small or Cy dimnishes with increase of I at constant U

Consider now the dotted curves in Fig.32 which are for solid cylinders
of different dianeters in a transverse flow These curves give the variation
of effective drag area with streamvelocity and are obtained fromrecorded
aer odynam ¢ de,'ba17. Note that in the case of the cylinders, A has values
whi ch bracket those for the arcs, but that the upward trend of A is never as
great. It is possible that changes in the geonetry of the arc with velocity
could cause a further increasein Awith U than would occur w th condant
cross-section (e.g. if the arc was considered to be approxi mtely elliptical
in cross-section, changes in the ratio major axis/mnor axis would affect the
drag), but these are unlikely to account for the continued upward trend of A
bet ween Mach 0°*1 and 1+2, A sinmlar result i.e., that the variation of CD
with Reynolds nunber for arcs differs from that for solid bodies of constant
cross-section, has been found for arcs rotating in annul ar gapslg.; Thus, it
is evident that the solid-body analogy for the arc is inadequate, although
the cal cul ated values of A are conparable with those of solid bodies about
one half of the luminous arc size determined photographically.

It is, however, possible to present a tentative picture of the arc's
size and shape based on the photographic records and the cal cul ated val ues
of A This is represented by a body of luminous gas whose width is greater
when measured transverse to the direction of nmotion than along the direction
of notion, as shown schematically in Fig.33. The dashed |ines indicate the
total extent of the lumnous gas and in practice the shape varies with the
motion of the arc. It is possible that the outer |unminous regions are the
result of colliding plasm jetsJ’c}’1 from the constricted arc roots, but a
nore precise picture could possibly be given when the spectrographic work is
conpl et ed.

4.1.4 Effect of electrode spacing and shape

Finally, we discuss two other aspects of the arc notion which were
observed: -
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(i)  The variation of arc velocity with electrode spacing as shown in
Fig.27. It can be seen that the velocity tends to become independent of the
gap width as this is increased for constant values of current and magnetic
field.  The arcvelocity woul d be independent of the gap width if the conducting
colum was uniform along its length so that the effective drag area, A in
equation (3) was proportional to the gap width, d. Hence the experinental
results indicate that as the arc length is increased by increasing the electrode
spacing, then the arc shape beconmes uniformalong its length. However, as the
gap was increased the arcs were more unstable, greater fluctuations occurred in
the arc current and voltage and hence the results were |ess reproduci bl e so
that the applicability of the rmodel becomes doubtful.

(ii) The motion of arcs round the sharp bends of the electrode configura-
tion shown in Fig.1(a), as described in section 3.4. A study of the photographic
records of the arc when changing its shape as shown in Fig.6, (i.e. from a
"straight" arc to a "curved" arc sinilar in shape to that already found for arcs
in annular gaps'), showed that the velocity of the inner electrode arc root
changed in the following way. Referring to the inset diagrams in Fig.6 where
the end of the electrode systemis shown divided up into regions nunbered 1to 5,
the motion was fromregion 1to region 5. The velocity of the inner arc root
began to decrease at the end of region 2, was slowest in regions 3 and 4, and
finally increased to the velocity attained on the straight portions of the
el ectrodes by the end of region 5. In addition, when the inner electrode was
made the cathode the arc root travelled slower relative to the colum resulting in
the behaviour shown in frames 29 to 33 of Fig.6. This had the effect of always
producing an arc with a | agging cathode root over region 4. Athough the decrease
in velocity also occurred when the inner electrode was made the anode the above
effect producing a lagging root over region 4 was absent. This behavi our cannot
be expl ained by our sinple nodel and the follow ng reasons are suggestedas
possible  explanations

(a) in negotiating a sharp bend the arc is, in effect, restricted by a
wal | where the electrode surface is transverse to the general notion of
the arc,

(b) a local increase in pressure occurs in the sharp bend due to notion
of gas induced by the arc,

(c) the formation of eddies between the curved parts of the el ectrodes
inpedes the arc's motion,
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(@) a centrifugal force on the arccausesa reduction in the arc velocity.
This could account for a decrease of velocity in region 4due to a change
in the velocity distribution over the gap when the arc re-enters a

straight region of the electrodes; (an analogy could be made here wth
fluid flow in curved pipes).

4e2 Heat losses from arc (voltage measurements)

In this section we areconcerned with the overall energy balance for the
arc colum and hence consider the heat input per unit length, given by
EI watts/m For this purpose we use the estimted values for E given in
Figs.20 and 26and it nust be remembored that these are mean values for the
total electric fieldin the arc. The electric field varies along the arc
| ength because the anode and cathode regions are constricted, and the measured
voltage gradients will only correspond to the uniform colum voltage gradient
if the lengths of the non-uniformparts of the colum are small (equation {1)).
The estimted values for B were found to be approxi mately independent of arc
current but, by plotting 10310E agai nst 1og1cﬁ, were found to obey sinple
power |aws with the magnetic field as shown in Table 3.

First we will consider the results using well known simlarity relations
derived from the energy balance equation when radiation is neglected 8’20’21.
The treatnent assumes that the arc colum is axisymetric, uniform and in
thermal and chemical equilibrium liagneto-hydrodynamic effects are assuned
to be small and the arc colum optically thin. The power input per unit
length is equated to the amount of heat conducted to the arc periphery:-

B o= -1 -&-(rkt[‘%%) (13)

where r is the radial distance fromthe colum axis,
k is the local thermal conductivity,
and T is the local colum tenperature.

Fromthis equation it is readily shown that (e.g. Refs.8, 20 and 21) arc
colums may be characterised by values of E r, I/r or El independent of the

A

absol ute values of E, r and |, where % is the radius of the arc colum, and
t hat

E ¢ = ¢ (g1) (s)

/¢ = £,(ET) (15)
therefore

Ef = f3(I/i") (16)
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Now, if for an arc moving in a gas streamunder the action of a transverse
magnetic field, we assume that the heat transfer to the gas is a function of the
product of the arc velocity Uand the arc radius ¥, (e.g. for a heated solid
cylinder the Nusselt nunber is a function of the Reynolds nunber), it may be
8,9 that #in equations (14) to (16)is replaced by v™ so that

equation (16) becones

shown

B/U = fb.(IU) . (7

This relation only applies for arcs with a constant anbient tenperature and
pressure and it should be noted that it does not necessarily apply to arcs
rotating in annul ar gaps because of wake effects (section &ele1).

W now consider the experinental results for our three electrode con-
figurations and plot E/U against |U (Fig.34). It is seen that all the results
very approximtely follow curves of the form

-l
E/U = (const)(IU) b (18)

where the constant depends on the electrode mterial and configuration. The
values of E for circular brass electrodes were assumed to be the same as those
for continuously operated arcs on the brass electrodes of long path Iength.

"This may be justified by conparing the neasured arc voltages in Figs.13 and 14
with those in Figs.17 and 18 for an arc gap of 1¢27 cm. Due to observation
errors the values of E/U and |U are accurate to within +11%. By plotting on
| ogarithnic scales (Fig.35) m, is found to be about Q-<4. The results for
rotating arcs on brass electrodes are too limted to be of interest but fall
within the limts of those for arcs on the brass electrodes with a long path
length.  The considerable scatter of experinental results presents a difficulty
in analysing them further, and in what follows snoothed-out results are used.
However, Fig.35 denonstrates that all the results follow a trend which yields

an approxi mte equation for arcs noving along the three electrode configurations
used: -

E/U a (1) 0% 201 (19)

In the above analysis heat lost by radiation was neglected and in an
attenpt to account for some of the unduly large scatter in Figs.34 and 35we
now consider the effect of radiation. An anal ysis by Lord.9 for an arc held
stationary in a gas stream by a magnetic field yields a useful form of voltage
gradi ent = current characteristic in terms of non-dinensional paraneters.

A characteristic equation is derived which relates the non-dinensional forns
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of EI, I/E and a radiation parameter which is proportional to 1/U2. Thi's
equation applies whenthe thermal conductivity, or nore specifically the heat

flux potential (defined by [kd'.[".) the el ectrical conductivity and radiation

0
power density of the arc column oObey certain power |aws specified in Ref.9,

and my be witten
2 2
P2 v’ ! p? g
- 2
El “f5< E>+P2-mu2f6< E) (20)
where P is the anbient pressure. The L.H.S. of equation (22) is the heat
input, the first termof the RHS. is the hetlost by conduction to the arc
periphery and thence by forced convection to the external surroundings, and
the second term on the R.H.,S. is the heat lost by radiation, perunit tine
per unit length of arc colum. For the purpose of analysing the experinental
results we may rewite equation (20) in ternms of El, U"2 and U2 I/Eif we
assune the anbient tenperature and pressure are constant.

2 2
. U -2 U
i.e. El = f7 (——E—l> + (const) U fg (_f}l> . (21)

Thus, by plotting El against UZI/E for different values of U a series of
curves might be obtained, the dependence on U being given by the third term
(radiation loss) of equation (21) i.e., the radiation loss and hence the total
input power EI increases as the velocity decreases. By smoothing out the
results for low Mach nunbers in Figs.15 and 21 and using values for E from
Figs.20 and 26 for brass electrodes, plots of El against UZI/E have been nmade
(Figs.36 and 37). From Fig.36 it can be seen that results for arcs moving
through stationary air at a constant anbient tenperature are approximtely
represented by a series of snooth curves at constant values of U where El
increases as U decreases. However, it should be noted that because of the
experimental error there is some overlap in the scatter for each line drawn
through points of constant velocity. Due to this and the uncertainty in the
values used for the voltage gradient it is considered unwise to proceed wth
the analysis suggested by equation (21). On the other hand, from Fig.37 for
results of arcs nmoving through previously heated gas and where the anbient

tenperature might be expected to change with U and I, it can be seen that
there are discontinuities in curves joining points of constant velocity and
that El decreases as U decreases. It is interesting to note however that

these results my be approximtely represented by a series of smooth curves
relating El and U2];/Eat constant vglues of E or B,
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i e. El = 2,(E or B) f1O(U21/E). (22)

Fromthe above it is seen that enly the results for arcs noving through
stationary airat constant tenperature agree qualitatively with Lord's
theoretical work. This is only to be expected since the theoretical work
assumes a constant anbient tenperature forthe external gas and hence does
not necessarily apply to arc's traversing their own wake.

Next, we consider a nethod of analysing experinental results which is
independent of the form of the radiation |oss. It may be shown'® that if both
the drag coefficient and the Nusselt nunber for the arc depend only on the
Reynol ds nunber (as they would for a solid cylinder at |ow Mach nunbers) then
the parameter BI/U depends only on U2I/E. It is suggested 18 that a plot of
BI/U agai nst UZI/E may prove illumnating in the analysis of experinenta
results.  These plots are shown in Figs.38 and 39 for the smoothed out results
on a pair of brass rails and the electrodes of Fig.1(a), respectively. The
full significance of these plots is not evident but it is of interest that they
may be approximtely represented by a series of smooth curves at constant values
of Eor B, and that BI/U increases with E or B for both sets of experinents.
These results may thus be approximately represented by equations of the form

BI/U = £, (8 or B f12(U21/E). (23)

Finally, we consider the effect of using slightly different values for
the col um vol tage gradient. Let us consider an elenent of the arc at the
centre of the electrode gap and assune we are free fromelectrode effects. In
this case the voltage gradient in the element would be equal to that obtained
froma plot of arc voltage against arc length for |arge el ectrode spacings
i.e., the lower curve of Fig.26 for straight brass electrodes. If we use these
values of E and again plot El against U 'I/E then a closer approximation to a
single curve is obtained. In addition, by extrapolating the E against B
relation for large gaps the results for velocities conparable wth the speed
of sound have been included (Fig.40). It is seen that a1l the results for arcs
nmoving through stationary air at a constant ambient tenperature may be approxi-
mately represented by a sinple power |aw

i e B = 135 x 10*w?yE)°o7 (2u)
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This col | apse of experimental data is in accordance with the theory

(equation (21)) if the radiation term is neglected. A plot of BI/U against
UQI/E using the values of E for large gaps and including all the results is
shown in Fig.41. As before, these may be approximtely represented by
relations of the formof equation (23), and it should be noted that at constant
val ues of velocity BI/U is approximtely constant.

It is evident fromthe above that the analysis of the experinental data
I's very dependent upon the accuracy of the estimated values for the colum
voltage gradient. However, the results would indicate (Figs.36 and 40) that
ei ther

(i) the radiation termexpressed as in equation (21), is snell for
arcs in air at atnospheric pressure

or (ii) the theoretical model is inadequate. The results shown in Figs. 38
and 41 denonstrate that BI/U does not depend only on U21/E, as would be the
case for a solid cylinder at |ow Mach nunbers, and we conclude that the analogy
with a solid body is inadequate.

5  CONCLUDI NG REMARKS

It has been demonstrated that for the range of conditions used an arc
moving in a transverse magnetic field does not proceed in a uniform manner
and that fluctuations occur in the arc velocity, the current flow between the
el ectrodes and the shape of the conducting path. In the anal ysis of results
these fluctuations have been ignored. A1 results are based on nean values
of arc velocity and current and mninum values of arc voltage, measured over
| arge el ectrode distances (0°5 netre nininun) in a uniformexternal magnetic
field. In this way, results have been obtained which could be analysed, as
summarised bel ow.

(1) A major difference between results for carbon and brass el ectrodes
using annular gaps was observed. As the electrode path length (at constant
applied magnetic field, arc current and el ectrode spacing) was increased the
arc velocity oncarbon decreased and tended to the val ue obtained for the
initial notion (or along a pair of open-ended rails). On brass electrodes
the arc velocity was approxi mately independent of path |ength and conparable
with that for the initial notion. In order to explain this difference, wake
effects, electrode effects, or both, need to be studieds

(2) Approximte relations between the arc velocity, arc current and
applied magnetic field have been obtained for three electrode configurations
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and two electrode materials. These relations are summarised in Table 1 together
with simlar relations obtained fromother resul ts1’2’3’h’5’11. From Tabl e 1
further relations between the paranmeter pk, (product of the density of the
surroundi ng gas and the effective drag area), arc current and applied magnetic
field were derived using a sinple nmodel for the arc notion. These relations

are shown in Table 2.

(3) The effective drag area using a sinple nodel for the arc has been
calculated for a range of arc currents and velocities using results where the
arc wake does not affect the arc motion, and is shown to be about one half of
the maxi mum | um nous frontal area of the arc determ ned photographically. The
variation of drag area with velocity is shown to be inconpatible with that for
a solid body. A tentative picture of the arc's cross-sectional shape based on
photographic evidence is given, in which the width measured along a direction
parallel to the driving field or transverse to the arc's notion is greater than
the width neasured along a direction parallel to the arc's nmotion.

(4) Values for the voltage gradient were estimated and found to be
approxi mately independent of arc current, but obeying a sinple power law with
the applied nagnetic field as shown in Table 3.

(5) An approximate power relation between E/U and IU was obtained for
all the results as shown in Table 3, where the constant of proportionality
differs for each electrode configuration. By using smoothed out results for
a pair of open-ended brass rails relations between El and IU2/E wer e obt ai ned
which agree qualitatively with theoretical work for convection-stabilised arc

col ums 9

The sinple nodel used for the analysis of results has proved to be useful
but a direct conparison between an arc and a solid body in transverse flows is
inadequate, a result in agreement with cal cul ations by Lord and Broadbent 18,
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Appendi x_A
CALCULATION OF THE MAGNETIC FIELD DUE TO THE ARC CURRENT

IN THE FLECTRODES

In correcting the applied magnetic field for the self-field due to the
arc current in the electrodes it is not possible to consider the current to be
concentrated into a single filament at the centre, and their profile nust be
taken into accounte The field of such a distributed current oanbe found by
the superposition of the fields of an infinite number of line current elements.

Let each electrode be infinitely long and have a cross section 2a x 2b
as shown in Fig.42 where the current | is norméLout of the paper. If we con-
sider any elenment of cross-section dx, dy, at coor di nat es (x1, y1) then the
current in the element is (I/4ab) ax, dy,, and the vector potential function
of this line current is given by

p T

A = 80\: 3 logrdx dy1 . (A1)

The field of all elements in the electrode is found by integrating over the
rectangular section of the electrode and, at any point (x,y) distance = from

any el ement (x,, y1), i's thus given by,

o= -:')?;:b ff log r ax; dyy. (a2) '
-5 =D
Substituting for r,
ab
A= 167c ab f f Log[ (x,=x) ey axy ay, . (W3)
-~D

This can be integrated in terns of sinple functions, and the result has been

given by Strutt22 in the form '
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[ (a=x) (b-) 10g [(a=x)% + (b=y)?]

‘ + (a+x) (b=y) 1 0g [(a+x)® + (b-y)]
b= s 4+ (a0 (by) log [(am)® + (6=5)°]
& (a-x) (bty) Tog [(a=x)? + (0+3)?)

+ (a+x) (b+y) log [ (a+x)® & (b+y) 2

+ (a-x)2 [tan-‘l by, tan

a-x a—x1

+ (a«»x)z[‘ba.n-al by + tan™ DAL

a+X a+t
L

b~y

+ (b+J’)2[tan-' :—E}%+ tan-' %}f].f

This expression is the flux function of the field and the field conponents,

2 \ o a=~x \ 84X -
- L. anC -
+ ('b y) tan tan by l l

Ak)

B_ and BY‘ are given by

B = LLY and
b4 oy

oA

N % =

<™

V& are concerned with the conponent BYmhen y =0 (i.e. the self-field in the
arc gap) and this is given by

- + (X+a ) ___ - _ ) __b__
By = {b | og l:b N x_a)z] + 2(x+a) tan " 2(x-a) tan x_a}
(y=0)

vos (45)

for each electrode. For a pair of long electrodes with the current term nated
in an arc near the centre the total self-field at the centre of the arc gap, d

is given by BY when y = 0 and x = (a+d/2); this expression was used to eval uate
the corrections added to the applied magnetic field for the experinments using a
pair of open-ended rail electrodes of rectangular cross-section:=

Bcorr B 8¢

b;(La-r-d/Z) + (hasd) tan” 2:’ 5 = d tan-' %}
b + a7/ &
v oo (46)




32 2L

Appendi x_ B

CALCULATI ON OF THE MOTI ON OF GAS | NDUCED BY ARCS MAGNETICALLY
PROFELLED ROUND ANNULAR GAPS

VW will assune that the gas in the annul ar space between the electrodes
is forced to rotate under the action of the total electromagnetic driving torque
at an angul ar velocity, we

Now, for a disc rotating in a gas at an angul ar velocity w, the shear

23

stress at a radius, r, is according to Streeter , given by,

1
Shear stress = 0°616 p(vw3)2|’ (1)

where pis the gas density and v its kinematic viscosity. Neglecting edge

effects the total moment of a rotating annular disc of inner and outer radii

ry and r, I's given by

r
2
2 , 332
Moment = « 2 x O~6‘l6f 2rr” p(w”) r ar (82)
Ty
therefore
z
Monment = = 04616 mp (vw 3)‘ (132* - rﬁ*) . (B3)

The noment of the driving torque due to an arc current | along a radius
and a uniformmagnetic field, B, along the axis of the annulus is given by,

2
Moment = / BIrdr (BY)
T3
therefore
2 2
Moment = BI(r§ - r;)/2 . (25)

Equating (B3)and (B5) and rearranging,

Y = (O-zgg)z/ 3 ( B 2>2/ > (86)
pve T, + T
By substituting values for B,I, r, and r, from experinmental results for
arcs rotating on carbon electrodes ! and assuming values for pand v for air

at 300°K the angular velocity o may be shown to be nore than one order of
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magni tude | ess than the nmeasured angul ar velocity of the arc.
arc is mde to rotate in an enclosed annular channel, so that
like a single blade centrifugal punp,
test gas to supersonic speeds 2

However, when an
the device behaves
it can be made to accel erate the heated
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Table 1

VALUES OF K, n, AND n, IN EQUATION (9)

the self-field of the arc current in the electrodes, so that analysis at "constant B" includes a variation in B of up ﬂo *12%, see Fig.21.

(2) Later results with the same electrodes indicate that the same empirical relation applies for magnetic fields up to A.OWS§\BN and arc velocities up to 580 m/s.

/
|
!
i
f
|
!
"

Ua KI'B? (9)
Electrodes U B I Distance or
Configuration Material Dimensions d X n, n, 5 time over h
and reference (em) (cm) ! (n/s) (Wb/n) (amp) |U,B and I measured
, Pair of straight open-ended | Graphite | 120 x 55 x 2°5 30 190 to 350 - (07 20°1) 10-50 | |0°01-0+09 ~350
) rails (horizontal w Fig.1(b) - (0°50 *0-01) - 30-100 | 0+026=0+037] 100-1200
- D.C. arcs . . . . . . . 30~275| jO0L=0°L9 100~1250 150 em .
(See note below) Brass 120 x 3°8 x 0+33 1427 (22 1) (040 0-01) | (0+40 *0+01) o100 10150719 T 206-3760
- - (020 #001) 210-27010+05-015 3700
Electrodes with long closed Total path length L0=-70 {10°02=0+12 230-500
path length (horizontel - |Brass over inmer 1.27 (9-0 x0-5) | (0+58 *0-01) - 55-205{10-04~0+12 | 230-1200 |Several cycles
Fig.1(a) - D.C. arcs) electrode = 219 65-3401[0:06=0+12 | 230-2700 |of arc
(0-42 *0-01) 40-200| [0+02-0+12 230-1200
Circular electrodes with Ty = 0+65
anauer s AMWMWWAmV 20 | Graphite | Outer electrode = 1+9 thick|0+65 (143 +10) | (0+33 20-01) | (0+60 #0-01) 16-190| | 0°006-0+09) | 100-750 _|Several cycles
' tre r, =127 and 17-8 of arc
Brass Outer electrode = 0°+33thick|1°27 45 approx. 0+35 approx. | 0°55 approx. 50~130|}0°02-0+13 200-450
Pair of straight cylindri- A few
cal electrodes (vertical, Copper No data tenths 41 0+61 O+ 50 max||0:032 max 60 max No data
arc motion up - D.C. arcs) Awmw > 3)
Eidinger and Reider®
Pair of straight cylindri- | Carbon 15 x 0495 dia 0+32 155 - 0+7h 3+5~181]0+006=~0+05 | 40~670 ,
mmw mpmo&%ommm (horizontel = [ uniniun| 15 x 095 dia 0+32 3L - 043 5-13 []0+01-0+1 40-670 |7713 em
«Le AIrcs
Secker and Guile?
Pair of straight cylindrical 102 - - 0+55 to 0+563 45135 10+032-0-16 | 2500~6000
electrodes Awowwaoswmw - = = 0:55-02443 x1072T [ 60-215]0+02-0-128 | 100-6000
A.C. arcs - 3 cycle Polished . . . . T _ 11010021 100=-2000 | 5.3.5. millisec
Spink and mcupmw brass 30 x 096 dia 0+32 (1+5 +86B) | (0-47-0+96B) 26 Arom 57358 T06-600 3~0+5 is
. cxf. _ _ 0032 1200-2000
(15 +246B) | (0+36~1-18B) 80-215| 5558 800-2600
Ring electrodes with - - 062 25-250110+034~0°106} 20
circular arc path Brass Mean rad = 81 02 - ~ 060 50-100]]0°034-0°106] 87 Many cycles
(p.C. arcs) Thickness = 0°6 - 0-46 to 0+L8 - 18-95 [16+034=0+106] 10~80 of arc
Blix and Guile - 0-9% : 10-130/{ 0106 100-350
Ring electrodes with c Inner rad = 20 o 10+5 0+33 - mongown 0046 10-1000 | 1st cycle of arc
annular gap opper Thickness = 0°3 1 =B 0l - 80-390'| 0°03-0+13 | 200-~2000 | Several cycles
Ab.o. mﬂom -3 o%onv of arc
Bronfman' M _
w
Note:~ (1) The results for a pair of straight o

pen—-ended brass electrodes were measured at fixed values of applied magnetic wwmwm%swwow were then corrected for
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Table |

VALUES CF n n,LF | N THE EQUATIONS :-

3’
E a an

E/U = (const) (1U) nnl"

gPair of open-ended Circular electrodes with Flectrodes with long path

8¢

rail electrodes annular gaps length (Fig.‘l(a.))
Brass Carbonl Brass Brass .

ng 0+3 appr ox. 0-27 appr ox. Q<4 appr ox.

n, 0<% *0+1 04 *0+1 0+4 2041 O-4 041

U(n/s) 30-180 16-185 50-130 40=-340

B(W/n°) 0+02-0+13 0+006-0 8 53| 0+02-0+13 0+02-0+12

I(amp) 100-3700 100-500 200=4450 200-2700

E(v/cm) 16-26 28-60 14-30 (assumed 14-30

same as col.5)
d(cm) 25438 0+65=3+2 1227 1027=2454




SYMBOLS

A effective drag area

B magnetic field

Cp drag coefficient

D effective arc width

d electrode gap wdth

E vol tage gradient

f, to £,, functions

I arc current

K constant of proportionality

M Mach nunber

n, to n, indices in sinple power relations

P pressure

Re Reynol ds nunber

r radi us

r radius of conducting boundary of cylindrica
arc colum

T tenperature

U arc velocity

V total arc voltage

% sum of arc electrode fall voltages and of non-uniform
parts of arc colum

p density

v ki nematic viscosity

By magnetic permeability of free space

w angul ar  velocity

Subscripts (apply only to section 4e1.1)

|
r

< C —® m ©@ >

denotes value for initial notion of arcs
denotes value forarcs rotating in annular gaps

Estimated Experinmental Errors

+14% E/U +11%
5% | u +11%
+10% El *10,5%
£0+05 cm W IIE  #16%
0% BI/U 129
+5%

+10%

39

(n®)
(Wb/m?)

(m)
(m)
(V/m)

(amp)

(°x)
(m/sec)
(volts)

(volts)
(Kg/m?)
(m/sec)
(Henry/m)

(radians/sec)
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Fig.2. Magnet for arc experiments
in a transverse magnetic field
(Showing carbon electrodes,
connecting bars and current

shunt in position)




FIELD

44.cm

T SUPPORTS |
AND CONNECTORS|

el O35 cm .
ARC GAPd
Bl 4
Sé‘;;?i’,&&s % r.cm |e-35(12-7]178
Y2, 2z r,cm | 1.62 [13:97]19-07
CRO +
CRO CURRENT SHUNT

FIG 3(d) UNCOOLED CIRCULAR BRASS ELECTRODES (SPRAYED ON BOTH
SIDES WITH REFRACTORY INSULATOR)

SECTION AA

& WATER PORTS 1N - A
ELECTRODE DISC ,

. " ';/" . Y
© WATER | et ol
PORTS [

6 WATER PORTS IN

ELECTRODE DISC |
& WATER
INDICATES g
SLRFACES / nggggg;?’%
SPRAYED WITH
ALUNMINILM
DXIDE
A I
ettt — = — =y
: MAIN  WATER
SECTION BB [/ PORTS |
e E .

FIG 3 (b) WATER-COOLED GIRCULAR BRASS ELECTRODES
(ALL JOINTS SOFT-SOLDERED) (ELEC CIRCUIT AS (g) ABOVE)
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UPPER TRACE : PROBE SIGNALS UPPER TRACE : VOLTAGE (50v/DIV.)
LLOWER TRACE : VOLTAGE (50V/DIV.) LOWFR TRACF : CURRENT (600A/DIV.)

RECORDS FOR ARC ON ELECTRODES OF FIG.1(a) 10 MSEC/DIV.
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Fig.4. Examples of oscilloscope records (Zero at scale centres)



0.5 N.D. FILTER

27 28 29 30 31 32

BAND FILTER
(58558 TO 59254)

27 28 29 30 31 32

Fig.5. High speed photographs of arcs on graphite electrodes (I=300A, U=31.3m/s, d=3cm
The left hand image of each frame was taken looking horizontally across the top
surfaces of the electrodes and the right hand image looking vertically down onto

the electrode gap; the arc motion is down the paper
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ELECTRODE
THICKNESS = 0.63 CM

{ARC MOTION FROM
RIGHT TO LEFT)

FIG.6{p)} TAKEN WITH CAMERA POINTING ALONG ARC AXIS

Fig.6. High speed photographs of ares on electrodes of fig.i(a)
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FIG.7(a) TAKEN WITH CAVERA POINTING VERTICALLY DOWN ONTO ELECTRODE
GAP (ARC MOTION IS UP THE PAPER)
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FIG.7(b) TAKEN WITH CAVERA POINTING ALONG DIRECTION OF ARC
MOTION (TOWARDS CAMERA)

Fig.7. H‘igh speed photographs of arc on straight brass electrodes
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FIG. 42 FIELD DUE TO RECTANGULAR CONDUCTOR (APPENDIX A]
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comments are mmde on a major difference between results For brass and
graphite electrodes in expriments where the arc wake might affect the arc
motion (annular gaps). Arc drag areas are calculated for results where

the arc wake does not affect the motion {(peir of open-ended rail electrodes)
and are round to be about one half or the maximum luminous frontal areas or
the arc determined photographically. A tentative picture of the arc’s
cross-sectional shape is also given.

Finally, the results are analysed according to a theory for convection-
stabilised arc columns and snoothed-out results for arcs moving through
stationary air at constant temperature are shown to agree qualitatively
with this theory.

However, a direct analogy between an arc and a heated solid body in a
transverse gags flow is ghown to be inadequate.
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