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PART 3. ARCS IN TRANSVFRSE  XAGNEYMC  FIEIDS  A'iT M?dOSPHERIC  PRESSURE

Experimental results in air at a pressure of one atmosphere 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 3700 amps and the applied magnetic field to 0*49 Wb/m2  for experiments on a
pair of straight electrodes.

The results are analyscd  using a simple model for the NTC motion assuming
that the arc behaves in the same 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 motion (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 maximum luminous frontal areas of 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 smoothed-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 gas flow is shown to be inadequate.

* Replaces R.A.C.  Technical Report No.65273 - A.R,C.28072
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1 INTRODUCTION

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 atmosphere propelled along electrode systems by external
magnetic fields. The experiments of the previous reports are confined to arcs
moving round annular gaps with graphite as the electrode material, and because
of the short electrode path length round which the arc moves and the speed of
the arc it is difficult to define the state of the ambient gas; the arc moves
in its own wake. Three extensions of this work have been studied:-

Y
(a) The motion of arcs around annular gaps with longer electrode path

lengths (circumference) where the wake effects would be expected to diminish.

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

(c) The motion of arcs on brass electrodes. Brass and copper were
considered as suitable materials, brass finally being chosen because a large
amount of work had already been done with this material at very small gaps 2>3,4 .
Earlier work indicated that results with copper electrodes were unpredictable
and widely scattered2.

With annular brass electrodes, it was fairly easy to increase the path length
to 1*12m, which was the limit imposed by the existing field coil, while with
graphite the convenient limit was 0*48m. In addition, by making use of an
apparatus primarily intended for studying a different aspect of the arc motion
over straight electrodes (namely arc shape) it was possible to increase the
path length to 2*1%,  but it should be noted that in this case the path although
mostly uniform and straight was interrupted by two sharp bends, see Fig.l(a).
This apparatus also permitted the use of larger arc currents and magnetic fields
than did the annular electrodes and existing field coil, and zome work  on the
initial motion i.e., before moving into the wake, was possible. No work with
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
permitted the use of even larger arc currents because overheating of the
electrodes became a minor problem except at low velocities, and the rotating
machines providing the arc power could be overloaded for the short duration of
the arc. The maximum arc velocity recorded was 435 m/set  (Mach number 1*24)
with an arc current of 3600 amp and an applied magnetic field of 0'49 Vb/m2.



The experimental results are presented in graphical form showing
relationships between arc velocity, U, electrode path length, applied magnetic
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 measurements)

(ii) heat transfer to the surrounding air (voltage measurements).

In the first case, we are concerned with  relations between U end electrode
path length at constant B and I ana also relations between U, B and I with a
fixed path length. We use a simple model of the arc column similar to that
used earlier and based on a flexible conducting body moving in a transverse
magnetic field where the electromagnetic driving force and the aerodynamic
retarding force arc equated%5&,7&3 . In the second case, we are concerned
with relations between V (or more exactly E, the column voltage gradient),
B, I and U and we use parameters suggested by a theoreticCal treatment h9 of
the convective and radiative heat losses from an arc column h&t stationary
in a gas flow by means of an external magnetic field.

The ranges over which the effects of the parameters B, I, U and E were
explored were restricted by practic,al considerations such as (1) size and
range of power supplies available, (2) the fact that very-high-current arcs
could not be propelled at low velocities because of overheating of the
electrodes (small diameter uncooled  metal electrodes could not be used for
arcs rotating round annular gaps and only the apparatus providing the longest
path length could be used for high current arcs on uncooled  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 DESCRIPTION OF APPARATUS AKD METHODS OF IsU3ASURlMZNT

2.1 Field coils and electricCal supplies

The experiments with annular gap electrodes were made using a solenoid
O*J+5m  inside diameter and O*L+5m  long consisting of 180 turns of 100 amp "PREN"
cable wound on an existing wooden former. This imposed the limit on the
maximum diameter of electrodes used and hence on the electrode path length
for arc motion. The maximum value of magnetic field obtainable for short
periods was 0.1 Wb/m2 at the centre of the coil.
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The electromagnet providing the transverse driving fields for experiments
using straight electrodes was codmtea  from copper bar (10 x 0-6 cm) and
produced a vertical uniform field over a horizontal plane 1-9 long and Ollm
wide; it was designed for use with a long cylindrical pressure vessel

10 and a

general view is shown in Fig.2. The maximum value of the magnetic field was,
until recently, limited by the power supply available; a I2 volt 1200  amp d.c.
generator giving a field of 0*12  Wb/m2. However, a new power supply consisting
of a 3-phase  transformer and solid state rectifiers capable of providing
10000 amp at 120 volts has recently become available and has to date been used
at 6 maximum power giving a field of 0*&7  Wb/m2.

??he  arcs were supplied from four Ward-Leonard 600 volt, 600 amp a.Ce motor
generator sets each with a series stabilising resistance consisting of two groups
of one hundred I kW, 50 ohm radiant 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 bre‘akers 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 switching all
four machines together was used.

2 . 2 Electrodes

(a) Graphite

Two electrodes configurations were employed:-

(i) Circular electrodes of various diameters forming annular gaps with
different path lengths. These electrodes were described in Ref.1 where results
were given for path lengths up to 0*315m  with a 0.7 cm gap. New electrodes have
been made to increase the path length to 0*48m  by making use of a fabricated
outer electrode made in sections clamped between two brass rings.

(ii) A pair of open-ended rail electrodes 1*2m  x O*J55m  x 0*02$1 with
electrical connections to one end were used for work on the initial motion of
arcs as shown in Fig.l(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). It was evident from the tracks
left by the arcs on the electrodes that the arc roots wandered over the top
surfaces, and in an attempt to prevent this happening in subsequent work using
metal electrodes it was decided to sandwich them between layers of refractory
insulating material.
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(b) Brass

2-

Three electrode configurations, made with IO SW~  (O*325  cm) brass sand-
wiched between refractory insulating material so that the arc roots were
restricted to a thin edge, have been used:-

(i) Circular electrodes of various diameters were made 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 1.2'7 cm
for inner electrode radii of 6.35 cm, 12-T  cm and 17 l 8 cm as shown in Fig.3(a).
A shorter track length using electrode radii of 2*54 cm and 3*81 cm was also
obtained using the simple design of water cooled electrodes shown in Fig.g(b)
where each electrode was isolated by rubber hose from the mains water supply.
It is planned to continue some work with these electrodes ‘and eventually
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 both ends of the three equally spaced bars or
tubes used for supporting the electrode.

(ii) Two electrodes, intended primarily for studying arc shapes by high
speed photography over a relatively long time interval enabled the electrode
path length to be increased to 2*?9m  as shown in Fig.l(a).  Electrode spacings
of 1.27  cm, 2.54 cm and j-81 cm were used, and one set of electrodes 0.63  cm
thick,with  a I.27  cm spacing were also made for high arc currents.

(iii)A  pair of open-ended rail electrodes, 1*2m  x 0*03&m  with electrical
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 electrode csnfigurations  (i) and (ii) the arcs were started by
using a piece of folded metal foil pushed between the electrodes; it was found
that this did not melt but acted as a moving connection which was ejected from
the electrode system thus forming an arc in a distance of less than 15 cm.
The arcs on the pair of open-ended rails (iii) were started by fusing a short
length of wire.

2.3 Measuring equipment and methods

Messurements  of the mean arc velocity or frequency of rotation (depending
on which electrode configuration was used), the total arc voltage, arc current
and applied magnetic field were made. In the case of the circular electrodes
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with annular gaps and the brass electrodes of Fig,l(a)  the measurements were
made for a period corresponding to several cycles of the arc. For the open-

ended rail electrodes the measurements were taken over an electrode distance
of 0*5m. Tektronix oscilloscopes type 502 together with a Thompson Land
type 410 camera and a Dumont type 502 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 cm length of hypodermic tubing 0.128  cm internal dicmeter  to serve as
a collimator, were used to provide voltage pulses for the measurement of arc
velocity. For the annular gap experiments and the electrodes of Fig.l(a)  a
single optical probe pointing at a position midway between the electrodes was
used to measure the frequency of arc rotation and hence the mean velocity. In
this case the oscilloscopes were triggered from an external circuit operated
manually once the arc was established. A check was also made to ensure that
this method gave identic,al  results to the earlier method used for graphite
electrodes ' i.e., a small 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 experiments two probes were fixed 0*5 2 O*OOlm  apart with the ends
of the tubes about 3 cm above the electrode surfaces and pointing vertically
down to a point midway between the electrodes. A third optical probe, placed
25 cm in 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 amp,
1000 amp or 600 amp, 50 mV shunt in series with one electrode and a Toktronix
type 6017 ten times attenuation probe connected across the electrodes, the
electrode common to both measuring circuits being earthed. It was found that
the current records contained a large high frequency noise signal which may
have been amplified 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 cmplitude  of the applied magnetic field and they were reduced
when a non-inductive shunt was used. Only the mean d.c. current was recorded
and this was obtained by using a low pass filter with a cut off frequency of
320 c/s. The oscilloscope time baso and cmplifiers  were nominally calibrated
to within an accuracy of fi3%, but since the measurements were taken from
photographic records and because of fluctuations in the arc current and voltage
it is estimated that the experimontel  values of arc current and voltage are
accurate to within ?I@$ 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 Cl.1  cases were taken from calibration
curves of coil current against magnetic field obtained by using a search coil
and a Cambridge Insts. Fluxmeter. The measured fields were accurate to within
5+$. ‘i/hen  circular electrodes of different radii were used the magnetic
fields were measured at the appropriate positions in the solenoid. In the
case of the experiments using open-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 parameters used is given
after the list of symbols.

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

In order  to obtain some idea of the arc size and shape a number of high
speed photographs of the arcs on the straight electrodes (Fig.1) were obtained
using a Fastax rotating prism camera in conjunction with either (i) a neutral
density filter with brass electrodes or (ii) a narrow band filter (5855 i to
5925 i) or a neutral density filter with carbon electrodes. When the electrodes
of Fig.?(a) were used, so that the arc moved continuously for a few seconds,
many circuits of the discharge were photographed. Vhen a pair of open-ended
rail electrodes was used the arc VZM photographed over a distance of O*f!%n  and
synchronisation  of the camera was obviated by replacing the film spools by
small plastic wheels and running a 0*48m  closed loop of film over them, which
was driven in the normal way by the toothed drive wheel. Thus, by allowing
the loop to revolve at high speed for two or three seconds, the arc could
easily be photographed since its total starting and transit time was much less
than this (approximately 400 millisec for lowest velocity recorded). To use
the camera in this way it was necessary to remove the timing marker light
source ; the framfng rate was thus estimated from the‘ arc velocity to be
7000 frames/second. Vith this method both panchromatic and colour  films were
used successffily  and an exposure of 1 l 6 x Id5 set per frame at f/22 with a
0*5 neutral density filter was typical for both PAM and Ektachrome films.

Examples of the high speed cin6  films are shown in Figs.5,6  and 7.

3 E.xFmmmNTAL  RESULTS

For convenience the measured experimental  results are colleoted  together
in Figs.8 to 27 in the form of graphical plots. Figs.8 to 10 are for graphite
electrodes, Figs.11 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 26  are 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 column
fluctuates as it moves along the electrodes. The inclination to the electrodes
can vary from point to point and the arc can form bends and, for long arcs,

even loops 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 minimum values of arc voltage over an electrode distance of 0*5m
or for many cycles of arcs operating continuously, consistent results have
been obtained and analysed. It is assumed that the minimum values of arc

voltage 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 sandwiched between refractory insulating
material.

V?e  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 vslues  of arc current and applied
magnetic field in order to compare them with those roported earlier'. The
earlier'results where the electrode path length was varied but the arc gap
kept constant by using electrodes  of different radii, shomd that an increase
in path length resulted in a decrease in the arc velocity. In addition it was
indicated that with the same applied magnetic  field and electrode spacing one
would expect a limiting velocity to be reached for very long track lengths.
The path length has now been extended to O*@m 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 circumferences
of the inner electrodes and are thus values for the cathode root velocity.

3.2 Straight graphite electrodes

These electrodes mre, for practical reasons, made fairly large in cross
section (7.5  cm x 2*5 cm), and it was at first thought that the arc roots muld
remain on the inside vertical surfaces. However, the oscilloscope records
showed that the arc voltage and current varied considerably during the motion
along the electrodes, thus making it impossible to obtain results at a constant
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arc current, and the high speed photographs (see below) indicated that the arc
motion was very erratic. It was therefore decided to explore the arc's  motion
for a range of magnetic field using a constant tot&i. voltage (5OOV) applied
across the electrodes and series stabilising resistance. This gave arc currents
in the range 250 to 350 amp for magnetic fields between O-0070  and 0*O86 Wb/m2
and an electrode spacing of 3 cm. These results together with those for
electrode spacings of 0.7  cm and I.5 cm are shown in Fig.9. The measured arc
voltages plotted against the applied magnetic field are shown in Fig.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 mirror ms arranged along
the eleotrodes so that two image3 were recorded; one from a direction transverse
to both the elec trdes and the arc, and the other via the mirror, from a
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
electrode surf'acos. It wa3 evident from the films (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 sometimes the luminous discharge was almost completely 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 arcs rotating round annular gaps
with different path lengths but the same gap width were obtained. The inner
(cathode) root velocities were calculated from the measured frequencies of
rotation and circumferences of the inner electrodes. Thi electrodes were
sprayed with aluminium  oxide in order to confine the arc3 to the edges
(0*33 om wide).

The measured arc velocities  are plotted against arc current in Pig.11

and against applied magnetic field in Fig.12. It is seen from Fig.12 that
changes iin the electrode path length did not significantly alter the arc
velocity. This till be discussed in a later section. The minimum values of
the arc voltage are plotted against arc current in Fig.13 and against magnetic
field in Fig,l4. It should be noted that the voltage is approximately
independent of the arc current and increases slightly with increase of
magnetic field.



3.4 Brass electrodes with long closed path length

This electrode configuration (Fig.l(a)) was made so that a very long path
length could be used and arcs could be photographed over straight electrodes
without having to modify the camera. In addition a large number 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  cm thick "Sindanyo" or a thin sprayed coating of eluminium oxide).
The majority of results were obtained on electrodes 0.33 cm thick but some
results were also obtained for a thicker set of electrodes (0.63 cm) with a
I.27  cm gap; no difference could be detected between them.

It was found that the mean arc velocity measured by using a single probe
to record the number of circuits of the arc over a fixed time interval was less
than the velocity of the arc along the straight portions of the track
i.e., measured by placing two probes 0*5m apart as for the rail experiments.
In addition, the velocity along the straight portions for the initial circuit
of the arc was also measured (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 similar result has been confirmed for
arcs rotating round annular gaps, i.e. Bronfman77 has found that the velocity
of an arc during its first revolution round a O*l cm annular gap between
copper electrodes was the same as given in published literature 12 for straight
parallel electrodes and was higher by a factor of 2 or 3 for subsequent
revolutions.

The measured arc velocities are plotted against arc current in Fig.15 and
against magnetic field in Fig.16 for an electrode gap of I.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 number of arc circuits
per set at the same magnetic field. The minimum 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
approximately independent of the arc current and increases with magnetic field.
An attempt was made to obtain voltage gradients, E, for a range of magnetic
fields by plotting mean vcalues  of V (the minimum arc voltage) against the
electrode gap, d, as shown in Fig.19.  For this purpose, only three gap widths
were used, the spread at the largest gap being $8 volts. If we assume that
the lengths of the non-uniform parts of the column and the electrode fall
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regions are smr3.1  compared with the length of the uniform column, then the
slopes of Fig.99 give values for the column voltage gradient, i.e.

v = v+Ed (1)

where V is the minimum arc voltage
v is the sum of the electrode fall voltages and the voltages of the

non-uniform parts of the column near the eleotrodos
E is the column voltage gradient
d is the gap width

It should be noted that for high-current arcs in small gaps the above
assumptions are unlikely to apply and consequently our values for E are mean
values for the electric field in the arc. ??he  values of electric field are
plotted against the applied magnetic field in Fig.20 and are seen to vary
between 14 v/cm and 30 v/cm.

The high-speed photographic records showed that the luminous arc column
was very nearly straight when the arc moved along  the straight portions of '
the eleotrodes,  and varied about a mean position perpendicular to the electrodes.
A statistical analysis of the inclinations of the luminous column to the
eleotrodes has shomn  the most probable position was perpendicular to them13 .
Over the curved parts of the electrodes the arc's motion was more interesting
and the formation of a curved arc, similar to that already observed in annular
gaps', was in general, observed. In addition, it was found that the arc
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. Examples  of the high speed photographs
are shown in Fig&, and the transition from the 'tstraightW to the "curved"
shape aan be seen as the arc moves  round the curved ends of the electrode
track.

3.5 Straight open-ended brass electrodes

These electrodes enabled a study of the motion of ares through cold,
stationary air to be made. They  were sandwiched between refractory insulating
material 0*66  cm thick in order to confine the arc roots to an edge O-33  cm
wide (big.1 (b)).

It was found that the velocities were cons&tent only after sevorcl runs
had been made, (more than ten), and visible tracks built up on the electrodes.
Because of this and for comparison with the work on arcs moving continuously
round electrode systems (sections 3.3 and 3.4), the results are for the same
pair of electrodes used many times (between IO and I!!$3  runs).



The mean arc velocities (measured over a distance of 0*5m) are plotted
against arc current in Fig.21 and against magnetic field in Fig.22 for an
electrode gap of I.27  cm, the values of the magnetic driving field having been
corrected for the arc current in the electrodes. At fields below 0.04 Wb/m2
the field due to the electrodes makes the presentation of results at fixed
magnetic fields (Pig.21)  difficult i.e., the variation in B is > ,f25$ for an
arc current range up to 1200 amp. The results for 3700 amp and magnetic fields
below O-1 lb/m2  are necessarily for arcs driven to a large extent by the self

'1. 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 determined at the position of the arc because of an
asymmetric current distribution in the electrodes. In calculating the cor-
rections for the self field a uniform current density in the electrodes was
assumed (Appendix A).

l

The minimum values of arc voltage are plotted against arc current 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. Estimates of the voltage gradient, E, were made
as before (section 3.4) by plotting mean values of V (the minimum arc voltage)
against d and using equation (I), see Fig.25. The seme remarks about high
current arcs in small gaps made in section 3.4  also apply so that our values
for E are mean values for the arc. The values of electric field are plotted
against the applied magnetic field in Fig.26 and are seen to vary between
16  v/cm and 26  v/cm. An additional experiment was carried out to try and
confirm the estimated value  of E at an applied field of 0.12 R/m2 by measuring
the voltages of arcs moving along either a diverging or converging electrode
gap and measuring the gradient AV/Ad from oscilloscope records. This was done
for various values of Ad and a plot of the gradient against Ad showed that
AV/Ad tended to the value of E obtained for parallel electrodes as Ad tended
to zero.

The high-speed photographic records showed that the luminous column
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 example
in Pig.T(a). High-speed tine films were also taken in a direction along the
direction of motion of the arc (e.g. Fig.T(b)  and it is seen that the luminous
width of the arc transverse to the direction of motion is greater than the

total thickness of the electrodes and insulation. From the limited number of
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film records made  in both this direction and looking down on to the electrode
gap width it is estimated that the luminous width of the arc parallel to the
direction of motion and transverse to the driving field (approximately 0.5 cm
to I.5 cm) tended to be less than the luminous width transverse to the direc-
tion of motion and parallel to the magnetic field (approximately I cm to
2*5 cm). This will be discussed in a later section.

4 DISCUSSION

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

(i) Hotion of the arc through the surrounding air, and, where applicable,
through its own wake. This will be confined to an analysis of the velocity
measurements.

(ii) Heat losses from the arc to the surrounding air. This will include
an analysis  of the voltage gradient measurements and we will use parameters

83suggested by Lord .

4.1 Motion of arc (velocity measurements)

We make use of a simple model of the arc motion similar to that used in
previous papers 1,5,6J where the conducting column 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 formed, which is related to an aerodynamic drag
force on the arc and can be written in the form:-

Drag force = 3 P U2 A ) (2)

where Q is the density of the external gas

and A is 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 must be in equilibrium.
Hence their magnitudes obey the relation:-

&@J2A = Bfd ,

where d is the distance between the electrodes-

(3)

This expression can only be applied to two-dimensional straight arcs or
elements of CuPrved  arcs. However, for experiments reported here, in which
circular electrodes have been used and curved arc shapes would be expeated



(e.g. involutes') the electrode spacing was kept smsll  (I*27 cm) compared with
the periphery of the inner electrodes (16 cm to 112 cm) so that, the arcs may
be considered as approximately radial. In addition, because of electrode
plasma jets within the arc column it is likely that the arc would in any
case be straight over gaps less than about 1.5 cm, and suggested by earlier
experiments on carbon electrodes'. In this case, it must be remembered that
the motion may not be governed by equation (3) and that equilibrium between
centrifugal and magnetic centripetal forces might be produced. For the present
we will ignore the effects of ary plasma jets (which may be intermittent) and
assume that equation (3) is applicable, and express the arc velocity in terms
of the measured quantities B, I and d:-

u = (2 BIa/pA)' . (41

Previous considerations using the above model 4,523 have shown that the arc
size increases with arc current and decreases with increase of arc velocity,
so that A is a function of I, U and hence of B. In addition, the effective
area A would  depend on (a) arc velocity, particularly for velocities comparable
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 experiments, the
density p would 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.

We now consider the experimental results in detail and wiXl  analyse  them
using the simple model above.

4.1.1 Effect of arc wake

We deal first with the motion induced in the surrounding gas by the
passage of the arc. It has been reported 14 that, for an arc rotating round an
annular gap in the open atmosphere, the velocity of the induced motion of the
gas in the annulus  is one or two orders of magnitude less than the velocity of
the arc. Further, a calculation given in Appendix B assuming (i)
in the annulus  rotates under the action of the applied electromagnetic torque
and (ii) the shortest electrode path length used', where the effect would be
greatest, is in agreement with the results of this report. We shall therefore
ignore this effect for the present.

Consider now the effect on the density of the surrounding gas due to
contamination and heating by repeated passage of the arc. Contamination of the
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air in the annulus  by gases derived from electrode materials could only be
assessed by spectroscopic methods, but two remarks can be made concerning the
present results. For carbon electrodes most of the likely contaminants, except
carbon vapour, would not have a density much less than that of air. For brass
electrodes, and most metals likely to -be used, the metal vapours are more
dense than air but neither the density nor the amount of contamination is
likely to make this significant,

An effect of temperature on the gas densi@ seems more likely to be
significant because if the temperature through which the arc is moving is
raised from room temperature to say, 1200°K then the arc velocity muld be
increased by at least a factor of two. We now consider experimental results
in which only the electrode path length varied and in which B, I and d were
kept constant. For these conditions equation (3) becomes:-

6 pAU2 = (con&) (5)

so that any variation of U with electrode path length must be a consequence
of variations in p and A. These results for the annular gap experiments are
shown in Fig.28 where the arc velocity, calculated from the 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 major difference
between results for the two materials. With brass the velocity is approxi-
mately independent of path length and is comparable with the velue,  Ui, for
the initial motion (before the ara traverses its own wake). With carbon, on
the other hand, the velocity decreases with increasing path length and tends
to the vslue  for the initial motion. Now, by comparing the velocities for
different path lengths with the velocity for the initial motion through still
air at room temperature we obtain,

where the subscripts r and i refer to values for arcs rotating in annular gaps
and for the initial motion, respectively. If perfect gas laws are assumed to

apply,

Ai Tr/Ar  Ti = (U1/Ui)2 (7)

where T is the temperature of the surrounding gas (Ti = 3OU'K).  By substi-
tution of the values of Ur and Ui given in Fig.28 into equation (7),  the
ratio (Ai TdAr  Ti) has been calculated for each electrode size used, 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 length but that the values are all close to
unity. There are three possible reasons why the ratio Ai Tr/Ar  Ti might depend
on electrode path length:-

(i) the effeotive  drag area depend? on the velocity,

(ii) the temperature in the wake decreases as the velocity decreases,

(iii) the temperature of the electrodes and thus the wake temperature
depend  on the path length.

Now, since with brass electrodes Ur s Ui and the ratio (Ai T,/A,  Ti) is
approximately unity, this may be interpreted to mean that the wake temperature
does not change much with path length. In the case of carbon electrodes, the
ratio (Ai TdAr  iT ) approaches unity as the arc velocity, UrJ approaches the
initial value, Ui, at the longer path lengths. If we ignore the change in
drag area, A, over the velocity range 45 to 180 a/s, then the decrease in arc
veloci@ with path length may be wholly accounted for by a fall in wake
temperature as the path length is increased. This temperature decrease oR>uld
havo to be from 23oO'K  to 300*K for electrode path lengths ranging from
0*0&m  to O*@m, (inner electrode radii 0*006fjm  to O-0765m).

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

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

(b) the thermal conductivity of the carbon used is an order of magnitude
smaller than that of brass,

(0) the outer carbon electrodes were I.9 cm thick and the brass electrodes
oxily 0*33 cm thick,

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

These differences could have caused the wake temperatures 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 simple model
could result in different effects for different materials, and it'must  be
remembered that the emission mechanisms 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
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brass electrodes and could have been the result of some conditioning period.
for thermionically  emitting cathodes (ewe;* carbon), vMch  my be accounted for

by a necessity for heating up the cathode track before a smooth arc motion is
possible.

4.1.2 Variation of velocity with drag area, current and magnetic field

We consider next the experimental results for arcs moving over constant
electrode path lengths and along the open-ended rail electrodes with a fixed
electrode spacing (1.27 cm). For these conditions equation (4) becomes

(con&) I3I 6
u =

02 PA

where the constant equals (2d)i .

(8)

.

Now, since the effective drag area has not been measured and can only be
calculated for known values of p, (see section 4.1.3),  and in order to make a
comparison with previously published results W,3,4,5,~~ we choose to obtain

empirical relations of the form

U nl n2r:KI B , (9)

where the dependence  of (PA) on I and B is included in the indices n, and n2
(not equal to 3) and a modified constant, K. Relations of this form have been
obtained by plotting logloU against logloB at constant I, and log,oU  against
log,oI  at constant B (Figs.30 and 31). The values  of K,n, and n2 are given in
Table I together with the values given in the above references.

WC now obtain relations between the parameters PA, I and B by comparing
equations (4) and (9 )

i.e. pA c
(I-*n,) (I-2n2)

$1 B . (10)

This gives a different dependence of PA on I and B for each electrode con-
figuration as shown in Table 2. It should be noted that for the experiments
where p is constant (using a pair of open-ended rails) this also gives the
dependence of A on I and B.

4.1.3 Arc size and shape

1% now consider how the effective drag area, A, changes with arc
velocity, U, and also from photographic evidence compare the luminous arc
widths and consequent luminous frontal areas of the arc with values of A as
defined by equation (3),



i.e. A = 2B14/FU2  .
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In order to have unambiguous values for p, it is necessary to choose data from
experiments in which the arc has moved through undisturbed air Of known
temperature and pressure. This condition is satisfied by the experiments
using a pair of open-ended rails (Fig.l(b)), and a plot of calculated values

of A against U for the results of Figs.21 and 22 is shown in Fig,32.

High-speed cind films were taken in directions along the arc axis and
along the direction of motion for two arc currents. As noted earlier in
section 3.5  the luminous width parallel to the direction of motion (approximately
0.5 cm to I.5 cm) was less than that transverse to the direction of motion
(approximately I cm to 2*5  cm). This gives a range of values for luminous
frontal area of the arcs from I.27  cm* to 3'2 cm*. Note that these are maximum
values taken to be the product of the luminous width and electrode separation
(d = I*27  cm). Two points representing the maximum luminous areas from the
photographic records are also shown in Fig.32 and it is seen that they are about
twice the calculated values of A. It should be noted that the observed luminous
areas need not be the main current-carrying path of the arc and if we assume
that there is a hotter central cone, then equations (3) and (II)  may only apply
to this central core, Some evidence is already emerging from spectroscopic
workI that the conducting width of the arc, assumed here to be the hotter
central core, is smaller than the photographic width and the total radiating
width transverse to the direction of motion. Theoretical work 16 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 compatible with experiment an inner impermeable boundary
is suggested for the arc.

Taking the above considerations into account we have the result that the
arc might be represented by an impervious body whose effective drag area is less
than the luminous 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 = CDDd 02)

where CD is the drag coefficient
D is the geometrical width
d is the length.
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Now, if we take D and d to be the width and length of the conducting column of
the arc, then the results in Fig.52 imply that:-

0.1 if  D  &creases  wit;11  increase of U, (as suggested in Befsml,5 ana 81, then
there is a compensating increase in CD whioh accounts for the observed increase

in A with U,

(ii) if D decreases with  increase of I, (as suggested in Refs.l,5 and 81, then

either this increase is small or CD diminishes with increase of 1 at constant u.

Consider now the dotted curves in Fig.32 which are for solid cylinders
of different diameters in a transverse flow. These curves give the variation
of effective drag area with stream velocie and are obtained from recorded
aerodynamic aata17 . Note that in the case of the cylinders, A has values
which bracket those for the arcs, but that the upward trend  of A is never as
great. It is possible that changes in the geometry of the arc with velocity
could cause a further increase in A  with U than muld occur with constant
cross-section (e.g. if the arc was considered to be approximately elliptical
in cross-section, changes in the ratio major axis/minor axis muld  affect the
drag), but these are unlikely to account for the continued upward trend of A
between Each 011 and 1*2. A similar result i.e., that the variation of CD
with Reynolds number for arcs differs from that for solid bodies of constant

18cross-section, has been found for arcs rotating in annular gaps . Thus, it
is evident that the solid-body analogy for the arc is inadequate, although
the calculated valws of A are comparable 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 calculated values
of A. This is represented by a body of luminous gas whose width is greater
when measured transverse to the direction of motion than clang  the direction
of motion, as shown schematically in Fig.35.  The dashed lines indicate the
total extent of the luminous gas ana in practice the shape varies with the
motion of the arc. It is possible that the outer luminous regions are the
resat of colliding plasma jets jY,l from the constricted arc roots, but a
more precise picture could possibly be given when the spectrographic work is
completed.

4.1.4 Effect of electrode spacing and shape

Finally, we discuss two other aspects of the arc motion 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 WC  velocity would be independent of the gap width if the conducting
column was uniform along its length so that the effective drag area, A, in
equation (3) was proportional to the gap width, d. Hence the experimental
results indicate that as the arc length is increased by increasing the electrode
spacing, then the arc shape becomes uniform along 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 less reproducible so
that the applicability of the model becomes doubtful.

(ii) The motion of arcs round the sharp bends of the electrode configura-
tion shown in Fig,l(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 similar 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 system is shown divided up into regions numbered 1 to 5,
the motion was from region 1 to region 5. The veloci% 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
electrodes by the end of region 5. In addition, when the inner electrode was
made the cathode the arc root travelled slower relative to the column resulting in
the behaviour shown in frames 29 to 33 of Fig.6. This had the effect of elways
producing an arc with a lagging cathode root over region 4. Although 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 behaviour cannot
be explained by our simple model and the following reasons are suggested  as
possible explanations

(4 in negotiating a sharp bend the arc is, in effect, restricted by a
wall where the electrode surface is transverse to the general motion of
the arc,

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

(c) the formation of eddies between the curved parts of the electrodes
impedes the arc's motion,
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(a) a centrifugal force on the arc causes a reduction in the arc velocity.
This could account for a decrease of velocity in region 4 due 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 with
fluid flow in curved pipes).

4.2 Heat losses from arc (voltage measurements)

In this section we are concerned with the overall energy balance for the
arc column and hence consider the heat input per unit length, given by
61 watts/m. For this purpose we use the estimated values for E given in
Figs.20 and 26  and it must be remembored that these are mean values for the
total electric field in the arc* The electric field varies along the arc
length because the anode  and cathode regions are constricted, and the measured
voltage gradients will only correspond to the uniform column voltage gradient
if the lengths of the non-uniform parts of the column are small (equation (I)).
The estimated velues  for E were found to be approximately independent of arc
current but, by plotting log,OE against logloB , were found to obey simple
power laws with  the magnetic field as shown in Table 3.

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

EI z-f& 03 >

where r is the radial distance from the column axis,
k is the local thermal conductivity,

and T is the local column temperature.

From this equation it is readily shown that (e.g. Refs.8, 20 and 74) arc
columns may be characterised by velues  of 6 G, I/^r  or EI independent of the
absolute values of E, > and I, where $? is the radius of the arc column, and
that

E $ = f,(EI) 04)

I/P = f2(EI) (15)
therefore
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Now, if for an arc moving in a gas stream under 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 U and the arc radius 5, (e.g. for a heated solid
cylinder the Nusselt number is a function of the Reynolds number), it may be
shown8*'  that $ in equations (14) to (16)  is replaced by U-' so that
equation (16) becomes

E/U = f4(IU)  l (17)

?
This relation only applies for arcs with a constant ambient temperature and
pressure and it should be noted that it does not necessarily apply to arcs
rotating in annular gaps because of wake effects (section 41.1).

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

-n
E/U = (const)(IU)  ' ('8)

where the constant depends on the electrode material 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 length.
'This may be justified by comparing the measured arc voltages in Figs.13 and 1-h.

tith  those in Figs.17 and I8 for an arc gap of I*27 cm. Due to observation
errors the values of E/U and IU are accurate to within +I@. By plotting on
logarithmic scales (Fig.35)  n4 is found to be about 0.4. The results for
rotating arcs on brass electrodes are too limited to be of interest but fall
within the limits of those for arcs on the brass electrodes with a long path
length. The considerable scatter of experimental results presents a difficul@
in analysing them further, and in what follows smoothed-out results are used.
However, Fig.35 demonstrates that all the results follow a trend which yields
an approximate equation for arcs moving along the three electrode configurations
used:-

E/U a (IU)'o'4  "'I . 09)

In the above analysis heat lost by radiation was neglected and in an
attempt to account for some of the unduly large scatter in Figs.34 and 35  we
now consider the effect of radiation. An analysis by Lord' for an arc held
stationary in a gas stream by a magnetic field yields a useful form of voltage
gradient - current characteristic in terms of non-dimensional parameters.
A characteristic equation is derived which relates the non-dimensional forms
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of EI, I/E and a radiation parameter which is proportional to l/v2. This
equation applies when the thermal  conductivity, or more specifically the heat

T
flux potential

(
defined by

I >
kdT , the electrical conduotivity  and radiation

power density of the arc column  obey certain power laws specified in Ref.9,
and may be written

2’

EI = f 1
P2-m u2 f6 (20)

where P is the ambient pressure. The L.&S. of equation (22) is the heat
input, the first term of the R.H.S. is the heat lost by conduction to the arc
periphery and thence by forced convection to the external surroundings, and
the second term  on the R.&S. is the heat lost by radiation, per unit time
per unit length of arc column. For the purpose  of an,slysing the experimental
results we may rewrite equation (20) in terms of EI, Um2 and U2 I,& if we
assume tne ambient temperature and pressure are constant.

i.e. EI = f + (const) Um2 fg (21)

Thus, by plotting EI against U21/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 EL increases as the velocity decreases. By smoothing out the
results for low Mach numbers in Figs.15 and 21 and using values for E from
Figs.20 and 26 for brass electrodes, plots of EI against U21/E  have been made
(Figs.36 and 37). From Fig.36 it can be seen that results for arcs moving
through stationary air at a constant ambient temperature are approximately
represented by a series of smooth curves at constant NLues of U, where EI
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 l&is and the uncertainty in the
values used for the voltage gradient it is considered unwise to proceed with
the analysis suggested by equation (21). On the other hand, from Fig.37 for
results of arcs moving through previously heated gas and where the ambient
temperature 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 EI decreases as U decreases. It is interesting to note however that
these results may be approximately represented by a series of smooth curves
relating EI and #uEat constant Clues of E or B,



27

i.e. EI = f+E or B) f,&J21/E)  . (22)

From the above it is seen that cnly  the results for arcs moving through
stationary air at constant temperature agree qualitatively with Lord's
theoretical work. This is only to be expected since the theoretical work
assumes a constant ambient temperature for the external gas and hence does
not necessarily apply to arc's traversing their own wake.

Next, we consider a method of analysing  experimental results which is
independent of the form of the radiation loss. It may be shown18 that if both
the drag coefficient and the Nusselt number for the arc depend only on the
Reynolds number (as they would for a solid cylinder at low Mach numbers) then
the parameter BX/U depends only on U21/E. It is suggested 18 that a plot of
BI/U against U2vE  may prove illuminating in the analysis of experimental
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.l(a),  respectively. The
full significance of these plots is not evident but it is of interest that they
may be approximately represented by a series of smooth curves at constant values
of E or B, and that BI/U increases with  E or B for both sets of experiments.
These results may thus be approximately represented by equations of the form

BI/U = f,,(E  or B) f,,(U21/E)  . (23)

Finally, we consider the effect of using slightly different values  for
the column voltage gradienb Let us consider an element of the arc at the
centre of the electrode gap and assume we are free from electrode effects. In
this case the voltage gradient in the element would be equal to that obtained
from a plot of erc voltage against arc length for large electrode spacings
i.e., the lower curve of Fig.26 for straight brass electrodes. If we use these
values of E and again plot EI against U 2

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 comparable with the speed
of sound have been included (Fig.,!&). It is seen that sll the results for arcs
moving through stationary air at a constant ambient temperature may be approxi-
mately represented by a simple power law

i.e. EI 2 I.35  x lo~(u21/E)o*57 . @a
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This collapse of e~erimental  data is in accordance with the theory
(equation (21)) if the radiation term is neglected. A plot of BI/U against
U21/E using the values of E for large gaps and including a11 the results is
shown in Fig.41.  As before, these may be approximately represented by
relations of the form of equation (23), and it should be noted that at constant
values of velocity BI/U is approximately constant.

It is evident from the above that the analysis  of the experimental data
is very dependent upon the accuracy of the estimated values  for the column
voltage gradient. However, the results would indicate (Figs.36 and 4-O) that
either

(i) the radiation term expressed as in equation (21), is smell for
arcs in air at atmospheric pressure

or (ii) the theoretical model is inadequate. The results shown in Figs.38
and J+l demonstrate that BI/U  does not depend only on U21/E, as would be the
case for a solid cylinder at low Lfach numbers, and we conclude that the analogy
with a solid body is inadequate.

5 CONCLUDING RJDKRES

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
electrodes and the shape of the conducting path. In the analysis of results

these fluctuations have been ignored. f9.1 results are based on mean values
of arc velocity and current and minimum values of arc voltage, measured over
large electrode distances (O-5 metre minimum) in a uniform external magnetic
field. In this way, results have been obtained which could be an,e.lysed,  as
summarisea  below.

(1) A major WTf'erence  between results for carbon and brass electrodes
using annular gaps was observed. As the electrode path length (at constant
applied magnetic field, arc current and electrode spacing) was increased the
arc velocity on carbon decreased ana tended to the value obtained for the
initial motion (or along  a pair of open-ended  rails). On brass electrodes
the arc velocity was approximately in&pendent  of path length and comparable
with that for the initial motion. In order to explain this difference, wake
effects, electrode effects, or both, need to be studied,.

(2) Approximate 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 I together
with  similar relations obtained from other results%%3,'+,5,". From Table I
further relations between the parameter PA, (product of the density of the
surrounding gas and tne effective drag area), arc current and applied magnetic
field were derived using a simple model for the arc motion. These relations
are shown in Table 2.

(3) The effective drag area using a simple model for the arc has been
&.l.culated 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 maximum luminous frontal area of the arc determined photographically. The
variation of drag area with velocity is shown to be incompatible 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 cr transverse to the arc's motion is greater than
the width measured along a direction parallel to the arc's motion.

(4) VCalues  for the voltage gradient  were estimated and found to be
approximately independent of arc current, but obeying a simple power law with
the applied magnetic 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 EI and IU2/E  were obtained
which agree qualitatively with theoretical work for convection-stabilised  arc

9columns .

The simple model used for the analysis of results has proved to be useful
but a direct comparison between an arc and a solid body in transverse flows is
inadequate, a result in agreement with  calculations by Lord and Broadbent18 .

The author wishes to acknowledge the help of Mr. P. Fethney of
Aerodynamics Department in designin g and making the optical probes.
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273

CAiU3JLATION  OF THE hUGNETIC FELD DUB TO THE ARC CURRENT
IN TEE EL3EJ!R.0DES

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 must be
taken into aocount. The fiela  of such a distributed current oanbe fauna 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 Za x 2b
as shown in Fig.42 *ore the current I is norm&Lout of the paper. If we con-

sider any element of cross-section dx$ dy, at coordinates (x,,  y,) then the
current in the element is (l/&b)  dx, dy,, and the vector potential function

of this line current is given by

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 r from

any element (x,, y,), is thus given by,

a b
A = po  1-87E fS log r ax, ay, . b9

-a -b

Substituting for r,

PO r
a b

A = -16nab 14 (x1 �4 * + (Y,-Y)21  h,  9,  l b3)

-a -b

This can be integrated in terms of simple functions, and the result has been
given by Strutt 2 2 in the form
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i&-x) (b-y) log [(a-x)2 + b-d21

+ (a+x)(b-y)  log [(a+~)~  + (b-y)2]

t-'o  I I
A = -l&ab 'i

+ (a-x)(b-y) log [(a+~)~  + (b-y)2]

+ (a-x)(b+y) log [(a-~)~  + (b+y)2]

i + b+x)  (b+y) log [ (ad2 + (b+d21

f (a-x)2 rtan-’ kY f tan-’ b+ya-x 1a-x

+ (a+x)2 r
f-&l kx + tan-' b+y

a+x 1ai-x

c (b-y)2 tan-' s + tan-'

+ (b+y)2 tan-' e + tan-' $ .1-J
This expression is the flux function of the field and the field components,
Bx and BY , are given by

Bx = g and B = aA
aY Y - a ⌧  l

We are concerned with the component B when y = 0 (i.e. the self-field in the
arc gap) and this is given by

Y

B = &k log r*3 * 2(x+a) tan-' $ - 2(x-a) tan-' &]

..m b5)

for each electrode. For a pair of long electrodes with the current terminated
in an arc near the centre the total self-field at the centre of the arc gap, d,
is given by B

Y
when y = 0 and x = (a.+d/2);  this expression was used to evaluate

the corrections added to the applied magnetic field for the experiments using a
pair of open-ended rail electrodes of rectangular cross-section:-

Bcorr
r-2bL + (2a+d/2)

b2 + d2/4
+ (b+d)  tan-' - d tan-' ?$

. . . (A6)
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Appendix B

CALCULATION OF THE MOTION OF GAS INDUCED BY ARCS h!AGNETICALLY
F'ROF.ELLEDROUNDANNULAR GAPS

We will assume that the gas in the annular space between the eleckodes
is forced to rotate under the action of the total electromagnetic driving torque
at an angular velocity, 0.

Now, for a disc rotating in a gas at an angular velocity OJ, the shear
stress at a radius, r, is according to Streeter 23 , given by,

Shear stress = O-616  p(w3)' r @I)

where p is the gas density and v its kinematic viscosity. Neglecting edge
effects the total moment of a rotating annular disc of inner and outer radii
r, and r2 is given by

r2

J

1
Moment = - 2 x 0416 2Xr2  p(w3)’ r dr

‘I

032)

therefore

Moment =
35

- 0.616  7tp(vw  ) (ri - r$ . (B3)

The moment of the driving torque due to an arc current I &long  a radius
and a uniform magnetic field, B, along the axis of the annulus  is given by,

'2
Moment = B1rd.r (B4)

therefore

Moment = BI(r;

Equating (B3) and (B5)  and rearranging,

0 =

- r:)/2  . (B5)

036)

By substituting values for B,I, r2 and rl from experimental results for
arcs rotating on carbon electrodes 1 and assuming vslues  for p and v for air
at JOO°K the angular velocity w may be shown to be more than one order of
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magnitude less than the measured angular velocity of the arc. However, when an
arc is made to rotate in an enclosed annular channel, so that the device behaves
like a single blade centrifugal pump, it can be made to accelerate tk heated
test gas to supersonic speeds 24 .
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Table j

VALUES OF n,, n, IN THE EQUATlONS:-

E a 3n3
-n

E/U ti (const) (IU) '

n3 0.3 approx.

o*l+ +0*1
30-180

0*02-0.13

loo-3700

16-26

2*54.-3.8

n4
uws>
B (Nb/m*)
Ibd
E b/cd

abd

0.27  approx.

0.4 53~1

16-185

oao6-0  l 094

IOO-jjO0

28-60

0*65-3~2

0*4 40*1

50-430

0*02-0*13

200-450

14-30 (assumed
same as ~01.5)

I 027

O-4 approx.

0.4 +0*1

40-340

0*02-0.12

200-2700

14-30

1*27-2*54

. .
l-u
._ :
. -
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SYMBOLS

A
B

cD
D
d
E

fl to f12
I
K
M
n, to n

4

P
Re
r
;

T
U
V
V

P
V

t-10

w

effective drag area
magnetic field
drag coefficient

effective arc tiath
electrode gap width
voltage gradient
functions

arc current
constant of proportionality
Mach number
indices in simple power relations

pressure
Reynolds number
radius
radius of conducting boundary of cylindrical
arc column

temperature
arc velocity
total arc voltage
sum of arc electrode fall voltages and of non-uniform
parts of arc column
density
kinematic viscosity
magnetic permeability of free space

angular velocity

Subscripts (apply only to section 4.1.1)
i denotes value for initial motion of arcs
r denotes value for arcs rotating in annular gaps

Estimated Experimental Errors
A ?I@ E/U 21 I$
B 2% Iu ?ll$

E “m$ EI +I@

g +0*05  cm u2 I/E +16$

I 59% BI/U -cl q%
U *y,Ti
V 21 c@

(amp)

(‘K)
(m/se 4
(volts)

(volts)
OWm3)
Wd
(Henry/m)

(radians/set)
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coxmmnts  are IS& on a major  dlffennce  betvmen results For brass  and
graphite electrodes in expriments where the arc wke might arfect  the arc
motion (annular gaps). Arc drag areas are calculated for  results where
the arc wake does net affect  the motion (pir of open-ended rail electrodes)
and are round to be about one hair  or the nnximum  luminous frontal areas or
the arc determined photographically. A tentative picture of the arc’s
cross-sectional shop 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.
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