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THE INFITENCE OF GAS STREAMS AND
MAGNETIC F1EILDS ON LRLsCTRIC DISCILRCES
PART 1 ARCS AT ATHOSPHERLIC PRESSURE IN ANNULAR GAPS
by
o We Adams
v This paper describes an cxperaimental study of the motion and electric
properties of a d.c. arc moving round an annular gap under the action of a
magnetic {1eld,
The dependence of the motion on the arc current, magnetic field and gap
width 1s given for values up to 750 amps, 940 gauss and 3.2 cm respectively.
The electrical characteristics of a fixed current arc are gaven for faelds up 10
940 gauss. Fhotographic evidence of the arc rotation together with an indication
of the shape of the ccnducling path are alsc included.
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1 INTRCDUCT ION

11 General

This paper 1g the first of a series which will report the results of experi-

ments on the behaviour of varicous kinds of electric discharges under the
influence of gas streams and magnetic faields, The main incentive for the
proposed work is the current interest in research on electric arcs and magneto-
hydrodynamics and one applicaticn of such work would be the use of electric
discharges to heat the test gas in wind tunnels?,

Sh{:Iv\rJi deduces thiat three types of hypersonic wind tunnel are practicable,
i.es high-density, low-density and high enthalpy, a1l requaring a heated, high
pressure eir supply and in view of the temperatures and pressures invelved he
suggests that an electric arc heater should bs developed. To facilatate this
there 18 a need to extend cur knowledge of electric discharges to gas pressures
of about 1000 atmospheres. In tunnel applications the electredes would have to
withstand haigh current arcs for fairly long periods and, to ensure uniform
erosion, 1t would be advantageous to cause the arc to move over them under the
action of an applied magnetic field, In addatien, at the high pressures
involved, the gas flow past the arc may have bto be slow and heat transfer
enhanced by causing rapid local motion of the arc in the gas,

Apparatus 1s being made so that discharges may be studied in fields up to
10,000 gauss in gas pressures up to one or iwo hundred atmospheres (later to be
increased to 1000 atmospheres). At least three important practical gquestions
need answering:-

(1) whether conditions such that the electromapnetic driving force is
in equillibrium with the aerodynamic drag force at all points along the arc, can
be fulfalled,

(21) whether discharges can be maintained at such pressures,

(111) what proportion of the power consumed by the arc and 1ts circuits
can be transferred to the gas stream.

The motion of an arc in a magnetic field is governed by many factors, and
1s not solely due to electrodynamic and aerodynamic forces acting on the arc
column. In general the factors influencing i1ts motion, apart from the arc
current and the applied magnetic faeld, are the conditions at the cathode, the
nature of the electrode material and the arc dumensicns. Soveral papers have
been published on the motion of an arc in a magnetic field at atmospheric
pressure?3:4:5,6,7,6 ) and thcse have somc relevance to the present work.
Refs.2 and 3 deal witn a rotating arc at low currents and megnetic fields, and
Refs.h to 8 deal with the metien of arcs along siraight electrodes under the
action of a tranoverse magnetic faeld:-

(a) N1col® has reported on arcs at low currents (15 amps maximum) which
were caused to rotate between the ends of two hollow cylindrical copper
electredes (2 cms dla) under the action of a radial magnetic field., The arc
velocities were measured usaing a strobosceopic methed. He came to the following
conclusions. The speed of motion was found to bel-
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(1) independent of the arc length from 0.272 to 0. 360 cm,
(ii) proportional to the magnetic faeld strength and
(ii1) to increase linearly with the arc current.

(v) Stolt3 used a sumilar electrode configuration to that of Nicol with
arc currents up to 12 amps and wagnetic fields up to 145 gauss, He used
electrodes made of the followang materials:-

cogper, silver, gold, aluminium and carbon

in varaous anode-cathode combinations with electrode spacing from 0,121 to

0.67 cm. The arc velocities were measured using a stroboscopic method and in
all cases his results show that the rotaticnal velocity was darectly propor-
tional to the arc current from about 3 to 12 amps, It would appear from his
plotted results that the rotational veleocity was proportional to the square root
of the field from about 30 to 1495 gauss,

(c) Babakovh has descrabed experiments on arcs moving between flat copper
plates in a magnetic field. He measured the arc velocity photographically at
the rate of 104 exposures per second for clectrode spacing from 0.01 to 0.3 cm,
arc currents of 100 and LOO amps and magnetic fields from 100 to 930 gauss. In
sddition he measured the arc velocity for electrode widths from 0.01 to 0. cem
for arc currents of 100 and 40O amps and magnetic fields of 200 and 800 gauss.
His results were divaded into three groups:-

(1) electrode specing from 0.3 to 0.17 cm (where the velocity decreases
slowly with increasing gap) for whach the arc column only was considered,

(11)  spacing from 0,17 to 0.03 cm (where the velocity dccreases more
steeply with decreasing gap) for which the electrode effccts were considered and

(1ii) spacing below 0,03 cm (wnere the velocity is very small) for whach
1t was concluded that 1t was not an arc, but a bridge of molten metal that was
moving.

(d) Winseor and Lee5 used straight electrodes of square cross section
mounted horizentally § in. apart, arc currents frem 3 to 109 amps, ficlds up to
150 gauss and electrode materials of silver, copper, aluminium, tungsten,
melybdenum, nickel or titanium. They report that for a conlinuous arc movement
the results were independent of electrode material but were only consistent after
the electrodes were conditioned by runnilg arcs along them several times,

Secker and Guale/ point cut that the photegraphic tcchnigue used by Winsor and
Lee was inscnsitive and that errors up to 505 1n the ficld were obtained due to
current flow in the electrodes.

(e) Eadinger and Rleder6 investigated arc velocities on straight cylin-
drical copper electrodes mounted vertically waith current comnections at the
bottom, and thcy report that the arg velocity depended on the current and faeld
according tc the rclation U =C 10.61 RO+ 7h,” Secker and Guile! point out that
the work suffers from similar limitations to that of Winsor and Lee,
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(f) Secker and Guile | used straight cylindrical electrodes of mld steel,
brass, aluminium or carben meunied horizontally, wath current feed fram both
ends. They report having found several medes of arc movement which refer
specifically to the cathode root. These were:-

(1) discontinuous,

(12) continuous with same surface melting,

(111) slow and continuous with severe melting and

(1v) hagh speed and continuous with little surface markaing.

For arc currents from 40 to €00 amps and magnetic fields up to 500 gauss
they reported that for mode (i) the values of veclocity were independent of arc
current and proportional to B® where n < 1. For mode (av) the values of
velocity were aindependent of current and lainearly dependent on the magnetic
fi1eld. They also found that consistent results were obtained by usang clean,
polished electrodes and considerable scatter was cbtained on oxadised surfaces,

(g) Guale, Lewzs and Secker® have consadered previously published
experimental results on arcs moving in magnetic fields in the light of cker's

propesed mechanisms f'or the cathode fall regicn.

1.2  Scope of the present work

The experaments reported here were confined to studies of a d.c, electric
arc in air at one atmosphere moving round thc annular gap formed between
graphite electrodes hoving the forms shown ipn Fag.? (a and b). These two forms
of central electrode were used in oxder to study the effcct of changing the
circunference of the annular gap and making 1t large compared wath the gap
width., (An experament in which an arc 1s driven magneticaelly along straight
electrodes under the action of an applied wagnetic field 13 also beang carried
out.) Thc arc was caused to move round the annulus by an axial magnetic field,
the arc current being fed into the central rod equally from both ends to
eluninate as far as possible the effect on the arc of the self-magnetic [ield
due 1o the current flow in thas electrode. The magnetic fi1cld was applied by
mounting the apparatus on the axis of a solenoid 45 cms in diameter and L5 cms
long (Flg.Z). The arc was initiated by movang the central clectrode until at
touched the outer clecctrode and then "drawing cut" ihe arc by rcsterang 1t to
its concentric position {thc central electrode had a prvot and stop to facalitate
this operation). The magnetic ficld was applied before the arc wus struck in
order to aveid local erosion of the elcctrodes by a stationary arc at the
strakang point, The electrodes were made of "horganite" carbon grades EY1 and
EY9|

These experiments were started in order to gain experience in thias type of
work, and graphite, being a refractory material, 13 a natural choice for
preluminary experaments, It should be noted however, that although the arc in
this case moves through its own wake (no applied gas flow) and the electrode
material (graphlte) 1s unlikely to be used in a wind tunnel heater, the eclectrode
configuration described above if used with a hagh pressure, low velocity axial



flow of gas through the annular space, would then have the basic features of one
form of heater for a wind tunnel. In addition it may well be that an electrom
magnetic force opposing the axial gas flow will have to be applied in order to
maintain a steadily rotating arc.

The mean arc currcnts and voltages were measured using Sangamo Veston S82
moving coil meters, and the magnetic flux densities were mcasured by means of a
search coil used in conjuncticen with a Cambradge Insts, Fluxmeter. A high speed
Wollensak Fastax rotating prism camera was used for rccording the rotational
movement and to obtain photographic records of the moving arc and the condations
at the clectrodc surfaces., The frequency of rotation and hence the average
velocity of the arc was measured by means of a small search coil mounted in a
protective alumina tube placed near the edge of the outer electrode. As the arc
rotates, the magnetic field through the coil varies and an alternating voltage
is anduced i1n the coil in phase with the arc rotation., This voltage was
recorded and photographed on a cathoede ray oscilloscope.

The range of variables used wasi-—

(a) Width of amnular gap - da (0.3 to 3.2 cm)
(b) Mean radius of annular gap - r (0.95 to 5.2 cm)
(¢c) Mean arc current - I (100 to 750 amps)
(4) Supply voltage ) (Gaving rise to mean arc
; terminal volteges, V, fram
(e) Ballast voltage drop 30 volts to 200 volts)
(f) Magnetic field - B (60 to 9,0 gauss)

(g) Rotational frequency of arc f (up to L700 c/s)

(h) Cathode root velocity - U, (up to 18.7 x 10° cm/sec or
614 £t/sec) -

(Uc 1s defined as the velocity of the arc at the inner electrode

radius r,, and is calculated fromU_ = 2nr £)

.1

N.B. The quantities £ and Ug arc both relative to the electrodes, and it must be
pownted out that these guantitics may he different if considered relative to the
gas 1n the annular space,

2 EXPERIVENT AL RESULTS

2.1 Arc motion
The experimental results for arc motion are given in three parts:-

(1) A general qualitative description of the observed phenomena for both
types of inner electrode,
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(2) Quantitative results for a constant value of annular gap wadth which
are presented in two parts dealing with:

(a) results for constant gap and electrode radii where the gap width was
made small and equal to the radius of the inner electrode (@ = r, = 0.65 cm),

Eb) results for the same gap width but for dafferent values of electrode
radii T, up te 5.1 cm).

(3) Quantitative results for various values of gap wadth with a constant
size of inner electrode (d up to 3.2 c¢cm and r, = 0.65 cm).

2.1«1 General descrivtion

At an early stage and for small diameter central electrodes 1t was fcund
that by making the central electrode the cathode the arc motion was steadler,
and this configuration was kept throughout the experiments. In general, 1t was
found that a steady arc rotation was not always immediately established, but
took a short time (up to a few seconds for the larger gaps) to reach a steady
frequency., During this initial period the arc voltage and current were unstable
and the audible noise associated with the arc's rotation was cither increasing
in frequency or erratic. The point at which a steady rotational frequency was
reached could easily be detected by observing when the arc current and voltege
were steady, and the noise setiled to a steady pitch (sometimes a well defined
note could be disiinguished). It 1s thought that the initial variation 1s due
erther to the acceleration of the air in the gap resulting an a flow pattern
whach helps to stabilase the arc motion, or soms condationing period for the
electrodes which could be accounted for by a necessity for heating up the cathode
track before a smooth motion of the arc root is possible. The measurcments
were made after the arc had reached a steady rotational frequency.

The two [orms of central electrode (rod and disc, Figs.fa and b) gave rise
to two conditlaons of the cathede track. For a rod clectrode (diameters of 1.3
and 2.9 cm only were available) the cathode root appeared to traverse the
electrode over a track in the form of a continuously luminous line positioned
centrally with respect to the edges of the ancde ring. For a disc clectrode
(daometers from 2.5 1o 10 cm and of same thickness as the outer electrode)} the
cathode roct appeared Lo travel over a serics of hot spots (on one edge of the
disc) which remained luminous after the arc had traversed thom. These iwo
conditions were observed both visually and photegraphically, (see Figs.17 to 20).
The frequency of arc rotation did not seem to be affected by thas change of the
cathode track conditions,

2.7.2 Results for a constant gap

(a) The cxperamental results for a constant annular gap {4 = 0.65 cm) and
cathode radius {r, = 0.65 cm) are shown in Iig.3, in whach the frequency of
rotation (f) and cathode root velocity (Uc)are plotted as functions of arc current
(I) for dafferent values of maznetic field (8). It is seen that the variation
of trcquency and cathode root velocity with arc current rises fairly steeply at
first and then tonds to become less dependent on I, This 1s more pronounced as
the magnetic field is incrcased, IFig.lh, being a plot of f and U as functions

of B 1s derived from Fig.3. These two families of curves indicate that,
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f or Uc P Im for constant B

f or Uc u:Bn for constant I

where o<m< 1
where o0<n<t
ard, m<n .

The indices m and n and the constants of proportionality were deduced from the
experimental results by plotting log10 Uc versus 10310 I and 1og10 UC versus

log, ~ B, respectavely., Thas gave the following relations:i-
10 7?7
0. 35
T -
U, = CgI (1)

for constant B of 148, 235, 170 and 9.0 geuss and I varying fram 100 tc 2,0 amps

O. 58

where Cy = 63,B , cbtained by plotting log,, Cp, versus log,. B.

U = C; B (2)

for constant I of 150, 270 and 500 amps and B varying from 118 to S40 gauss

0. 31

where CI = 50.1 s Obtained by plotting Zl.cog,]O CI versus 10810 I.

leCe

U = 57.BO.tSO 10.33 (3)

c
for U, n ems/sec, B in gauss and I 1n amps

The standard deviations about the mean straight lines were less than 0,1
for the log/log plots.

(b) The experimental results for a constant annular gap (4 = 0.65 cm) and
magnetic field (B = 470 gauss) but for different values of clectrode radii are
shown in Fig.5, in which the frequency of rotation (£) 18 plotted as a function
of arc current (I) for dafferent values of mean radius (r})s Results for the same
d but at a constant arc current (I = 450 amps) and for different values of
electrode radil are shown in Fig.6, in which £ 1s plotted as a function of B for
different values of r. Plotting { as a functicn of r CFig.?) suggested that f

may be cppraoximately proportionsl to %-, but a plot of f agalnst‘% (F1g.8) shows

some departurc from a straignt line indicating that the arc velocity decreases
slowly with incrcasing r. Fig.9 shows how the mean arc velocity (U) changes
with mean radius r, and by plotting log1o U versus 1og1o r, 1t was fcund that

U was approximately proportional to r-0.3, A similar relaticn will also apply
for U_. i
C
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2e1e3 Results for various values of amular gap

Experiments were made, using a 1.3 cm dia rod as the central cathode and
a constant arc current of 360 amps, for values of 4 from O.3 cm to 3.2 cm.
F1g.90 18 a plot of £ and U as a function of r for several different values of
B, At the fixed value of afc current used for these experiments 1t was not
possible to obtain a smoothly rotating arc at fields below a certain minimum
value which increcased with the gap width. PFor ficlds of 60 and 95 gauss 1t was
enly possible to cobtain results for gaps up to abeut 1.5 cme Fig.11 15 a plot

of £ as a function of % (r = mean radius) for the results at 470 gauss showing
that U (mean arc velccity) 1s approximately equal to 2 wrf (1.e. U 15 approxi-
mately indcpendent of d) for a small diameter inner clecircde.

2.2 IGlectrical characterastics

2.,2.1 Results for a censtant gap

The arc terminal voltage (V) was measured across the electrodcs as shown
in Fig.1, and corrected for the voltage drop win the central rods, The experimental
results for a constant annular gap (@& = 0.65 cm) and mean radius (r = 0,95 cm)
are shown in Fag.12 an which V 1s plotted as a function of I for different valucs
of B« These curves have the falling characteristic typical of arcs, but the arc
voltage at any particular value in general increased with the magnetic field.
The results for B = 470 gauss do not follew the general trend, and it 1s thought
that this variation is duc to an increase in 4 as the result of severe erosion
during these particular tests. Care was taken in sll other tests to avoid thas
by frequent changing of the cloectrodes.

The results for the same annular gap width and at a constant value of B
(470 gauss) but for varicus values of electrode radii are shown in Fig.13.
These curves again exhibat a falling characteristac, with the arc voltage at
constant I ancreasing with the mean radius. The change in V with I ig rather
greater than that shown in Fig.12 and the reason for this is not clear. The
increase in voltage with inercasing r may be due to changes in the electrode
processes since the cathede arc root traverses a path whose length increases
with r, but further anvestigation 1s needed to confirm thas,.

2e242 Results for various valucs of annular gap

Experunents were made using a 1.3 cm daameter rod as the central cathede
and a constant arc current of 360 amps, for various values of d from 0.3 cm to
3.2 cm. The variation of V with d (Fig.1h) is a straight linc for each value
of B, the lines convirging to a common intcrcent of approxiuately 15 volts.
The slopes of these lines arc plotted as o function of B an Fag,15 on
logarithiiic scales, and 1t 18 seen that these resulis lie approxumately on a
straight 1linc whose slope gives:-

s B (1)

Ad

for a fixed arc currcnt of 360 amps and magnetic faelds from 60 to 940 gauss

where the voltage gradient, %% 15 provorticnal to the colum voltage gradient,X.

These results are discussed in a later section.
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2.3 Accurscy of measurements

Examples of the oscilloscope records of the alternating voltage induced in
the search coil used for the measurement of the rotational frequency are shown
in Pig.16 and examples of the cine film records of the arc are shown in IMigs.1t7,
18, 19 and 20, 'Fhe arc frequency of rotation as inferred from the frame speed
of the cine camera (only a 100 ¢/s timing marker for film speeds of up to
46,000 frames/sec was available) agreed quite well with those obtained from the
oscilloscope records. The frame speed changes over the entire length of the
film reaching a maximum somewhere near x1ts mid point and as there 1s only a
100 ¢/s timing marker available on the film the measure of arc frequency by
this means ig inaccurate,

The accuracy of the measuring techniques may be assessed from the follow-
ing. The oscilloscope used for the measurement of frequency of rotation had a
calibrated time base accurate to within %35 and the scale on which the period of
the alternating signal was measured could be read wath an accuracy of 1% (1 mm
in 10 cm), givaing an overall accuracy of #,% This assumes that the calibration
of the time base remained within limits throughout the series of experiments.
The permanent magnet moving coil meters used for measurang the meen voltage and
current of the arc were previously calibrated and found to be accurate to within
1% of full scale deflection (*10 amps for the current measurements, 1 volt for
voltages below 100 volts and L volts for voltages above 100 volts)e The volt-
age drop in the central rod was taken into account. It is estimated that the
current scale of the ammeter was read to within *5 amps, and the voltage scales
(100 volts and LOO volts) were read to waithan *0.5 volt and 2,5 volts
respectively. This gives an overall accuracy of %15 amps for current, 1.5
volts for voltages below 100 volts and *3.5 volts for voltages above 100 volts.
The meters were so placed that there was negligible interference caused by stray
magnetic fields assocrated with the arc apparatus. The megnetic fields were
checked in the central region of the coil and found to be essentially uniform
over a diameter of 15 cms. All the tests were made in this central region. A
search coil of 50 turns and cross secticnal ares 15 cmsZ was used in congunction
with a calibrated fluaneter (5000 flux linkages per divisicn) accurate to within
t2%. The scale could be read to within % division (2500 flux linkages or
3,). gauss), giving an overall accuracy of not more than *h% for the lowest value
of field used, and 22,5% for the largest velue. The annular gaps were measured
by means of a slide guage to within 0,05 cm,

3 DISCUISION
31 Arc metion

The experimental arrangement was such that the frequency of rotation and
hence the velecciiies were measured relative to the electredes., Since there will
also be a flow of gas in the annulus induced by the arc's motion, the arc was
in fact movaing 1n a moving gas streams In addition, it is possible that there
was a gas flow,into and out of the annular space, which may have been an
important factor in stabilising the motion of the arc.

- 1] =
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The following forces act on an arc rotating steadily in an annular gap
under the action of an applied axial magnetic field:~-

(1) The electromagnetic force of interaction of the arc current (I)
with the magnetic field (B), which is always mutually perpendicular to both
the direction of the magnetic field and the direction of the conducting patn an
the arc:-

F, = B I per umt length of the conducting path . (5)

(11) The resastive feorce of the gas in the anaulus to tne movement of the
arc, which will depend upon the arc shape and dimensions. For the purpose of
discussion of the results using constant valies of ammular ga> wadth and cathode
radius an clement of the arc near the surface of the inner electrode will be
considered. This element 1s assumed to be rediwl and moving round the annsr
electrode at a velecaty of Ucz 27tr1 f relative to the electrode, and the aero-

dynamic drag force may be written:-
F2 = C,D %E)Ui per unit length of the arc near the inner electrede  (6)

where C. 18 a drag coefficicnt which depends upon the arc shape and the
Reynold's nunber,

L a1s the "width" of the arc perpendicular to the flow,

p 1s the density of the gas through wvhich the arc is moving,

Ua 1s the inner arc root velocity relatave bo the gas in the annulus.
(Note that from physical considerations 1t 1s possible that the arc 13 a
slaghtly porous body so that 1t 1s only approximately represented by a solad
body of "width" D.)

The eleciromagnetic and aerodynamic forces F1 and F2 may be equated;-—

BI = zpU, CyD

1e€oe

=
(W

v - [5-;%]3—;] (B1) @)

However, the arc "width" D may depend on B and I in the following way:=-

(a) An increase in B or I would be ecxpected to increase the arc velocity,
and hence the energylosses to the gas by increased convection, giving a tendency
to reduce the arc Mwidth" and to increase the total arc power. (Reference to
Fig.12 wall show that an increase in B cr I (above 200 amps) increases the input
power to the arc at constant I or B respectively. )
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(b) In the absence of arc motion en increase in I would tend to increase
the arc width.

It follows from these two considerations that the arc velocity increases more
slowly with increasing I thean with increasing B.

Hence, this would lead to an expression of the form

u, = CB'I" (8)

where m > %, n < % and C 1s a constant,

72.1.1 Motion an a constant gap

The experamental relation for Uc, the cathode root velocity relative to the

electrodes given by equation (3) in section 2.1.2,

i.ee

Uc ~ 57.BO.GO IO.33

H

1s in accordance with eguation (8) and for comparison the following notes are
included on work reported on arcs moving under very different conditiens:-

(a) Nic012 and Stolt” have both reported that for an arc moving round the
ends of two hollow cylindrical electrodes, its speed of motion was linearly
dependent on the current up to 15 amps, and Stolt reports tnat the speed was
proportional to the aquare root of the field up to 145 gauss,

(b) Eadinger and Rieder® have reported that for straight copper electrodes
mounted vertically, with I up to 100 amps and transverse magnetic fields up to
320 gauss, the arc velocity i1s proportional te I* BY where x < Y.

(c) Babakov™ has described experiments using flat copper electrodes with
arc currents of 100 and LOO amps and magnetic fields beiween 100 and 1000 gauss.
From his plotted curves of arc velocity against arc gap for different values of
B it would appear that the velocaty varied in an approximately linear manner
with B and was only slightly dependent on I.

(a) (insor ard L885 have described experiments using straight copper
electrodes mounted horizontally with a § in. electrode spacing, arc currents up
to 109 amps and transverse magnetic fields up to 50 gauss. From their plotted
results of arc velocity against flux density for different values of I 1t would
appear that the arc velocity was approximately proportional to B and was less
dependent upon I although no simple relaticn between arc velocity and current
could be determined.

(e) Secker and Guile7 using straight electrodes of m2ld steel, brass,
aluminium or carbon mounted horizantally reported that, for both continuous and
discontinuous movement of the cathode root, the arc velocity was independent of
the current from sbout 40 to 600 amps for fields up to 500 gauss. The dependence
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of the velocity on B was reported to be linear for the continuous movement and
proportional to B where n < 1 (0.7 for carbog electrodes) for the discontinuous
movement. Subsequent work by Spink and Guile® using brass electrodes, fields up
to 1280 gauss and arc currents up to 10,000 amps derived from an a.¢. source,
showed a marked increase in arc velocity with arc currents from a few hundred

to 10,000 amps. A4n examination of their resulis has shown that the arc velocity
is proporticnal to I® at constant B where n < 1, but increases for increasing
values of B. A similar relation also holds for B at constant I,

(f) Theoretical work by Lord '© considers an arc held stationary against
en 1mposed gos flow (U) by an applied magnetic field (B). The arc 1s assuned
to be in thermal equilibrium and is treated using continuum -iagnetchydrodynamics.
One of his results for the case which assumes energy less by conduction inside
the arc and convection outside 1s of ainterest heres:-

I0.15 BO.58
U = (Constant)'——ujij:z———

. (9)

This equation agrees with the genersl relation given by equation (8).

The experimental results for a constant annular gap (@ = 0.65 cm) but for
different values of electrode radii showed that the arc velocity was approximately
proportional to r-0«3 where r was the mean rsdius of the annulus, The motion of
the arc anduces a flow of gas 1n the annular space so that the arc 18 rotating
in gas which 1s 1tself moving, and 1l 1s possible that as the clectrode diameters
are increascd the cffect of thas flow 1s diminished resulting in a slower moticn
with respect to the electrodes. For the cose when the gap 1s small compared to
the mean radius it may be possible to assume traat the arc 1s moving through
st1ll aar, in which case a direct comparison can be made with an arc caused to
move along two parallcel straight elecirodes, (Such an experiment will be made
using carbon electrodes in the near future. )

3.%.2 Motion for various values of annular gep

The electromagnctic and asrodynamic forccs per unit length of the arc,
would be unchanged for a change in the annular gap width if we assume that the
arc length 1s proportional to the gap width., dence, the arc velocity would be
expected to be independent of the gap width.

The experimental results for various values of amnular gap (Figs. 10 and 11)
show that the mean arc velecity at 360 amps and 470 gauss 1s approximately
andependent of the gap for values from 0.3 to 3.2 cms The following are given
for comparisoni-

(a) Babakov5 reports results which indizate that for a 4LOO amp arc moving
between two flat copper electrodes under the 1afluence of an applied magnetic
field of 500 gauss, the arc velocity decreases at first for increasing clectrode
spacing above 0.15 cm and then tends to became approximately independent of the
electrode spacing above about 0.2 ciie
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(b} Spink and Guile9 using brass electrodes and currents up to 10,000 amps
(constant field of 320 gauss) have cbtained a similar result, the dependence of
arc velocity on the electrode spacing becoming small above gaps of abeut O.4 cm.

() N10012 reports having found no dependence of arc velocity with arc
length from 0.272 to 0.360 cm, for a discharge moving round the ends of two
hollow cylindrical electrodes.

3.2 Arc voltage
11,12

Under conditions of free convection coolang it has been shown that
for g fixed arec current the teotal arc voltage 2s given by:i-
V = v+X4& (10)

where X a8 the column gradient
¢ is the arc length
v 1s the sum of the volfages near the electrodes,

King11 reports that X depends on arc current up to 100 amps and then
remains constant at 10 volts/cm for very long arcs up to 10,000 amps. He plots
total arc voltage as a function of arc length for currents up to 100 amps and
from extrapolaticns of these it would appear that v also depends on the arc
current, but tends to a limiting value. (Plois for currents greater than
100 amps are not given in his report.)

The present experimentsal results for a constant cathode diameter of 1.3 cm
and gaps for 0.3 to 3.2 c¢m are shown in Fag.il, together with a part of King's
plot for 100 amps (taken from Fig.,5 of Ref. 1, where total arc voltage 1s
plotted as a function of arc length from 2 to 15 cm), It 18 seen that these
results may also be represented by equation (10) if it 1s assumed that the length
of the rotating arc 1s proportional to the annular gap, d, so that the column

voltage gradient is proportional to the measured gradient, %% .
The following points should be noted:-

(1) %% (from Fig.1.) 1s not only the arc column gradient but contains

the gradient of the induced voltage due to the motion of the arc in the magnetic
fi1eld; hgwever Table 1 shows that the gradient of the induced voltage

(BU. 107 volts/cm of the gap width) makes a negligible contribution to X at the
fields and velocaties used.

(12) As can be seen in Fig.12 the value of V does not change much with I
over the range 250 to 500 amps, 1.e. variations in the motion of the arc when
caused by changes in I above 250 amps do not affect Vo It follows that the
curves in Fig.14 would also apply to currents in the range 250 to 500 amps.

The extrapolated limit of King's results for v is very near to the value

of the common intercept of the present results (45 volts in Fig.14). It is also
interesting to note that the value of this intercept (15 volts) 1s approxaimately
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the same as estimates for the sum of the anode and cathode fall voltages for
free-burning arcs in air al one atmosvherei?,” 3,

1f, as might be expected, the effects of B {including any effect 1t may
have on the arc conductivity as well as the motion 1t induces) are dominant,

then we should expect that as B tends to zero, %%'also tends to zero.

The variation of %g'w1th B (Fig.15) gives the approximate relation (L)

given 1n section 2.2.2,

1eCs

end an extrapolation cf the experimental results to zero B, by using the above
relation, would pass through the origin, Thas varaiation of X with B agrees
fairly well with the theoretical work by Lordi0 referred to in section
2.4.1(f), which gives a relaticn of the form:-

Ep.21 B0.21
X = (constant) ————a—gg——— {12)
I -

where P 1s the ambient pressure.

It is suggested that the increase in the colum voltage gradient with
increasing B could be accceuntied for as follows:iw-

(a) As has already been suggested in section 3.1(&), the motion of a
constant current arc under the action of a magnetic field increases the energy
losses from ithe arc by forced convection, so that the input energy is increased.
The results presented in Faig, 12 demonstrate that the input energy increases with
inereasing B, and i1t has been shown that this increase takes place in the colwum
and not as a change in v, the voltage due to the elcctrode end effects,

(b) The arc length may be increased during 1ts motion under the
influence of the field, so that to maintain a constant current the colum
voltage 1s increased, but this may not necessarily result ain an increased voltage
gradient.

(¢) The application of the magnetic field may decrease the conductivity of
the arc so that 1o maintain a constant current, the arc voltage 1s increased.

I1 1s likely that the predomanant facter i1s that due to forced convection,
(a) ebove, and an experiment in which extra convection independent of a magnetic
field 1s imposed by a small axial gas flow through the annular gap may help to
confairm this. Note that the increase in energy to the arc is transferred to the
surrounding gas rather than the electrodes, and if thas 1s also true for metal
electrodes 1t cculd be an wmportant factor in wind tunnel applications,
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3.3 Arc shape

Nothing very definite can be saird sbout the arc dimensions except that it
is rcughly spairal in form along the length of the conducting path, this spiral
becoming longer as the annular gap is increased (Figs.17 and 18).

A spectrum violet filter was used an conjunction with the cine camera so
that the film records indicate the location of radiation associrated with the arc
in the spectral region defined by this filter. Such a filter only transmits

light between 3800 % and L800 2 with a peak transmission of 29% at 4300 £.
Hence, the conducting path referred to is a region emtting radiation between
the spectral limits of the filter. Xor a carbon arc in air there is a region of

intense radiation emitted from a CN band beginning at 4216 R ana falling off in
intensity towards the shorter wavelengths, so that the cine records are, strictly
speaking, mainly sites of CN band radiation. However, it is lakely that the
conducting path 13 contained within such sites.

A careful study of the film records has revealed the following pcints
ebout the arc shape and motion.

(1) The cathode root is usually in advance of the anode root, but a
small part of the column near the cathede curves towards the directicn of motion.

(ii) The conducting columm can assume shapes varying from an almost
radial spoke to a rough smiral, which, for the largest value of amnular gap, has
occasionally becn observed to cover a total swecp of 180°,

(iii) The anode reoot usually proceeds via a series of discontinuous move-
ments and the cathode root metion is usually smooth, although this has also been
observed to move disceontinuously.

(iv) The arc sometimes has mere than one anode root, particularly with
the larger gaps.

Preliminary censiderations of the elements of arc heating for wind tuanels
have shown that a straight radial arc cannot rotate steadily round a circular
electrode under the action of an axial magnetic field unless some attempt is made
to match the magnetic and velocity fields, and 2f this is not done one might
expect the arc to be curved, as shown by Figs.17 and 18.

It 18 possible that an equation for the balance of the electromagnetic and
aerodynamic forces at all points along a rctating electric arc not considered to
be radial may yield the correct form for the dependence of the rotational fre-
gquency on the various parameters, but this is left for consideration elsewhere.

L CONCLUSICNS
It appears from the feregoing results that when an arc is draven round an
annular gap under the action of an axial magnetic field the main consequence is

that the forced convection increasses the power loss from the arc colum. The
experimental results indicate that changes in electrode effects are associated
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only with changes in cathode diameter. (Preliminary experiments using copper
clectrodes have shovm that electrode mater:al has en influence on arc velocity,
a result in accordance with that reported by Secker and Guile!).

The investigaticn has given an approxamate form for the dependence of the
steady motion cof an arc on the arc current and the meagnetic field for values up
to 750 amps and 940 gauss respectaively. It has been shown that this 1s given
by the relationi-

O.6 OII-
0 ;0.35

J =~ 57.B

. cms/ sec

where B 1s in gauss and I in amps,

There 1s also some evidence 1o suppese that the mean arc veloclty is independent
of the gap width from 0.3 to 3.2 cms (a factor of 10 to 1) for a constant inner
clectrode (cathode) radius.

The measuremenis of the arc terminal voltage for different gap values hove
been shown to concur with King's resuitsi?, and indicate that a column whose
length 1s proportional to the gap width exasts in the rotating arc and that this
column has a voltage gradicnt which is proporticnal te 30'27; the phetegraphic
records show that the column has a roughly spiral shape, the lcnpgth dependang on
ihe gap.

5 FUTURE WORK
Further work on rotating arcs will include:=

(1) Studies at one atmosphere

(a) Investigation of the effect of increasing the gap by varying the
cathode diameter.

(b) The effcect of intreducing an imposad axaal gas flow through the
annular gap, witl, if necessary, a balancing (orce derived by allowing a net
current to flow along the inner electrode,

(¢) A tume resolved study of the arc voltage, currcnt and motion.

(d) Investigation of the effect of different clectrode matlerials.

(2) Studies at high pressures

As far as possible 1t 1s intended to repeat the foregoing experimental
work, beginning with the range 1 - 10 atmospheres.

(3) Additional studies

It 18 proposed to use spectroscopic and photographic technigques in
comnection with measurement of 1=
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(1) temperature,

(ii) heat transfer to an imposed gas flow,

(iii) 4mpurity content in amposed gas flaw,

(iv) radiation from the arc, and

(v) arc diameter., (It 1s thought that a measurement of ihe conducting
diameter could be achieved by using a chosen interference filter in conjunction
with a cine camera so that only radiation from a line in an ionization spectrum

excited in the conducting path of the arc is photographed.)
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TABLE 1

B U X B ox 1070
gauss ems/ sec volts/em | volts/cm
6 |u.7 x10° 28 0.0028
95 | 7.9 x10° | 3 00075
190 Tou 35 0.019
235 | 1.1 x 10* 13 0.026
L70 | 4.7 x 1ot 55 0.08
9O | 2.45 x 10 60 0.23
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{a) Gap width d = 0.85 cm, [counter clockwise rotation)

I = 850 amps. B = 135 gauss. f = 1330 c/s
Frame speed = 7000/sec

{b) Gap width d = 1 cm, {clockwise rotatlion)
I = 380 amps. B = 470 gauss. f = 2480 c/s
Frame speed = 13,000/sec

(¢) Gap width 4 = 1.9 cm. (clockwlse rotation}
I = 380 amps. B = 470 gauss. f = 1500 c¢/s
Frame speed =X BO0O/sec

(d) Gap width d = 3.2 cn. (clockwise rotation)
I = 360 amps f = 1270 c¢/s
Frame speed = 12,000/sec

FIG.17. FILM RECORDS OF ARC ROTATING ON [ 3cms dia. CATHODE ROD
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Disc inner electrode (5.7 cm. dia.)
d = 0.8 cm. (clockwise rotation}
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PART 2. THE SHAPE OF AN ARC ROTATING ROUND AN ANNULAR GAP

by

V. We Adams

SUMMARY

The shape of the column of a d.c. electric arc rotating in an annular gap
between carbon electrodes is derived using a simple model for the arec, which is
based on the concept of a solid conductor with uniform current density in a
transverse uniform magnetic field and an opposing uniform flow field.

It is shown that the shape for steady rotation i1s the involute of a
circle, if the electromagnetic and aerodynamic forces are in equilibrium for
all points along the arc, This shape is independent of the form of the
expressions used for these two forces.

The production of a plasme jet from the immer electrode arc root can,
however, make the arc column straight for certain conditions.

The derived shapes are compared with experimental results, and the simple
model is confirmed for large gaps when the electrode effects are small,

Replaces R,A. % Tech, llote Mo, .dero 2915 - A.R.C. 25267,
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1 INTRODUCTION

The first paper1 in this series described experiments in which a direct-
current electric arc in air at one atmosphere pressure was driven round an
annular gap between graphite electrodes under tne action of an axial magnetic
field. The present paper extends and discusses some of the results of these
experiments, namely the shape of the conducting column and the electrical
properties of the arc.

The apparatus and experimental procedure have been described in Ref1
and for the results discussed here the annular gaps were formed between
graphite rings having various internal diameters and a graphite rod 1-3 cm in
diameter.

The maximum value of the annular gap width used in the previous experi-
ments was 3+2 cm and the inner electrode was always wade the cathodes The
results have since been extended up to a gap width of 5-1 cm, some experiments
have been made with eccentric electrodes and further experiments with the inner
electrode as the anode,

In order to ocbtain a steadily rotating arc the magnetic driving field and
the resulting velocity field must be matched, which for the simple electrode
system considered here requires & curved arc. It will be shown that for cer-
tain conditions the column approximates to a thecretically derived involute
shape.,

2 A SIMPLE MODEL OF AN ARC #iOTION

In proposing a model of the motion, relative to a surrounding gas, of an
arc column under the influence of a superimposed magnetic field, we wish to
represent in the simplest possible way only what we consider to be the most
important features. In the absence of the arc, the superimposed magnetic
field is assumed to be uniform. The electric discharge 1s assumed to be con-
tained in an infinitely long straight column of approximately but not neces-
sarily circular cross-section; electrode effects are thus not considered. At
large distances from the arc the flow field is considered to be uniform.

The combined flow and magnetic fields of the moving arc are thought to
be such that the gas can be divided into the conducting column of the arc
surrounded by a continuum of non-conducting gas, the two regions being separated
by an unspecified hot layer. These two separate regions are easch governed by
their own set of equations, and the scales involved (for instence of time and
velocity) may differ by orders of magnitude. It is assumed that the inner and
outer solutions in the separate regions can be matched through the intermediate
layer without disturbing the concept of either the conducting column or the
external continuum. e are concerned here only with the forces exerted on an
element of such a movang erc column and not with the details of the fields.

Consider first the distortion of the spplied magnetic field, H, caused
by the presence of the conducting column when a current, I, is flowing along
it., Because of the assumption that the gas externul to the column is non-
conducting, the field lines of an element of the column are circular and com-
bine with the spplied unmiform field, the cccurrence of singular points
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depending on the relative strengths of H and the current density, j. If axes
are drawn so that the conductor with uniform current density, j, is directed
along the Z-axis and the applied field, H, is parallel to the X-axis
(Fig.1(a)), then the field lines within the conductor are the family of
circles,

2 Y4
x + (y - W/213)° = X (1)
and exterior to the current region the lines are represented by
2
r = k exp{yH/2na" 3) (2)

where r2 = x2 + y2 and a is the radius of the conductorzo

Three cases are represented in Figs.1(b), (¢) and (d) and the perme=
ability of the conductor is assumed to be approximately the same as that of
the external gas. ’

1(b) = the field is characterized by
H/2R§ < 2 (3)
and singularities ocour at the points (0, H/2nj) and (O, 2na2j/H).
In 1(c) H/2rj = a (&)

and the two singular points are coincident at (0,a).
In 1(4) H/2rj > a (5)
and there are no singularities,

We are concerned with the latter case characterized by equation (5).
Body forces on the gas in the arc result in an overall force, ¥, exerted on
an element of unit length of the column, of magnitude,

F = Bi (6)

where B is the flux density of the superimposed magnetic field and i1 the are
current in e.m.u.'s. The force is perperdicular to both the magnetic field
and the direction of the column (along the Y-axis in Fig.1).

3



Gonsider next the externsl gas stream relative to the arc. If the cone
ducting column 13 taken to be a body of finite (i.e. non-zero) extent placed
across a gas stream of velocity U relative to the are column, so that a
characteristic thickness or diameter, d, can be assigned to it, then the arc
causes a displacement of the external flow, as indicated by the full lines in
Fig.2. This displaccment flow is assumed to be of a type which does not close.
downstream of the column, that is to say, part of the hot intermediste layer
is swept downstream under the action of the gas flow to form a wake. In this
way, heat is added to the gas stream but this heat addition is tsken to be of
the kind which does not lead to any force acting on the column. However, the
existence of a wake signifies the existence of an aerodynamic drag force on the
arce This may be assumed to depend on the density, p, of the gas and on U, 4,
and v, the kinematic viscosity. Momentum considerations on dimensional argu-
ments show that this drag force per unit length can be written as

_ 2 f"‘gg._\ _ 1 2
D = pU df‘\v) = zpUTd Gy (7)

where CD is a non~dimensional drag coefficient which is a function of the

Reynolds number Re = U d/v. If the relative velocity of the arc were comparable
with the speed of sound, a, the drag coefficient would also be a function of the
Mach number, M = U/a. In the simple model proposed here, the drag force D from
equation (75 is taken to be normal to the colurn, i.s. the {("friction") com-
ponent of the drag force along the column is neglected. Thus, if the element
does not cruss the gas stream at right angles, the drag force corresponds to
that due to the velocity component in the direction normal to the direction of
the element, so that in this case U 1s this resolved component.

Consider now how the two fields must be combined in order to produce a
uniform motion of the arc column. In that case, the forces acting on the arc
column must be in equilibrium, i.e, the drag D from equation (7) must be equal

and opposite to the magnetic force F from equation (6). Hence their magnitudes
ocbey the relation

%pUQd ¢y = Bi (8)

and the velocity field normal to the arc at large distances from the element
must be perpendicular to the megnetic field normal to the arc at large distances,
i,es U is perpendicular to B, It must be noted that both d and CD are functions

of B and i, The two fields are combined as indicated in Fig.2, where the curve
A is the boundary of the interface which (on a time average§ contains the con=-
ducting gas, whereas, the curve B indicates (agein on a time average) the outer
edge of the viscous hot layer surrounding the column, which is then continued
to form the wake,

This physical model may be interpreted by stating that the arc column is

propagated uniformly by an electrodynamic driving force in a direction normal to
itself and to the direction of the magnetic field at a speed of propagation
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U = U'!_-?-_-J:-(E_’ (9)

which is finite becsuse of the existence of an serodynamic drag force. It
should be noted that these relations are of general velidity, provided only
that a column of conducting gas and a visgous wake behind it exist, because
both equations (&) and (7) are integral relations obtainable from momentum
considerations applied to surfaces of integration at large distances from the
column. Detailed solutions in the two regions of the field are required only
when the values of the current, i, and of the "drag area" (per unit length)
dCD are to be determined for given external conditions. In the absence of

theoretical solutions, an experiment can be used to check the applicebility
of the model proposed and, if its usefulness can be confirmed, to determine
empirical velues for these parasmeters.

3 APPLICATION TO A ROTATING ARC

The simple model outlined in the previous section will now be applied to
an arc rotating round an annuler gap under the action of a uniform magnetic
field directed along the axis of the annulus. In applying this simple model
it will be assumed that the arc is rotating uniformly and that any unsteadiness
due to the arc moving through its own wake may be ignored. In this section
the eff'ects due to the electrodes and non-uniformities in the arc column near
the electrodes will also be ignored.

What interesats us here are the conditions which must be fulfilled in
order to produce a steady rotation of the arc where the electromagnetic driving
force is in equilibrium with the aerodynamic retarding force for all elements
of the arc.

Consider first the simple case of a radial arc of uniform cross-section.
If the applied magnetic field is uniform then the electromsgnetic driving
force is constant for all elements of the arc and its magnitude per unit
length of column is given by equation (6). The aerodynamic drag force per
unit length is given by equation (7) and its megnitude would depend upon the
radisl distance, r, of the element from the axis of the annulus because its
velocity would increase with the radius, r, in the following way:=-

U = 2xrn (10)

where n is the steady frequency of rotation of the arc with respect to the
surrounding gas. Hence, in order to obtain a uniformly rotating radial erc
either the magnetic field would have to vary radially across the ammulus, or
the arc would have to vary in cross-section.

We will now consider the case where the arc column assumes such a curved
shape that it can rotate uniformly, and that all elements satisfy the equili-
brium condition given by equation (8). We make the additional assumptions
that the column has no tension forces along it and no inertia., Let the
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conducting column be of a fixed shape, as yet unspecified, moving round the
annular gap with a constant angular velocity, w radians per sec, If each
element of ihe column is considered to behave like an element of an infinitely
long straight conductor, then the magnitude of the electromagnetic force per
unit length of the arc may be approximated to the value given by equation (6),
and in the same way the aerodynamic drag force may be epproximated to the value
given by equation (7), so that the equilibrium condition given by equation (B)
may be applied

ice. %pUQdCD = Bi,

where U is the velocity of the element resolved in the direction normal to the
element (Fig.3), and is constant for s}l elements if C_, d and p are assumed

D)
to be independent of r.
Now,
U = rwcos ¢ (11)
so that by equation (8) cos ¢ = % , (12)
where ¢ is a constant given by
1
i/ Bi ‘\2
/ i
C = = T7r 1 1
w Kgp d CD/ (13)

Note that at this point the aerodynamic and electromagnetic laws of force are
contained in the constant ¢ so that what follows is independent of the form
of these two functions (i.e. equations (6) and (7)) provided only that they
are equated for sach element of the arc (equation (8)).

The equation of the arc shape can be deduced by integrating the
expression

1
2 2
@ _ teng _ 1/r_
E -t () (1)
obtained from the geometry of Fig.3, giving,
N
r -1 ¢

8 = <C2 - 1) - cos 2 (15)



which, if 6 is measured from a point where r = ¢ and ¢ = 0, is the equation
of the involute of a& circle of radius c,.

Let us now consider the condition that an element of the arc moves at
right angles to itself and the magnetic driving field at a velocity whose
megnitude is given by equation (9). To satiafy both this condition and
equation (15} each element moves in a straight line along a tangent to the
generating circle of radius ¢s It follows that the element adjacent to this
oircle is radial and if we postulate that the are is at right angles to the
inner electrode surface the constant ¢ is seen to be equal to Ty the radius

of the inner electrode, so that

U = rw (see Fig.h) (16)

and if C;, 4 and p are independent of U, equation (8) may be written

.
1/ _BL \%
- oe— P&m . 1
"o (*59 a0y 7

Hence, for en involute-shaped arc the frequency of rotation is indepenient of
the enmnular gap width and varies inversely as Ty, provided that B and I are
kept constant.

The length, s, of the arc up to the radius r, (i.e. the outer radius
of the annulus) is obtained by integrating the expression

ar r dr
ds = =
cos ¢ r,

between the limits r, and T, giving,
.. (%
8 = ‘5r1<-'§—1) (18)
1

and, since the annular gsp width

g = I‘2 - r1 (19)
the arc length
s = gk‘l + 5%) . (20)
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4 EFFECTS OF ELECTRODES

Consideration will now be given to the behaviour of the end points of
the arc and the way in which these may affect the results obtained above.

We consider first the angle between the end points of the are and the
electrode surfaces. There are two ways in which this angle might affect the
arc motion:~

(1) The arc may have to join the electrodes at right angles, or the
discontinuity in the current distribution which would otherwise be formed
would produce a large local magnetic field and hence a force on this part of
the arc,

(i1) If we refer to Fig.3 it is secen that the angle ¢ incresses as r
increases so that the angle between the outer slectrode and the involute
becomes more acute as the gap is increased.

This could have two consequences, the first being, that due to the
finite thickness of the column the are terminates at the outer electrode at a
point such as ¢ in Figs4s The second conzequence is that the velocity com-
ponent of the arc track along an element is no longer negligible and equation
{8) camnot be applied to the outer part of the column. However on the physical
interpretation of the motion illustrated in Figes (which is also consistent
with the involute shape) there would be no velocity relative to the surrounding
gas of the arc contents along its track. Either of these effects would cause
the involute shape to be distorted at the outer electrode and hence cause the
motion of the outer arc root to be unsteady. However, if the gap width, and
consequently the arc length, 1s great enough, it is reasonable to assume that
the arc forms the involute shape over most of its length. There is probably e
limit to the gap width for which a fixed current are column ean sustain the
involute shape since, as O is made greater than 2rn the involute makes more
than orn- revolution and due to the finite width of the arc column the discharge
may become diffuse in form.

Another way in which electrode effects could influence the are motion is
the possibility of the formation_of plasma jets due to the constriction of the
end points of a high current arc-”., These Jjets arise from compressive forces
exerted in an arc by its own magnetic field. If a constrlotion forma in the
arc, such as at the cathode root, then the self'-magnetic compressive foroce is
greater at this constriction due to the loeal high current density, than in the
uniform arc column. Hence, as one goes from the cathode spot to the column, the
current density, the self-magnetic field and consequently the self-magnetic
force, decrease, so that a negative pressure gradient is produced along the axis
away from the spot. Since the self-induced magnetic field vanishes along the
axis of the arc, the pressure gradient produces a Jet flow from the electrode
out along the column., Consequently, gas or electrode vapour is drawn into the
arc near the electrode surface, and the plasma jet so formed can extend for some
distance along the arc and tend to add “"stiffness” to it. As a result the
aerodynamic drag force near the cathode root is modified (see later). The
phenomenon of plasma Jets has been observed and explained by Maecker for
stationary free-burning arcs and, if the cathkode root constriction is maintained
in an arc moving over the electrode surfaces, then in this case one would also
expect a plasma jet to be formed.
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Maecker has shown that the jet is perpendicular to the electrode sur~
face and has a maximum value of velocity at the surface, given by

P vz ~ij (21)

(SR

where p is the mean density of the gas or vapour between the electrods and
the column, in g/cnm,

v is the maximum value of jet velocity in cm/sec,
i is the arc current in electromagnetic units
and ) is the arc current density in e.m.u./cmz.

If b is the diameter of the arc cathode spot the current density at the
electrode surface is given by

e (22)
b

and by substitution in equation (21) the maximum jet velocity

v = ”_Bif..\% (23)
Lﬂﬁ‘b%) '

An estimate for the value of the spot diameter of the rotating arc at 360 amps
is 0+23 cm (see Appendix 41). Hence for & 360 ampere arc with b 20-2 cm and

P =15 x 41072 g/cm”, equation (23) gives a value V = 7+4 x 10* cm/sec. This
velocity is sbout J0 times gre.ter than the cathode root velocities obtained
(see Figs5) so that at the imner electrode the arc might be expected to be
approximetely perpendicular to the surface. The jet veloocity decreases
rapidly in e direction away from the electrode surface due to the distribution
of momentum to nearby gas particles by means of friction. Wieneckel has
measured the axial velocity of the plaesma Jjet from the cathode of e vertical
200 ampere arc in air at one atmosphere between carbon electrodes, and his
results support Maecker's theory. He has shown that at a distance of 2:5 em
above the ocathode the axial velocity is reduced to less than 1/3 of its velue
at the electrode surface, and at 35 cm above it is reduced to sbout 1/10 of
its value gt the surface, Thus, for a vertical free-burning arc the axial
plasma jet velocity is, at a distance between 3 and 3+5 om above the cathode
surface, of the same order of magnitude as the cathode root velocity of a
rotating arc. Hence, if e cathode plasma jet is formed from the cathode of &
rotating sro, one would expect the involute shape to be distorted near the
inner electrode. If the annular gap is sufficiently small the influence of
this jet would tend to make the arc straight in form, end the frequency of
rotation would then depend upon the gap width,

-11 -
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1. n« £{g) (2u)

where f(g) is a function of the gap width.

On these grounds, a& transition from an involute to & straight arc
would be expected as the gap is decreased, this transition taking place over
a renge of gap widths for a fixed arc current. The effect of the plasma Jet
would still be evident when the gap is large and the arc column nearly an
involute, but would only affect the inner portion of the column, so that the
arc consists of a small straight part near the inner electrode followed by an
involute shaped pert. This involute part would be generated by a circle of
radius > r, depending on the extent of the straight part of the arc.

We consider next the effect of entraining gas into the arc near the
cathode surface as & result of the negative pressure gradient produced along
the axis away from the cathode spot. In a stetionary arc this gas motion is
in dynamic equilibrium so that there is no net force on the arc root. However
if the arc is moving rapidly over the electrode surface, as in the rotating
arc, then one would expect this dynamic equilibrium to be destroyed with the
result that a force, opposing the amperian motion of the root, is exerted on
the non-uniform region of the arc near the electrode, This could constitute
yet another factor influencing the shape of the are, with the result that the
cathode spot would tend to lag behind the arec column, and the plasma Jet tend
to point towards the arc's direction of motion.

Finally, we consider effects due to the curvature of the arc, If the
column is a perfect involute then the curvature approaches infinity at the
inner arc root. Therefore, there may be regions near the centrasl electrode at
which the arc curvature is sufficient to produce significant self-magngtic
forces. The self-magnetic radial force for a circle of current i is i¢/R
dynes/cm, where R is the radius of the circle, An approximate caslculation
based on this expression shows that in our experiments (I = 360 amps,

B = 470 gauss and imner electrode radius = 0+55 cm) the self-magnetic radial
force is about 10% of the driving force due to the applied magnetic field st a
distance of about 0+3 cm from the inner electrode. Since, in this region of
the arc the shape is affected by electrode effects such as plasma Jjets, then
the influence of arc curvature would not be visible in our experimental records.

Let us now summarise briefly the predicted shapes of an arc rotating
round an annulus so that if possible, we may compare them with experimentel
observations.

When the inner electrode is made the cathode the arc is expected to
conaist of a part near the cathode surface inclined towards the direction of
motion followed by an zpproximate involute which is unsteady at the anode,

When the gep is reduced so that the electrode effects predominate then
the arc is expected to be approximately straight in form, with some inclination
towards the direction of motion.

When the outer electrode is made the cothode the general arc shape
would still be approximately an involute for large gaps.
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5 DISCUSSION OF DIFFERFNCES BET /EEN THE SIMPLE MODEL AND THE
EXPERIMENTAL CONDITIONS

Before discussing the experimental results in the light of the simple
model discussed hitherto, we will compare some of the theoretical conditions
with the experimental conditions.

(1) The superimposed maegnetic field, B, and the external fluid
density, p, were assumed to be everywhere constant outside the arc. The
experimental arrangement was such that the applied magnetic field was constant
to within *2% over a diameter of 15 cms in the plane of the annulus. The
distribution of the arc current in the ocuter electrode would also disturd the
uniformity of the field but this was not measured. The density of the sur-
rounding gas could not be measured, but due fo convection currents and tur-
bulence caused by the arc's motion it is certain that pressure znd density
gradients existed in the neighbourhcod of the annulus.

(2) The arc column wes represented as a solid conductor with uniform
current density having both a drag ccefficient and diameter invariant with
arc length, An electric arc is a gasecus discharge and can thus entrain gaa
from its surroundings. However, on a time average the conducting gas may be
assumed to be contained within a fixed boundary so that a diameter can be
asgigned to it. In practice, since the arc terminates at the surfaces of two
electrodes this diameter would change at the end points and is only constant
for the uniform part of the column.

(3) It was assumed that there are no inertial forces on the arc due
to its motion (i.e. the arc has zero mass). This assumption is justified
because for the experimental conditions used the forces involved, except in
the vicinity of a plasma jet, are negligible compared with the electromagnetic
forces on the column.

(4} In proposing the simple model and deriving the shape of the column
for steady rotation, the effect of the arc rotating in its own turbulent, hot
wake was ignored. This assumption is completely unjustified and it is sug-
gested later that the effect of this wake is partly responsible for the
inconsistencies in the shape of the arc column (see section 6).

(5) The frequency of rotation, n, of an involute shaped arc column
has been shown to be steady relative to the surrounding gas, whereas the
experimental results for n, which are to be discussed and used to determine
& value for the term, pd G, (per unit length), were measured relative to the

electrodes. However, since any induced motion of the ges in the annulus may
be sssumed to be governed by the motion of the arc, then this induced flow
may also be taken to be uniform. Thus, it is reasonsble to compare the
experimental variation of n with the results obtained in sections 3 and 4,
(i.e. n is independent of g for an involute arc and dependent on g for a
straight arc).

6 DISCUSSION OF EXPERIMENTAL RESULTS

The results of experiments where a d.c. are is rotated round the annular
gap formed between a 1+3 cm diameter carbon rod and one of a range of carbon
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rings, 15 cm cutside diameter, will now be discussed. The magnetic driving
field and arc current were kept constant at 470 geuss and 360 amps respec-
tively, the snnuler gap width was veried between O+3 and 5+1 cm and the lnner
electrode (rod) was made the cathode. In addition, results of scme experi-
ments with the inner electrode as the anode will be discussed.

The experimental apparatus and methods of measurement have been
described in Part 1 1 which reported results for (a) & constant current and
megnetic field of 360 amps end 470 gauss respectively, with gaps up to 3 om,
and (b) a constent gap of 0-65 cm with are currents and magnetic fields up to
750 amps and 940 gauss, respectively,

We shall consider first the experimental results in the light of
equations (15), (17), (20} and (24).

Equation (15) is the eguation for the curve which the arc column must
form in order to rotate steadily; i.e. an involute. The experimental results
show that, on 2 time average, the arc rotates steadily and that the arc column
can, for certain conditions be curved!. This curve has been fourd to approxi-
mate to the involute of a circle (see later d4iscussion on photography of arc).

Equation (17) shows that the frequency of rotation for an involute arc
is independent of the gap width. On the other hand, if, in a uniform megnetic
field the arc is not an involute one would expect that there iz some dependence
of the frequency on the gap width (equation (24)). Fig.5 shows the variation
of the frequency, n, for gap widths, g, from O+*3 to 5+1 cm; it is seen that n
decreases as g increases from O-3 up to about 2+5 ¢m and then remsins approxi-
mately constent at 1200 ¢/s for velues of g asbove about 2:5 cm, Fig.6 is a
plot of n against the reciprocal of the mean gap radius, and shows that for
values of g below about 2+5 ¢m n is approximately inversely proportional to
the mean gap rsdius,

These two figurés suggest that the arc is approximately straight for
gaps up to 2+5 cm and approximetely involute shaped for larger gaps.

Fquation (20) enables the length of an involute arc to be calculated,
and if the arc voltage is plotted as a function of this length it would be
linear for en involute arc with a uniform column voltage gradient., OConversely,
a plot of arc voltage against the radial gap width would be linear for a
straight arc with a uniform voltage gradient, (provided that the effect of the
cathode plasme jet on the voltage gradient is small). Fig.7 shows the vearia-
tion of the arc voltage, V, with g and this is seen to be linear for values of
g up to sbout 3 cm. Fig.B shows the variation of V with the calculated arc
length, s, based on aguation (20); from this it is seen that the gredient is
constant {12 volts/cm) above s = 6 cm, which corresponds to a value for g
between 2 and 2+5 cm,

The above results indicate that the transition from a straight to an
involute arc, suggested in section 4, tekes place between gaps of 2 and 3 cme
for the particular experimental conditions being considered, and that the
discontinuities in Figs.5, 7 and 8 are due to this transition.

We will now consider the photographic evidence and compare the experi-
mental observations with the erc shapes suggested in section 4. The arc was
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photographed with a rotating prism camera capable of operating up to speeds
of 16,000 frames/sec for a short period. ZExamples of the photographic records
are shown in Figs.9, 10, 11, 12 and 14.

It was found that, by comparing the filmed arc shapes against the
theoretical involute, the arc column could form an approximete involute shape
for gap widths of 2 cm and above (e.ge see Fig.12 and Ref.t, Fig.18), and
approximated to & straight arc for gaps of 1 cm and below. The following
points should be noted:= {a) Por the larger gaps the arc shape alternated
between the involute form and en aspproximately straight form; however, over a
time average, the most consistent shape formed was an approximate involute.
(b) For the smaller gaps the arc was not a well-defined linear column; the
photographic evidence simply shows an indeterminate shape with a trailing hot
wake moving round the snnulus, the leading edge inclined towards the direction
of motion (in accordance with the shape suggested at the end of section 4).

In order to obtsin a record of the growth of the involute shape and the
transition from a small to a large gap, the arc was photographed when rotating
in an eccentric electrode system {see Appendix 2 and Fig.14).

Consider now the photographic evidence for gaps of 2 cm and above, so
that we can examine how closely the arc column conforms to the shape suggested
in section 4 (i.e. effects of electrodes and a plasma Jet).

It can be seen from Figs.9, 10 and 11 that the shape of the arc column
is continually changing in detail as it rotates with a steady frequency, so
that the time-averaged involute is often destroyed from one frame to the next.
It is possible that several factors are responsible for these departures from
the curved form:-

(1) The arc is rotating in its owpn turbulent, hot wake so that any
unsteadiness in the wake is transferred to the arc., (Note:- In an attempt to
reduce this effect an experiment in which a flow of air is forced through the
anmulus at sufficient speed for the arc to rotate through cold air and not its
own weke is being planned. Freliminary attempts have resulted in the arc
voltage rising to & value too great for the arc-to be maintained, and air
flows of sbout 100 cm/sec can only be used at the present time without too
great a rise in the voltage occurring.)

(ii) The plasma jet emitted from the cathode may be intermittent se
that the arc is at times distorted into an approximately straight form,

(iii) The effects discussed at the beginning of section 4 (unsteadiness
at the outer electrode) may cause the motion of the outer arc root to be dis-
continuous so that the column shape is altered. (A careful study of the film
records has shown that the arc motion over the inner electrode is more uniform
than the motion over the outer electrode,)

Congider next the production of a cathode plasma jet and its effect on
the involute shape (section 4). Although the photographic evidence shows that,
on & time average, the arc column is approximately an involute, it does not
clearly indicate the presence of a plasma jet. The only visual evidence of
such a jet is that a part of the arc near the inner electrode is curved
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towards the direction of motion, this part extending for distances of up to
about 0-5 cm from the electrode surface. This type of behaviour was attributed
in seetion 4 to the production of a plasma Jet and the eff'ect can be seen in
Fige12. (Some visusl evidence for the support of the postulate that a plasma
jet can be produced when an arc moves over the elsctrode surfaces is given in
Appendix 3 which describes experiments where en arc moves along a palir of rod
electrodes).

We next discuas very briefly some experiments in which the inner
electrode was made the anode. For the same arc ourrent and magnetic driving
field (360 amps and 470 gauss) used for the experiments already discussed, it
waes found more difficult to obtain a steady rotation. However, when this was
achieved {(with a 2 cm gap) the frequency of rotation was the same as before
(inner electrode the cathode) and the photographic record showed an arc column
of the same approximate involute shepe; i.es the overall shape of the column
was not appreciably affected by a reversal of the electrode polarity.

Finally, we use equation (47) which is based on the simple model of
sections 2 and 3, to determine a value for the Reynolds number of the arec
¢olumn, CD' This value only of course applies for the experimental conditions
(B = 470 gauss and I = 360 amps) because both d and C, ere functions of B and I,
In Ref's? this dependence of dCD on B and I was demonstrated when an experi-

mentally determined relation for the dependence of U on B and I was given,

i.es U e 06 103

(25)

. R
(and not Ueap’? 1 )

We substitute into egquation (17) the results plotted in Fig.5 for
gaps above 2+5 cm (i.e. an involute shaped arc column) to determine the
product pd Cpe

Equation (17) may be rewritten

2Bi (26)

pdC = .
(Zﬂnrw)z

D

The velues of B, i, n and r, for Fig.5 are 470 gauss, 36 e.m.u., 1200 c/s end

0+65 cm respectively. Substitution in equation (26) gives

pacCy = 1+hx 1072 g/cm2 . (27)
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It is not possible to go further with any certainty since d and p have
not been measured. However, from the photographic evidence, the arc diameter
is about 05 em, so that

pCp = 2+8 x 1073 g/cm3 (28)

where p 1s the density of the gas through which the arc is rotating (i.e. its
own hot wake). Thus, if we essume perfect gas laws apply to the surrounding
gas, CD is between 1 and 5 depending on the temperature and constituents of

the gas.
7 CONCLUSIONS

The simple model proposed in section 2 and applied to the rotating are
in section 3 has been confirmed as a useful one provided that large gaps are
considered so that electrode effects ¢an be neglected. The deductiona from
the model that a d.c. arc in a uniform magnetic field:- (1) rotates uniformly
round on annular gap, (2) has a column of approximately involute shape, have
been confirmed experimentally.,

It has also been shown that the shape of the column {an involute) is
independent of the form of the expressions for the aerodynamic and electro-
magnetic forces on each element of the arc, provided that these functions are
the same for all elements, and that the arc has s constant diemeter. Further,
for the experimental conditions used, such an arc can only assume an approximate
involute shape for gap widths greater than about 2 em, and 1s approximately
straight fur smaller gaps. It is not possible to specify the critical gap
width accurately since the transition appears to take place betwsen 2 and 3 cm.
However, as the gap width is made smaller than sbout 2 cm electrode effects
dominate end the arc can no longer be considered as a uniform column,

A numerical valus for the product pCD 4 has been obtained for a 360 amp
arc in 2 magnetic field of 470 gauss, ise. p(%)d s ek x 10-3 g/cmB.

8 FURTHER WORK

In addition to experiments with an axial flow of gas through the annulus,
it is proposed to compare the results obtained with those for ares driven
magnetically along a pair of straight, parallel electrodes. This will remove
the complication of the arc moving in a heated, disturbed gas stream, and if
it is found that the simple model described ebove can be applied, then values
of CD or a lumped constant containing CD can be determined.

The work proposed in Part 1 of this series is being planned.
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Symbol

a speed of sound

b diemeter of cathode spot

B flux density of magnetic field

¢ constant

CD drag coefficient

d effective diameter of arc column

D drag force per unit length of arc column
F electromagnetic driving force per unit length of arec column
g width of annular gap

H strength of magnetic field

i arc current

I mean arec current

J arc current density

M Mach number

n frequency of are rotation

r polar coordinate

ry radius of inner electrode

r, inside radius of outer eloctrode

Re Reynolds number

8 length of arc column

t time

U velocity of arc element relative to surrounding gas
v mean total arc voltage

v maximum velue of plasma jet velocity

w angular velocity of arc

SYMBOLS
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Units
em/sec
cm

gauss

cm
dynes/cm
dynes/om
cm
cersted
€.Ms U,
amps

Sellls u./cm2
eycles/sec

cm

om

cm

sec
cm/8e0
volts

em/sec

radians/sec



SYLBOLS (CONTD)

Symbol Units

¢ angle between arc element and direction of gas flow radians

6 polar coordinate radians

p density of gas in annulus g/bm3

B mean density of gas or vapour in plasma jet g/cm3

Y kinematic viscosaity CegeSs units
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APFENDIX 1

ESTIMATION OF DIAMETER OF CATHODE SPOT

The high-speed photographs were, in the inltial stages of the work,
taken through various coloursd or neutral high~density filters, until a point
was reached where the smallest diameter image of the arc was obtained, i.e.
the least amount of halation due to over-exposure was obtained. The filter
finally decided upon was a spectrum violet which transmits light between

3,800 3 end 4, 300 A. Thus the photographic records are of the region of the
arc emitting radietion between the above limits, For a carbon arc in air
there is a region of intense radiation emitted from & CN band beginning at
4216 £ ana falling off in intensity towards the shorter wavelengths, so that
the c¢ine records are of the location of CN tand rediation. It is likely that
the CN bands arise from the conducting path.

lieasurements of the cathode end of the arc column in the photographic
records were made using a vernier travelling microscope.

The width of the photographic image could not be tsken as the actuael
cathode root width because of its motion across the film. To overcome this
the diameter of the lmage, compared with the size of the inner electrovde
image, was measured for four different exposure times, & mean of ten measure-
ments being teken each time. If b' is the apperent width as measured and t
the exposure time, the actusl aro spot diameter b is given by:-

bt = b + Ut

where U is the cathode root velocity.

Hence if b' is plotted as e function of t the intercept equals b and the slope
the veloeity, U.

The results for a 360 amp aroc rotating round a 0+65 om annular gap urder
the action of an axisl magnetic field of 470 gauss are shown in Fig.13. The
intercept gives a value for b of 0+23 cm and the slope a value for U of 11,500
oms/sec which corresponds to & frequency of rotation of 2800 ¢/s.

.These results agree quite well with the mesasured frequency of rotation
(see Fig.5), and & value for the cathode spot diemeter of a vertical free~
burning arc given in Ref.3 (0+3 om for a 360 amp arc).
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APPENDIX 2

ARC ROTATING IN THE GAP FORMED BETWEEN ECCENTRIC ELECTRODES

In the main text it has been suggested 1hat a transition from a straight
to an involute arc occurs as the width of the annular gep is increased.

In order to obtain a record of such a transition the arc was photographed
when rotating in an eccentric electrode system so that the gap varied between
4 om and 6+7 om. Part of this record together with an oscilloscope record of
the arc voltage and current is shown in Fige1k, which demonstrates that the arc
expands into an approximate involute shape and shows that this expansion is
independent of the shape of the outer electrode. In addition, this illustra~
tion demonstrates two effects, which are consistent with the condition that an
element of the arc moves at right angles to itsclf and the applied magnetic
field as reprcsented for the ideal case in Figsh. These effcects are:-

(1) Vhen a part of the column is approximately straight this part
continues to move, st right angles to itself and the applied field, without
change of length,

(2) In the seme way when a “bulge" or curve is developed in the column
due to some instability, this curved part expands in length so that the "bulge"
increases in size.

Both of the above effects can be seen in frames 9, 10 and 11 of Fig.14,
in which an approximately straight pertion of the column, between two curved
parts is moving from left to right while the curved parts are expanding in
length,

It should be noted however that the arc always expands, from the short
to the large gap, in an approximately overall involute form.
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APPENDIX 3
PLASMA JETS ARISING FRCOM A MOVING/CATHODE SPOT

Any constriction of an arc discharge can give rise to a plasma jet as
described in section 4, and such a constriction exists at the cathode of a
carbon arc, Tho validity of the assumption that the cathode spot remsins con-
stricted when the arc moves over the surface of the electrodes is not posi-
tively shown from the photographic evidence, and neither is the presence of a
cathode plasma jet.

However, the phenomenon of the formation of plasma jJets when the arc is
in motion has been observed visually for an arc moving along two parallel
carbon rods (1+3 cm 0.D.) under the action of the magnetic field produced by
the current flowing in the electrodes, i.c. under the action of the "self-
magnetic" field. A photograph of part of the ocathode track is shown in Fig.15
and illustrates the constricted size of the moving cathode spot, which was
circular in shape., During these experiments the motion, observed visually,
was slow (X 10 cm/sec) but at some places the arc jumped and the motion became
more rapid (™ 100 cms/sec). It was possible to observe the arc shope when its
motion was slow and this is illustrated in Fig.16. Two points are offered in
evidence f'or the presence of plasma jetsie

(i)  The arc curved away from the cathode spot towards the diraction of
motion {a result also observed in the rotating arc, and attributed to the
entreinment of air forming a plasma jet, section L).

(i1) A large "flame" was observed, similar in shape to those obtained
for a statignary arc where collision took place between jets from the anode
and cathode .

The above effects were observed for electrode spacings of C<5, 1:3, 2:3 and
4 om, the arc currents ranging from 110 to 250 amps with a series resistance
of 1+2 ohms.,

The track on the ancde rod was sbout 1 cm in width and the carbon was
orly slightly marked. The appearance of the anode end of the arc gave the
impression that the arc root was moving rapidly to and fro ascross the carbon
rod and appeared as an intense line on the surface which moved bodily with the
motion of the column,
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FIG9 ARC ROTATING IN lecm. ANNULAR GAP (CLOCKWISE ROTATION)
I = 360 amps B = 470 gauss g = 1ecm n = 2500 ¢/s

FIG.10 ARC ROTATING IN 2cm. ANNULAR GAP (CLOCKWISE ROTATION)

I = 360 amps B = 470 gauss g = 2 cm n = 1500 ¢/s
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