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‘2 Thw paper describes an ex~erlmental study of the motion and electric 
properties of a 'kc. am moving round an a.nnu1.r gap under the action of a 
magnet3.c f1cld. 

The dependence of the motion on the arc currat, magnetic field and gap 
width 1s gxven for values uu to 750 arqm, yl+O gauss and 3.2 cm respectively. 
The electrxd chnrxterxtks oE a fixed currant arc are given for fields up io 
940 gauss. PhotographIc endence of the nrc rottatlon together with an udication 
of the shape of thz ccrductiug path we alsc included. 
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1 INTROIYJCTION 

1.1 General 

This paper 1s the fust of a ser~.cs which ~111 report the results of experit 
mats on the behaviour of various kinds of electric discharges under the 
Influence of gas streams and magnetic flclds. The main lncentlve for the 
proposed work 1s the current Interest 111. research on electric arcs and magneto- 
hydrodynamics and one appllcatun of such work would be the use of electrlo 
discharges to heat the test gas III w~.nd tunnels'. 

Shawl deduces that three types of hypersonic WEI tunnel are practicable, 
i.e. high-density, low-density and high enthalpy, all requrrng a heated, high 
pressure PU? supply and U-J view of the temperltures and pressures involved he 
suggests That an electric a-c heater s!lould bs developed. To facilitate this 
there 1s a need to extend c'a knowledge of electr:c d~schargc;es to gas pressures 
of about 1000 atmospheres. In tunnel appllcatlons the electrodes would have to 
wlthstand high current arcs for fairly long perlods and, to ensure uniform 
erosl.on, It. would be advantageous to cause tbz nrc to move over them under the 
actmn of an applied Lmagnetlc fLeld. In addltlcn, at the high pressures 
involved, the gas flow past the arc may have to be slow and heat transfer 
enhanced by causing rapid local motion of the arc U-I the gas. 

Apparatus IS berng made so that discharges may be studled m fields up to 
10,000 gauss 111 gas pressures up to one or 
u~reased to 1000 atmospheres). 

two hundred atmospheres (later to be 
At least three important practical questions 

need answermg : - 

(1) whether condltlons such that the electromae,netlc driving force is 
m equlllbrum with the aerodynamic drag force at all pouts along the arc, can 
be fulfllled, 

(11) whether illscharges can be malntalned at such pressures, 

(111) what proportion of the ponder con,~umed by the arc and Its clrcults 
can be transferred to the gas stream. 

The motion of an arc zn a magnctlc fold IS governed by many factors, and 
1s not solely due to electrcdynsmlc and aerodynzn~c forces acting on the arc 
column. In general the factors znf'luencmg Its motion, apart from the arc 
current and the applied ma&netlc field, are the contitlons at the cathode, the 
nature of the electrode materul am3 the arc ~dlmenslons. Several papers have 
been published on the motion of an arc in a mngnctic field at atmospheric 
p~essure2.3:4:5,6,7,EP and these have xmc relevance to the present work. 
Refs.2 and 3 deal *;rltn a rotatmg arc at 10% <currents and magnctlc fields, and 
Rcfs,l+ to 8 deal irlth the mctlon of arcs alon& straight electrodes under the 
actlon of a transverse magnetic field:- 

(a) N~col* has reported on arcs at low currents (15 arr.ps maxunum) which 
were caused to rotate between the ends of two hollow cylindrical copper 
electrcdes (2 ems dla) under the actlon of a raduit magnetic flcld. The arc 
velocltles were measured using a strobosccpic method. 1%~ came to the following 
conc1us10ns. The speed of motion was found to be:- 
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W independent of the arc length from 0,272 to 0.360 cm, 

(ii) proportional to the magnetic field strength end 

(iii) to increase lx~arly with the arc current. 

(b) Stolt3 used a sunilar electrode configuration to that of Nicol with 
arc currents up to 12 amps and magnetic fields up to 145 gauss. He used 
electrodes made of the following materisls:- 

coGper, sllvcr, gold, aluminium and carbon 

in various anode-cathode combinations with electrode spacing from 0.121 to 
0.67 cm. The arc velocaties were measured using a stroboscopic method and in 
all cases his results show that the rotational velocity was directly propor- 
tional to the arc current from about 3 to 12 emps. It would appear from his 
plotted results that the rotataonal velocity was proportaonal. to the square root 
of the field from about 30 to 145 gauss. 

(c) Babakov4 has described experiments on arcs moving between flat copper 
plates in a magnetic field. He measured the arc velocity photographically at 
the rate of I& exposures per second for electrode spacmg from 0.01 to 0.3 cm, 
arc currents of 100 end 400 amps and magnetic fields from 100 to 930 gauss. In 
addition he measured the arc velocity for elcctrodc widths from 0.01 to 0.4 cm 
for arc currents of 100 and 400 amps and magnetic fields of 200 and 800 gauss. 
His results were divided into three groups:- 

(i) electrode spacing from 0.3 to 0.17 cm (where the velocity decreases 
slowly with increasing gap) for which the arc column only was considered, 

(ill spacang from 0.17 to 0.03 cm (where the velocity decreases more 
steeply with decreasing gap) for which the electrode effects were considered and 

(iii) spacrng below 0.03 cm (wncre the velocity is very small) for vthach 
it was concluded that it was not an arc, but a bridge of molten metal that was 
moving. 

(d) Wmsor and Lee 5 used stroaght electrodes of square cross section 
mounted horizontally $ in. apart, arc currents frcm 3 to ICY amps, fields up to 
150 gauss and electrode materials of silver, copper, aluminium, tungsten, 
molybdenum, nickel or titanium. They report that for a continuous arc movement 
the results were independent of electrode material but wre only consistent after 
tine electrodes were conditioned by runnug arcs along them several. times. 
Seeker and Guile7 point cut that the photographic technique used by Winsor and 
Lee was lnscnsitivc and that errors up to 50:: an the fx&d. were obtained due to 
current flow m the electrodes. 

(e) Xadmger and Rieder 6 . investigated arc velocities on straight cylm- 
drical copper electrodes mounted vcrticslly wath current connections at the 
bottom, and they report that the arc velocity depended on the current and field 
according to the rclatlon IJ = C I C-61 BO.74. Seeker and Guile7 point out that 
the work suffers from similar limitations to that of iVJmsor snd Lee. 

. 
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(f) Becker and Guile7 used straight cylindricsl electrodes of ~nrld steel, 
brass, nlwnin~~~~~ or carbcn mounted horizontally, with current feed fromboth 
ends. They report havang found several modes of arc movement which refer 
specaflcally to the cathode root. These were:- 

(1) a1scont lnuous, 

(11) contmuous 141th some surface melting, 

(111) slow and contmuous with severe melting snd 

(IV) hagh speed and continuous vith little surface marl;mg. 

For arc currents from 40 to 600 amps and magnetx faelds up to 500 gauss 
they reported that for mode (i) the values of velocaty were andependent of arc 
current and proportional to B" where n i 1. For mode (IV) the values of 
velocaty were mndepxdent of current and lanearly dependent on the magnetx 
faeld. They also found that consistent results were obtalned by using clean, 
pollshed electrodes and considerable scatter was obtaaned on oxadxed surfaces. 

(g) Gullc, Lewis and Seeker' have constiered prevaously published 
experiment& results on arcs movmg an magnctlc faelds an the laght of Ecker's 
proposed mechsnlsms for the cathode fall regaon. 

1.2 Scope of the present work 

The experxnents reported here were ccnfaned to studies of a d.c. electric 
arc an aar at one atmosphere movany round the ennulsz gap formed between 
graphate electrodes having the forms shown IX Flg.1 (a and b). These two forms 
of central electrode were used in order to study the effect of changing the 
cu-cmference of the annular gap and makang at large compared with the gap 
wadth. (An experiment in whach an arc I.S driven magnetically along stra_lght 
electrodes under the actaon of an appiled magnetac field 1s also beang carried 
out,) The arc: was caused to move round the annulus by an axial magnetK field, 
the arc current bclng fed into the central. red equally from both ends to 
ellrnanate as far as pos~lble the effect on the arc of the self-magnetac fxld 
due to the current flow m thas electrode. The magnetxc facld was applied by 
mountmg the apparatus on the axis of a solenoid 45 ems In dlanccter and 45 CmS 
long (F.Lg. 2). The arc ~,a~3 Initiated by moving the central clcctrodc until It 
touched the outer electrode and then "drawang out" the arc by rcstcrlng It to 
its concentrIc posation (the central electrode had a pavot and stop to facilitate 
this operataon). The magnetac field was applaed before the arc WL; struck an 
order to avoad local eroslon of the electrodes by a stationary arc at the 
strlkang pomt. The electrodes were made of "horganlte" csrbon grades EYI and 
EY9. 

These experaments were started in order to gain experience an this type Of 
work, and graphite, being a refractory materKL, as a natural choace for 
prellrmnary experiments. It should be noted however, that although the arc m 
thxs case moves through Its own wake (no applxed gas flow) and the electrode 
material (graphate) IS unlikely to be used s.n a wind tunnel heater, the olcctrode 
confagurataon described above If used with a high pressure, low velocxty axial 
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flow of gas through the annular space, would then have the basic features of one 
form of heater for a wrnd tunnel. In addltlon it may well be that an electro- 
magnetic force opposing the axial gas flow will have to be applied in order to 
maintain a steadily rotating arc. 

The mean arc currents and voltages were measured using Sangamo lieston 582 
moving coil meters, and the magnetic flux densities nere measured by means of a 
search coil used in conJunction with a Cambridge Insts. Fluxmeter. A high speed 
Uollcnsak I'astex rotating prism camera was used for recording the rotational 
movement and to obtain photographic records of tiic moving arc and the conditions 
at the electrodc surfaces. The frequency of rotation an.3 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 induced in the coil in phase with the src rotation. This voltage was 
recorded and photographed on a cathode ray oscilloscope. 

The range of variables used was:- 

(a) 

(b) 

(cl 

(‘3 

(e) 

(f) 

(9) 

(h) 

Width of ennular gap - d (0.3 to 3.2 cm) 

Mean radius of annular gap - r (0.95 to 5.2 cm) 

Mean arc current - I (100 to 750 amps) 

Supply voltage 1 

j 

(Giving rise to mean arc 
terminal voltages, V, from 

Ballast voltage drop 30 volts to 200 volts) 

Magnetic field - E (60 to 940 gauss) 

Rotational frequency of arc - f (up to 4700 C/S) 

Cathode root velocity - UC ILIE $18.; x IO3 cdsec or 
set 

(UC is defined as the velocity of the arc at the inner electrode 

radius r I' and is calculated from U = 2nr, f) c 

N.B. The quantities f and Uc arc both relative to the electrodes, and it must be 
pointed out that these quantities may be different if considered relative to the 
gas in the annular space. 

2 EXPERlXE3FPALF?iWJECS 

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 ?e.lue of annular gap width which 
are presented in two parts dealing with: 

(4 results for constant gap and electrode radn where the gap width was 

made small and equal to the radius of the inner electrode (d = r, = 0.65 cm), 

radii t 
b) results for the ssme gap vuldth but for different values of electrode 
r, up te 5.1 cm). 

(3) Quantitative results for various values of ga 
P 

width with a constant 
2 srze of inner electrode (d up to 3.2 cm and r, = 0.65 cm . 

2.1.1 General description 

At an early stage and for small diameter (central electrckks It was fcund 

that by making the central electrode the cathode the arc motion was steadier, 
and this configuration was kept throughout the experiments. In general, it was 
found that a steady arc rotation was not always immediately establrshed, but 
took a short tune (up to a few seconds for the larger gaps) to reach a steady 
frequency. During this initial period the arc Joltage and current were unstable 
and the audible noise associated with tne arc's rotation was either incrcasmg 
in frequency or erratic. The point at which a steady rotational frequency was 
reached could easily be detected by observing w!wn the arc current and voltage 
were steady, and the noise settled to a steady pitch (sometuncs a well defined 
note could be distinguished). It is thought that the initial variation is due 
either to the acceleration of the air in the gap resulting in a flow pattern 
which helps to stabilise the arc motion, or some conditioning 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 measurements 
were made after the arc had reached a steady rotational frequency. 

i 
The two forms of central electrode (rod and disc, i%gs.la and b) gave rise 

to two conditions of the cathode track. For a rod electrode (diameters of 1-j 

and. 2.9 cm only were available) the cathode root appeared to traverse the 
electrode over a track in the form cf a continuously luminous line positioned 
centrally with respect to the edges of the anode ring. For a disc clcctrode 
(diameters from 2.5 to 10 cm and of some thickness as the outer electrode) the 
cathode root appeared to travel ovir a oerxs OC hot spots (on one edge of the 
disc) which remained luminous after the arc had traversed them. These two 
conditions wore observed both visually and photographically, (see Figs.17 to 20). 
The frequency of arc rotation did not seem to be affected by this change of the 
cathode track conditions. 

2.1.2 Rssults for a constant gap 

(a) The cxperlmentnl results fcr a constant annular gap (d = 0.65 cm) and 

cnthodc radius (r = 0.65 cm) are shown in Pig.3, in which the frequency of 
rotation (f) and &thode root velocity (Uc)are plotted as functions of arc current 

E (I) for different values of ,nayetic field (2). It is seen that the varintlon 
of frequency and cathode root velocity with arc current rises fairly steeply at 
first and then tends to become less dependent on I. This is more pronounced as 
the magnetic field is mcrcased. Fig.&, being a plot of f and Uc as functions 
of B is derived from Flg.3. Thesc two families of curves indicate that, 
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f or UC 05 I" for constant El 

f or UC = 8 for constant I 

where otm<l 

where otntl 

a-d a-d m-en . m-en . 

The indices m and n and the constants of proportionakty were deduced from the The indices m and n and the constants of proportionakty were deduced from the 
experimental results by plotting log,0 Uc versus log,0 I and log,0 Uc versus experimental results by plotting log,O UC: versus loglo I and loglo UC versus .- - 
log1 0 log1 0 

B, respectlvaly. B, respectlvaly. This gave the follovmg relations:- This gave the follovmg relations:- 

for constant B of 118, 235, 470 and 94.0 gauss and I V8.ryiW from 100 to 540 m?s 

where CB = 63.B 0.58 , obtained by plotting loglo CB versus loglO B. 

u = CI Bo*62 (2) 
C 

for constant I of 150, 270 ana 500 amp and B varymg from 118 to 940 gauss 

where C I = 50.10'31, obtained by plottrng log,o CI versus loglo I. 

l.e. 

uc . 
c 57 B0.60 ,0.33 

for UC zn cnls/sec, B in gauss and I m amps . 

(3) 

The standard devlatlons about the mean straight lines were less than 0.1 
for the log/log plots. 

(b) The experimental results for a constant annular gap (d = 0.65 cm) and 
magnetlo field (B = 470 gauss) but for dlrfertnt values of electrode radu are 
shown in Flg.5, m whxh the frequency of rotation (f) 1s plotted as a function 
of arc current (I) for different values of mean radius (r). Results for the seme 
d but at a constant arc current (I = 450 amps) and for different values of 
electrode radll are shown III pig.6, in whuzh f 1s plotted as a function of B for 
different values of r. Plottug f as a functicn of r (Fig.7) suggested tkt f 

may be approximately proportlo:xl to $ , but a plot of f agamst $ (Flg.8) shows 

some departure from a straight line indicating that the arc velocity decreases 
slowly with mcrcasing r. Flg.9 shows how the mean arc velocity (U) changes 
with mean rackus r, and by plotting loglo U versus loglo r, It was found that 

U was approximately proportional to r-0.3. A similar relation will also apply 
for UC. 

. 

. 
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Experiments were made, ~lslng a 1.3 cm doa rod as the central cathode and 
a constd =C cwrent of 360 mps, f~i- VS.I.WS 0f d from 0.3 cm to 3.2 em. 
Fig.10 IS a plot of f and U s.s a function of r for several different vslues of 
B. At the fixed value of a& current used for these experiments it was not 
possible to obtain a smoothly rotating arc at fields below a certain minimum 
value which increased with the gai, width. For fields cf 60 and 95 gauss it was 
cnly possible to cbtain results fcr gaps up tc about 1.5 cm. Flg.11 1s a plot 

of f as a function of $ (r = mean radius) for the results at 470 gauss showing 

that U (mean arc velccity) is approximately equal to 2~rf (i.e. U is approx~- 
mately mndcpendent of d) for a small diameter lllllcr elcctrcde. 

2.2 Electrical characteristics 

2.2.1 Results for a constant gap 

The zrc tcrmlnal voltage (V) was measured across the electrodes as shown 
111 Fig. 1, and corrected for the voltage drop in the central rod. The experlmentsl 
results for a constant annular gap (d = 0.65 cm) and mean radius (P = 0.9.5 cm) 
sre shown in Fig.12 in which V 1s plotted 1s a function of I for drfferent values 
of B. These curves have the falling charzoteristic typical of arcs, but the arc 
voltage at any particular value 111 general increased with the magnetrc field. 
The results for B = 470 gauss do not follow the general trend, and it 1s thought 
that this varration is due to an increase in d as the result of severe erosion 
during these particular tests. Care was taken in all other tests to avoid this 
by frequent changing of the clcctrodcs. 

The rtsults for the same annular gap width and at a constant value of B 
(470 go.uss) but for various values cf electrode radii are shown m F1g.13. 
These curves again exhibit a falling charactcristrc, with the arc voltege at 
constant I increasing with the mean radius. 'Chc change in V with I is rather 
greater than that shown in Fig. 12 and the reason for this 1.3 not clear. Tho 
increase in voltage with increasing I‘ May be ~due to changes in the electrode 
processes since the cathode arc root trwvcrsea 3 path whose length mcrcases 
with I‘, but furthcr investigation is needed to confirm this. 

2.2.2 Results for various values of 33muls.r gap 

Experiments were made using a 1.3 cm diamctcr rod as the central cathode 
and a constcnt arc current of 360 amps, for various values of d from 0.3 cm to 
3.2 CIA. The variation of V mith d (h&14) t is a straight llnc for each value 
of B, the lines converging to n cormnon intercept of approxi.!atcly 15 volts. 
The slopes of these lines arc plotted as a function of B m Fig.15 on 
lognrithno scales, and it is scvn that these rtsults lie approximately on a 
straight line whose slope givcs:- 

F 

5 AV 0.27 
za B (4) 

for a futed arc current of 360 amps and magnetic fields from 60 to 940 gauss 

where the voltage gradlent, Ad E 1s proportions1 to the column voltage gradient,X. 

These results are discussed in 8. later section. 
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2.3 Accuracy of measurements 

Examples of the oscilloscope records of the alternating voltage induced 111 
the search cod used for the measurement of the rotatlond. frequency are shown 
inFlg.16 and examples of the clne film records of the arc are shown in Flgs.17, 
18, 19 and 20. The arc frequency of rotation as inferred from the frame speed 
of the tine camera (only a 100 c/s tuning marker for fCLm speeds of up to 
16,000 frames/set was avarlable) agreed quite well irlth those obtained from the 
oscilloscope records. The fraint speed changes over the entire length of the 
film reaching a maxxmum somewhere near Its mid pout and as t'nere IS only a 
100 c/s timing marker available on the film the measure of arc frequency by 
this means 1s inaccurate. 

. 

The accuracy of the measurxng technique s may be assessed from the follow- 
ing. The oscilloscope used for the measurement of frequency of rotation had a 
calibrated tine base accurate to wlthrn 53% and the scale on whxh the period of 
the alternating signal was measured could be read with an accuracy of 21% (1 nm 
m 10 cm), givmg sn overall accuracy of 3.& T!lls assumes that the calibration 
of the time base remained wlthul lirmts throughout the series of experiments. 
The permanent magnet movrng cod meters used for measuring the mean voltage and 
current of the arc were previously callbrated and found to be accurate to wxthm 
21% of full scale deflection (?I0 amps for the current measurements, +I volt for 
voltages below 100 volts and. 24 volts for voltages above 100 volts). The volt- 
age drop in the central rod was taken into account. It is estimated that the 
current scale of the smaeter was read to within +5 smps, and the voltage scales 
(100 volts and. 400 volts) were read to xthm 20.5 volt and 22.5 volts 
respectively. This gives an overall accuracy of 215 amps for current, 21.5 
volts for voltages below 100 volts and t3.5 volts for voltages above 100 volts. 
The meters were so placed that there was negligible interference caused by stray 
magnetic fields associated with the arc apparatus. The magnetic fields were 
checked in the central region of the co11 and found to be essentially uniform 
over a dlsmeter of 15 cm. All the tests were made u1 thls central regxon. A 
search cod of 50 turns and cross secticnal area 15 ems2 was used in conJunction 
w1t.h a calibrated fluxmeter (5000 flux linkages per dxvisicn) accurate to within 
t 2)h. The scale could be read to within & divlslon (2500 flux ltiages or 
3.4 gauss), giving an overall accuracy of not more than +4% for the lowest value 
of field used, and 22.5:; for the largest value. The annular gaps were measured 
by means of a s1d.e guage to w1thi.n 0.05 cm. 

3 DISCUSSION 

3.1 Arc mctlon 

The experunentsl arrangement was such that the frequency of rotation and 
hence the velocities were measured relative to the electrodes. Since there will 
also be a flow of gas m the annulus induced by the src's motion, the arc was 
in fact movrng m a movrng gas stream. In ad&tlon, it is possible that there . 
was a gas flow,into and out of the annular space, which may have been sn 
important factor In stabilxlng the motion of the arc. 
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The followrng forces act on an arc rotatug steadily in an annuiar gap 
under the action of an applied axwl magnetic fzeld:- 

(I) The electromagnetic force of lnteractwn of the arc current (I) 
wxth the magnetic field (B), which is always mutually perpendicular to both 
the duectlon of the magnetx field and the dxectlon of tile conducting patn m 
the arc:- 

F 
1 

= B I per unit length of the conductmg path . (5) 

(11) The reslstlve fcrce of the gas m the anLtus to tnc sxovcment of the 
arc, which will depend upon the arc shape and dlmenalons. Fcr the gu-pose of 
di'ucusslo~i of t'nc result3 u.333; constant vahes of annular gag width and catnode 
raiilus an clement of the arc near the surface of the inner electrode rullbe 
COIlSldfXfd. This elexw.nt 1s assumed to be radul and movuig round the Inner 
electrode at 3 velcclty of U,= 2nr , f relative to the electrode, and zke aero- 

dynamx drag force may be written:- 

F2 
= CD D $pUz per unit length of the arc near the Inner electrode (6) 

where CD 1s a drag coefflclcnt which depends upon the arc shape and the 
Reynold's number, 

D 1s the "width" of the arc perpendxcular to the flow, 

p 1s the dcnslty of the gas through vhlch the arc 1s moving, 

Ua 1s the inner arc root velocity relative to the gas ux the annulus. 

(Note that from physical conslderatlons 3t XL: possible that the arc 1s a 
slightly porous body so thnt IL 1s 
body of "width" D.) 

only approxmlately represented by a ~01x3 

The electromagnetic and aerocljmamlc forces F, and F2 m&y be equated:- 

l.e. 

BI = + pu, CD D 

(7) 

However, the arc "width" D may depend on B ad I in the followln& way:- 

(a) An increase III B or I would be expected to Increase the arc veloolty, 
and hence the energylosses to the gas by u~rcased convectIon, giving a tendency 
to reduce the arc 'kdth" and to increase the total arc power. (Reference to 
Fig.12 ~11 show that an uxrease 111 B or I (above 2cO 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 an increase 111 I would tend to uxzrease 
the arc width. 

It follows from these two considerations that the arc velocity rncreases more 
slowly with increasing I than with increasulg B. 

Hence, this would lead to an expression of the form 

'a 
= C Bm I" (8) 

where m > 4, n < & and C 1s a constant. 

3.1.1 Motzon ~fl a constant gap 

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

electrodes g2.ven 

i.e. 

1s in accordance 
included on work 

by equation (3) 3.n sectlon 2.1.2, 

uc * 
c 57 Bos60 ,o*33 , 

with equatzon (8) and for comparxson the following notes are 
reported on arcs moving under very drfferent condltlons:- 

(a) Nico12 snd St&t3 have both reported that for an arc moving round the 
ends of two hollow cylxu3.rlcal electrodes, its speed of motion was linearly 
dependent on the current up to 15 amps, and Stolt reports tnat the speed was 
proportlonal to the square root of the field up to 145 gauss. 

(b) Euiinger and Rieder6 have reported that for straight copper electrodes 
mounted vertxally, wth I up to 100 amps and transverse magnetic fields up to 
320 gauss, the arc velocity 1s proportional to Ix By where x < y. 

(c) Babakov4 has described experiments using flat copper electrodes with 
arc currents of 100 and 400 amps and magnetic fields between 100 and 1000 gauss. 
From his plotted curves of arc velocity agaxnst arc gap for different values of 
B it would appear that the velocity varied III an approximately linear manner 
with B and was only slightly dependent on I. 

(d) Winsor and Lee5 have described experiments using straight copper 
electrodes mounted horizontally with a h in. electrode spacmg, arc currents up 
to 109 amps and transverse magnetic fields up to 150 gauss. From their plotted 
results of arc velocity against flux density for different values of I It would 
appear that the arc velocity was approximately proportxonsl to B and was less 
dependent upon I slthough no simple rels.t.tlcn between arc velocity and current 
could be determmed. 

(e) Seeker and Guile' using straight electrodes of ruld steel, brass, 
aluunium or carbon mounted horu.ontally reported that, for both continuous and 
discontinuous movement of the cathode root, the arc velocity was independent of 
the current from about 40 to 600 amps for fields up to 5cO 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 carbo electrodes) for the discontinuous 
movement. Subsequent work by Spmk and Guile 8 using brass electrodes, fields up 
to 1280 gauss snd arc currents up to 10,000 smps derived from an a.c. source, 
showed a marked increase in arc velocity with arc currents from a few hundred 
to 10,000 amps. An examination of their results has shown that the arc velocity 
is proportional to I" at constant B where n < 1, but increases for increasrng 
values of B. A stilar relation also holds fo: B at constant I. 

(f) Theoretical work by Lord" consider:; en arc held stationery against 
an imposed gas flow (U) by an applied magnetic field (B). The arc is assuned 
to be in thermal equilibrium and is treated usuw continuum :wznetohvdrodynacs. 
One of his results for 
the arc and convection 

the case which assumes energy loss by &d&ion -aside 
outside is of interest here:- 

,0.15 Bo.58 
U = (constant) - 

.,0.42 * (9) 
. 

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

The experimental results for a constJnt .mular gap (d = 0.65 cm) but for 
different values of electrode radii showed tinat the arc velocity was approxunatcly 
proportional to r-O.3 where r was the mean radrus of the annulus. The motion of 
the arc induces a flow of gas in the annular space so that the arc is rotatlng 
in gas which is itself moving, and it is possible that as the electrode diameters 
are increased the effect of this flow is diminished resulting in a slower motion 
with respect to the electrodes. For the case when the gap IS small compared to 
the tr1ea.n radius it may be possible to assume t?at the arc is moving through 
still air, in which case a direct cofilparison c.ul be made with an arc caused to 

i move along two parallel straight electrodes. 
using carbon electrodes in the near future.) 

(Such an experiment will be made 

3.1.2 Motion for various values of annu1e.r gap 

The electromagnetic snd aerodynamic for C:'X per unit length of the arc, 
would be unchsnged for a change in the annular gap width if we assume that the 
arc length is proportional to the gap width. lence , the arc velocity would be 
expected to be independent of the gap width. 

The expcrimentel results for various values of annular gap (Flgs.10 and 11) 
show that the meen arc velocity at 360 zmps an1 470 gauss is approximately 
independent of the gap for values from 0.3 to 3.2 cm. The following are given 
for comparison:- 

(a) Babakov5 reports results which indicate that for a 400 amp arc moving 
between two flat copper electrodes under the influence of an applied magnetic 
field of 500 gauss, the arc velocity decreases at first for increasing electrode 
spacing above 0.15 cm snd then tends to become approxunately independent of the 
elactrode spacing above about 0.2 cm. 
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(b) Spink and Guile' using brass electrodes and currents up to 10,000 amps 

(constant field of 520 gauss) have obtained a similar result, the dependence of 
arc velocity on the electrode spacing becoming small above gaps of abcut 0.4 cm. 

(c) Nico12 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 

Under conditions of free convection cooling it has been shown 'I, I2 that 
for a fixed arc current the total arc voltage IS given by:- 

v = v+xe (10) 

where X is the column gradient 

-8 is the arc length 

v TLS the sum of the voltages near the electrodes. 

King" reports that X depends on arc current up to 100 amps and then 
remans constant at IO 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 cf these it would appear th& v also depends on the arc 
current, but tends to a limiting value. (Plots for currents greater then 
ICO smps are not given in his report.) 

The present experimental results for a constant cathode diameter of 1.3 cm 
and gaps for 0.3 to 3.2 cm are shown mFlg.14, together with a part of King's 
plot for 100 amps (taken from Fig.5 of Ref.11, where total arc voltage IS 
plotted as a function of arc length from 2 to 15 cm). It is seen that these 
results may also be represented by equation (10) if it is assumed that the length 
of the rotating arc is proportional to the annular gap, d, so that the column 

voltage gradient is proportional to the measured gradient, 2 . 

The following points should be noted:- 

(i) z (from Fig.14) is not only the arc column gradient but contains 

the gradient of the induced voltage due to the motion of the arc in the magnetic 
field; h 
(BLL 103 

ever Table 1 shows that the gradient of the induced voltage 
volts/cm of the gap width) makes a negligible contribution to X at the 

fields and velocities used. 

(il) As can be seen in Fig.12 the value of V does not change rrmch with I 
over the range 250 to 500 amps, i.e. variations 111 the motion of the arc when 
caused by changes in I above 250 amps do not affect V. 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 (15 volts in Fig.14). It is also 
interesting to note that the value of this intercept (15 volts) IS approximately 
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the same as estimates for the sum of the anode and cathode fall voltages for 
free-burning arcs in air at one atmosphere12>'-'. 

If, as might be expected, the effects of B (including any effect it msy 
have on the arc conductivity as well as the motion it induces) are dominant, 

then we should expect that as B tends to zero, 5 also tends to zero. 

The variation of $$with B (Flg.15) gives the approxlinate relation (4) 

given m section 2.2.2, 
i 

1. e. 

and an extrapolation of the experimental results to zero B, by using the above 
relation, would pass through the origin. This variation of X with B agrees 
fairly well with the theoretical work by Lord50 referred to in section 
3.1.1(f), which gives a relation of the form:- 

,0.21 Eo.21 
x = (constant) - 

p. 58 
(12) 

where P is the ambient pressure. 

It is suggested that the increase in the column voltage gradient with 
mcreasmg B cculd be acccLmted for as follows:- 

(a) As has already been sug&ested in section 3.1 (a), the motion cf a 

3 
constant current arc under the action of a magnetic field increases the energy 
losscs from the arc by forced convection, so that the input energy is iucreased. 
The results prusented in Fig.12 demonstrate that the input energy inoreases with 
increasing B, and it has been shown that this increase takes place in the column 
and not as a change in v, the voltage due to the electrode end effects. 

(b) The arc length may be increased during its motion under the 
influence of the field, so that to maintain a constant current the column 
voltage is increased, but this may not necessarily result in an increased voltage 
gradient. 

(c) The application of the magnetic field may decrease the conductivity of 
the arc so that to maintain a constant current, the arc voltage is increased. 

It is likely that the predormnsnt factor is that due to forced convection, 
(a) above, and an experiment in which extra convection independent of a magnetic 
field is imposed by a small axial gas flow through the annular gap may help to 
conf'mm this. Note that the increase in energy to the arc is transferred to the 
surrounding gas rather than the electrodes, and if this is also true for metal 
electrodes it cculd be an unportant factor in wind tunnel applications. 
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3.3 Arc shape 

Nothing very definzte can be sad about the arc dimensions except that It 
is roughly spiral in form dong the length of the conducting path, this Spiral 
becoming longer as the snnular gap is increased (Figs.17 and 18). 

A spectrum violet filter was used 111 conjunction nlth the clne camera SO 
that the film records indicate the location of radiation associated with the arc 
in the spectral region defined by this filter. Such a filter only transmits 

light between 38CXl 8 and 4800 2 with a peak transmission of 2970 at 4300 & 
Hence, the conducting path referred to is a region ermttlng radiation between 
the spectral limits of the filter. For a carbon arc 111 air there 1s a reg=on of 

intense radiation emitted from a CN bend beginning at 4216 r( and falling off in 
lntenslty towards the shorter wavelengths, so that the oine records are, strictly 
speaking, mainly sites of CN band rdiatlon. Howeyer, It is likely that the 
conducting path 1s contained within such sites. 

A careful study of the fdn records has revealed the followrng pclnts 
about the arc shape and motion. 

(i) The cathode root is usually in advwce of the anode root, but a 
small part of the column near the cathode curves tcwards the dircctwn of motion. 

(ii) The conductmg column can assume shapes varying from sn almost 
radial spolce to a rough spwal, which, for the largest value of annuls gap, has 
occasionally been obst.rw3 to ccvcr a total sweep of 180°. 

(iii) The anode root usually proceeds via a series cf &scontmuous move- 
ments and the cathode root mcticn 1s usually smooth, although this has also been 
observed to move dlsccntinuously. 

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

Preliminary ccnsideratlons cf the elements of arc heating for wind tunnels14 
have shown that a straight radial arc cannot rotate steadily round a circular 
electrode under the action of an sxlal magnetic field unless some attempt is made 
to match the magnetic end. velocity fzelds, and If this is not done one might 
expect the arc to be curved, as shown by Figs.17 snd 18. 

It IS possible that an equation for the balance cf the electromayetic and 
aerodynamic forces at all points slang a rctating electric arc not considered to 
be radial may yield the correct form for the dependence of the rotationsl fre- 
quency on the various parameters, but this is left for consideration elsewhere. 

4 CONCLUSIONS 

. 

. 

It appears from the fcrcgolng results that when an arc is driven round nn 
annular gap under the action of an axial magnetic field the main consequence 1s 
that the forced convection Increases the power loss from the arc column. The 
experimental results lndlcate that changes in electrode effects are associated 

- 47 - 



only with changes U-I cathode dumeter. (Prel:tmuary experlrnents using copper 
electrodes hnvc shown that electrode material has an influence on arc velocity, 
a result m accord,s~~ce with that reported by Seckcr and Gu1le7). 

The investlgatlcn has given sn apprcxxnate form for the de-pendence of the 
steady motron of an arc on the arc current and the magnetx fxld for values up 
to 750 amps and 940 gauss respectively. It has been shown that thx 1s given 
by the relation:- 

UC * 
n 57 ,0.60 IOU33 cms/sec 

where B 1s 111 gauss and I in amps. 

There 1s also some evidence to suppose that the mean arc velocity is Independent 
of the gap width from 0.3 to 3.2 ems (a factcr of IO to 1) for a constant -1cr 
electrode (cathode) radius. 

The measurements of th* arc tennal voltage for different gap values have 
been shown to concur with King's resultsll, a?d Indicate that a column whose 
length IS proportlonal to the gap w1dt.h exist.; u1 the rotatmng arc snd that this 
column has a voltage gradxnt which 1s proportIonal tc B"*27; the phctcgraphlc 
records show that the column has a rou&hly spiral shape, the length depcndlng on 
the gap. 

5 FUTURE WORK 

Further work on rotatIn& arcs ~111 mclxde:- 

(1) Stud&es at one atmos~herc 

(a) Invcstigatxon of the effect of mcreasulg the gap by varying the 
cathode diameter. 

(13) Tht. cffcct of mtrcduckg an impossd axial gas flow through the 
annular gap, wltll, if necessary, n balancing I'orce derived by allowing a net 
current to flow along the mner electroile. 

(c) A tune resolved study of the arc voltage, current and motion. 

(d) Invcstlgatlon of the effect of dlffsrent clectroda materKts. 

(2) Studies at high pressures 

As far as possible It 1s Intended to repcat the foregoing exparlmcntal 
work, beginning wth the rsngc 1 - IO atmospheres. 

(3) Addltlonal stddales 

It 1s proposed to use spectroscopic and photographlc techniques 111 
connectlon with measurement of:- 
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(i) temperature, 

(ii) heat transfer to an imposed gas flaw, 

(iii) impurity content in imposed. gas flow, 

(iv) ractiation from the arc, and 

(VI arc diameter. (It 1s thought that a measurement of the conducting 
diameter could be aclueved by using a chosen interference filter m COnJUXtlOn 
with a tine camera so that only radlatlon from a lrne in an lonlsatlon sFctrum 
excited in the conducting path cf the arc 1s photographed.) 

I nosh to thank hti. &Ii. l.htchell for helpful crltxisms of the wuscript, 
znd l&r. J.W.T. Palmer for help in translating the fore&. rcfcrcnces. 
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TABLE 1 

B 
gauss 

60 

95 

190 

235 

470 

940 

U 
CUE/SW 

4.7 x 10 3 

7.9 x 10 3 

IO4 

1.1 x IO4 

1.7 x IO4 

2.45 x lo4 

X B x 10 -8 

volts/cm volts/cm 

28 0.0028 

32 0.0075 

35 0.019 

43 0.026 

55 0.08 

60 0.23 

. 
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I = 360 amps 
B = 95 gauss 
f = 1470 c/s 

Time base = 2 mseclcm 
Voltage scale = 2 mv/cm 
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Arc gap - 0.65 cm 
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FIG.16. EXAMPLES OF THE OSCILLOSCOPE RECORDS OF 

ARC ROTATIONAL FREQUENCY 



(a) Gap width d = 0.65 cm. (counter clockwise rotation) 
I = 650 amps. B = 135 gauss. f = 1330 c/s 

Frame speed =7000/set 

(b) Gap width d = 1 cm. (clockwise rotation) 
I = 360 amps. B = 470 gauss. f = 2480 c/s 

Frame speed = 13.000/set 

(Cl Gap width d = 1.9 cm. (clockwise rotation1 
I = 360 amps. B = 470 gauss. f = 1500 c/s 

Frame speed = 8000/set 

Id1 Gap width d = 3.2 a.. lclockwlse rotation) 

I = 380 amps f = 1270 c/s 
Frame speed =12.000/set 
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PART 2. Tm SHAPE OF AN ARC ROTATING ROUND AN ANNULAR GAP 

by 

V. W. 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 arc, which is 
based on the concept of a sold concluctor with uniform current density in a 
transverse uniform magnetic field and *n opposing uniform flow field. 

It is shown that the shape for steady rotation 1s the involute of a 
circle, if the electromagnetic and nerodynamic forces are in equilibrium for 
all points along the arc. This shape is zndependent of the form of the 
expressions used for these two forces. 

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

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

ReL>laces ??.A. 3. Tech. llote PO. .iero 2915 - h.2.c. 25267. 
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1 INTRODUCTION 

The first paper' 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 the 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 Ref.1 
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 an4 the inner electrode was always made the cathode. The 
results have since been extended up to a gap width of 5-l om, some experiments 
have been made with eccentric electrodes and further experiments with the inner 
electrode RS the anode. 

In order to obtain 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 a curved arc. It will be shown that for cer- 
tain conditions the column approxunates to a theoretically derived involute 
shape. 

2 A SIWLE MODl?L OF AN ARC EiOTION 

In proposing a model of the motion, rela-tive to a surrounding gas, of an 
arc column under the influence of a superimposed magnetic field, we wish to 
represent in the simplest possible rvay 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 is assumed to be con- 
tained in an infinitely long straight column of approximately but not neoes- 
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 each governed by 
their own set of equations, and. the scales involved (for instanoe 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. rie are concerned here only with the forces exerted on an 
element of such a moving arc column and not with the details of the fields. 

Consider first the distortion of the applied 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 exterxit to the column is non- 
conducting, the field lines of an element of the column are circular and com- 
bine with the applied uniform field, the occurrence 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.l(a)), then the field lines within the conductor are the family of 
circles, 

x2 + (y - H/2sj)* = k2 

and exterior to the current region the lines are represented by 

r = k, exp(yH/~a2d 

where r* = x2 + y* and a is the radius of the conductor*. 

Three cases are represented in Figs,l(b), (c) and (d) and the perme- 
ability of the conductor is assumed to be approximately the ssme as that of 
the external gas. 

l(b) - the field is characterised by 

H/.&j < a 

and singularities occur at the points (0, H/2nj) and (0, Zna*j/H). 

In l(c) H/2xj q a 

and the two singular points are coincident at (0,a). 

In l(d) H/2xj > a 

(11 

(2) 

(3) 

(4) 

(5) 

and there are no singularities. 

We are concerned with the latter case characterised by equation (5). 
Body forces on the gas in the arc result in an overall force, F, 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 i the arc 
current in e.m.u.'s. The force is perpendicular to both the magnetio field 
and the direction of the column (along the Y-axis in Fig.1). 
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Consider next the external gas stream relative to the arc. If the ccn- 
ducting column is taken to be a body of' finite ((i.e. non-zero) extent placed 
scrcaa a gas atresm of velocity U relative to the src column, so thst a 
characteristic thickness or diameter, d, can be assigned to it, then the arc 
causes a diaplscement of the external flow, es indioated by the full lines in 
Fig.2. This displacement flow is assumed to be of a type which does not close. 
downstream of the column, that is to say, part ccf the hot intermediate 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 taken 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 cf an aerodynamic drag force on the 
arc. This may be assumed to depend on the density, p, of the gas and on U, d, 
and Y, the kinematic viscosity. Momentum considerations on dimensional argu- 
ments show that this drag force per unit length can be written 8s 

D = cU2df (";"I = +J2dCD 

where CD is 8 non-dimensional drag coefficient which is a function cf the 

Reynolds number Re = U d/u. 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 Iti = U/a. 
equation (71 

in the simple model proposed here, the dreg force D from 
is taken to be normal to the column, i.e. the ("friction") ccm- 

ponent of the drag force along the column is neglected. Thus, if the element 
does not cress the gas stream at right angles, the drag force corresponds to 

. that due to the velocity component in the direction normal to the direation of 
the element, so that in this case U is this rea,clved component. 

Consider new how the two fields must be aombined in order to produce a 
uniform motion of the src 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 
obey the relation 

2 
+pUdCD = 

and the velocity field normal to the erc at 
must be perpendicular to the magnetic field 

Bi (8) 

large distances from the element 
normal to the arc at large distances, 

i.e. U is perpendicular to B. It must be noted that both d and CD are iunctions 

of B and i. The two fields are combined as indicated in Fi .2, where the curve 
A is the boundary of the interface which (on s time average contains the ccn- 
ducting gas, whereas, the curve B indicates (again on a time average) the cuter 
edge of the viscous hot layer surrounding the loolumn, which is then continued 
to form the wake. 

This physical model may be interpreted by stating that the arc column is 
propagated uniformly by en electrcdynemic 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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(9) 

which is finite because of the existence of an aerodynamic drag force. It 
should be noted that these relations are of general validity, provided only 
that a column of conducting gas and a viscous wake behind it exist, because 
both equations (6) and (7) are integral relation3 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 "dmg 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 applicability 
of the model proposed and, if its usefulness can be confinned, to determine 
empirical values for these parameters. 

3 APPLICATION 'FJ A ROTATING ARC 

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

What interests us here are the condition3 which must be fulfilled in 
order ta produce a steady rotation of the arc where the electromagnetic driving 
force is in equilibrium with the aerodynamio retarding force for all elements 
of the are. 

Consider first the simple ease of a radial arc of uniform cross-section. 
If the applied magnetic field is uniform then the electromagnetic 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 magnitude would depend upon the 
radial distance, r, of the element from the axis of the annulus because its 
velocity would increase with the radius, r, in the following way:- 

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 acmss the annulus, or 
the s.ro would have to vary in cross-section. 

We will now consider the ca3e where the arc. column assume3 such a curved 
shape that it can rotate uniformly, and that all elements satisfy the equili- 
brium condition given by equation (8). 'de make the additional assumption3 
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, m radians per sec. If each 
element of the 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 approximated to the value 
given by equation (7), so that the equilibrium condition given by equation (8) 
may be applied 

i.e. 4-P U2dCD = Bi , 

where U is the velocity of the element resolved in the direction normal to the 
element (Fig.j), and is constant for all elements if CD, d and p are assumed 

to be independent of r. 

u = rw cos $1 

so that by equation (8) cos I$ = t , 

where c is a constant given by 

(11) 

(12) 

Note that at this point the aerodynamic and electromagnetic laws of force are 
contained in the constant c 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 each element of the arc (equation (8)). 

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

obtained from the geometry of Fig.3, giving, 

2 & 8 5 
( 1 
fl,-, 
c2 

- 00s” ; 

(14) 

(15) 
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which, if 6 is measured from a point where r = c and $J c 0, is the equation 
of the involute of a circle of radius o. 

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 
magnitude is given by equation (9). To satisfy both this condition and 
equation (15) each element moves in a straight line along a tangent to the 
generating circle of radius 0, It follows that the element adjacent to this 
oircle is radial and if we postulate that the arc is at right angles to the 
inner electrode surface the constant c is seen to be equal to r,, the radius 

of the inner electrode, so that 

U = r,w (see Fig.4) (16) 

and if CD, d and p are independent of U, equation (8) may be written 

Hence, for an involute-shaped arc the frequency of rotation is independent of 
the annular gap width and varies inversely as r,, provided that B and I are 
kept constant. 

The length, s, of the arc up to the radius r2 (i.e. the outer radius 

of the annulus) is obtained by integrating the expression 

dr r dr 
ds = - = - 

00s $5 r1 

between the limits r, and r2 giving, 

2 
'2 

9 = $r, 7-l 
( > ri 

and, since the annular gap width 

g = r2 - r, 

the arc length 
I 

s=g1+g-(. 
k > 

(18) 

(19) 

(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. 

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

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

(ii) If we refer to Fig.3 it is seen that the angle # increases as r 
increases so that the angle between the outer electrode 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 sro termznates at the outer electrode at a 
point such as c in Fig.4. The second consequence is that the velocity oom- 
ponent of the arc track olcng an element is no longer negligible and equation 
(S) cannot be applied to the outer part of the column. However on the physical 
interpretation of the motion illustrated in Fig.4 (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 osuse 
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, is great enough, it is reasonable to assume that 
the arc forms the involute shape over most of its length. There is probably a 
limit to the gap width for which a fixed current arc column can sustain the 
involute shape since, as 0 is made greater than 2s the involute makes more 
than or.; 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 arc motion is 
the possibility of the formation of plasma jets due to the constriation of the 
end points of a high current a&'. These jets arise from compressive forces 
exerted in an src. by its own magnetic field. If a constriotion forms in the 
arc, such as at the cathode root, then the self-magnetic compressive force is 
greater at this constriction due to the local 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 
cut 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 kiaecker for 
stationary free-burning arcs and, if the cati-ode 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- 
faoe and has a maximum value of velocity at the surface, given by 

where 7 is the mean density of the gas or vapour between the electrode and 
the column, in g/am, 

v is the maximum value of jet velocity in cm/aec, 

i is the arc current in electromagnetic units 

and J is the arc current density in e.m.u./om2. 

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

J =A& 

nb2 
(22) 

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

v = c&J;. (23) 

An estimate for the value of the spot diameter of the rotating arc at 360 amps 
is O-23 cm (see Appendix 1). Hence for a 360 ampere arc with b 5.2 cm and 

F 2 I.5 x Id5 g/om3, equation (23) gives a value V 2 7.4 x lo4 cm/aec. This 
velocity is about 10 times grb,ter than the cathode root velocities obtained 
(see Fig.5) so that at the inner electrode the arc might be expected to be 
approximately perpendicular to the surface. The Jet velooity decreases 
rapidly in a direction away from the electrode surface due to the distribution 
of momentum to nearby gas particles by means of friction. Meneck& has 
measured the axial velocity of the plasma jet from the cathode of a vertical 
200 ampere are in air at one atmosphere between carbon electrodes, and hia 
results support Maecker'a theory. He has shown that at a distance of 2.5 cm 
above the cathode the axial velocity is reduced to less than l/3 of its value 
at the electrode surface, and at 3.5 cm above it is reduced to about i/IO of 
its value at the surface. Thus, for a vertical free-burning are the axial 
plasma jet velocity is, at a distance between 3 and 3.5 am above the cathode 
surface, of the same order of magnitude as the cathode root velocity of a 
rotating arc. Hence, if a cathode plasma jet is formed from the cathode of a 
rotating are, one would expeot 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 sro straight in form, and the frequency of 
rotation would then depend upon the gap width, 
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where f(g) is a function of the gap width. 

On these grounds, a transition from an involute to a straight arc 
would be expected as the gap is decreased, this transition taking place over 
a range 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 en 
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, 

iQe consider next the effect of entraining gas into the arc near the 
cathode surface as a result of the negative pressure gradient produced along 
the axis away from the cathode spot. In a stationary 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 arc, with the result that the 
cathode spot would tend to lag behind the arc 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 central electrode at 
which the arc curvature is sufficient to produce significant self-magn tic 
forces. The self-magnetic radial force for a circle of current i is 9 i /R 
dynes/cm, where R is the radius of the circle. An approximate oalculation 
baaed on this expression shows that in our experiments (I = 360 amps, 
B = 470 gauss and inner electrode radius = O-65 cm) the self-magnetic radial 
force is about 1% of the driving force due to the applied magnetic field at a 
distance of about O-3 cm from the inner electrode. Since, in this region of 
the arc the shape is affected by electrode effects such as plasma jets, then 
the influence of arc curvature would not be visible in our experimental records. 

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

When the inner electrode is made the cathode the aro is expected to 
consist of a part near the cathode surface inclined towards the direction of 
motion followed by an approximate involute which is unsteady at the anode. 

When the gap 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 cathode the general are shape 
would still be approximately an involute for large gaps. 
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5- DISCUSSION OF DIFFERENCES BETZEN TIIE SIhPLE UODEL AND 7333 
EXF'ERIMENTti~l?j%ONS 

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. 

(I) The superimposed magnetic field, B, and the external fluid 
density, p, were assumed to be everywhere constant outside the are. The 
experimental arrangement was such that the applied magnetic! field was constsnt 
to within +2$ over a diameter of 15 ems in the plane of the annulus. The 
distribution of the arc current in the outer electrode would also disturb the 
uniformity of the field but this was not measured. The density of the sur- 
rounding gas could not be measured, but due to convection currents and tur- 
bulence caused by the arc's motion it is certain that pressure and density 
gradients existed in the neighbourhood of the annulus. 

(2) The arc column was represented as a solid conductor with uniform 
current density having both a drag coefficient and diameter invariant with 
arc length. An electric arc is a gaseous discharge and can thus entrain gas 
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 
assigned to it. In practice, since the arc terminates at the surfaces of lzvo 
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 oompared 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 
.s value for the term, pd CD, (p er unit length), were measured relative to the 

electrodes. However, since any induoed motion of the gas in the annulus may 
be assumed to be governed b, 17 the motion of the arc, then this induced flow 
may also be taken to be uniform. Thus, it is reasonable to compare the 
experimental variation of n with the results obtained in sections 3 end 4, 
(i.e. n is independent of g for an involute arc and dependent on g for a 
straight arc). 

6 DISCUSSION OF EXPERIMRWIAJJ RESULTS 

5 

The results of experiments where a d.c. arc is rotated round the annular 
gap formed between a I.3 cm diameter carbon rod and one of a range of carbon 
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rings, 15 cm outside diameter, mill now be discussed. The magnetic driving 
field and arc current were kept constant at 4:70 gauss and 360 amps respec- 
tively, the annular gap width was varied between 0.3 and 5.1 cm and the inner 
electrode (rod) was made the cathode. In addrttion, results of some experi- 
ments with the inner electrode as the anode will be discussed. 

The experimental apparatus and methods (of measurement have been 
described in Part I 1 which reported results for (a) a constant current and 
magnetic field of 360 amps and 470 gauss respectively, with gaps up to 3 cm, 
and (b) a constant gap of 0.65 cm with arc currents and magnetic fields up to 
750 amps and 940 gauss, respectively. 

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

Equation (15) is the equation for the curve which the arc column must 
form in order to rotate steadily; i.e. an involute. The experimental results 
show that, on a time average, the arc rotates steadily and that the arc column 
can, for certain conditions be curved'. This curve has been found to approxi- 
mate to the involute of a circle (see later discussion 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 magnetic 
field the arc is not an involute one would expect that there is 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 0.3 to 5.1 cm; it is seen that n 
decreases as g increases from 0.3 up to about 2.3 cm and then remains approxi- 
mately constant at 1200 c/s for values of g above about 2.3 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 cm n is approximately inversely proportional to 
the mean gap radius. 

These two figures suggest that the arc is approximately straight for 
gaps up to 2.5 cm and approximately involute shaped for larger gaps. 

Equation (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 an involute arc with a uniform column voltage gradient. Conversely, 
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 plasma jet on the voltage gradient is small). Fig.7 shcws the varia- 
tion of the arc voltage, V, with g and this is seen to be linear for values of 
g up to about 3 cm. Fig.8 shows the variation of V with the calculated arc 
length, 8, based on aquation (20); from this it is seen that the gradient is 
constant (12 volts/cm) above 8 = 6 cm, which corresponds to a value for g 
between 2 and 2.3 cm. 

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

We will now consider the photographic Ievidence and compare the experi- 
mental observations with the arc 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/see for s short period. Examples 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 approximate involute shape 
for gap widths of 2 cm and above (e.g. see Fig.12 and Ref.1, Fig.l8), and 
approximated to a straight arc for gaps of 1 cm and below. The following 
points should be noted:- (a) For the larger gaps the arc shape alternated 
between the involute form and an approximately 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 
photographlc evidence simply shows an indeterminate shape with a trailing hot 
wake moving round the annulus, the leading edge inclined towards the direction 
of motion (in accordance with the shape suggested at the end of section 4). 

In order to obtain 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 om and above, so 
that we csn 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-Y, 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:- 

(i) The arc is rotating in its own turbulent, hot wake so that any 
unsteadiness in the wake is transferred to the arc. (Note:- In an attempt to 
reduce this effect sn experiment in which a flow of air is forced through the 
annulus at sufficient speed for the arc to rotate through cold air and not its 
own wake is being planned. Preliminary attempts have resulted in the arc 
voltage rising to a value too great for the arc-to be maintained, and. air 
flows of about 100 cm/set 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 SQ 
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,) 

Consider next the production of a cathode plasma jet and its effect on 
the involute shape (section 4). Although the photographic evidence shows that, 
on a time average, the arc column is approximately an involute, it does not 
clearly indicate the presence of a plasma Jet. The only visusl evidence of 
such a jet is that s 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 frcm the electrode surface. This type of behaviour was attributed 
in section 4 to the production of a plasma jet and the effect can be seen in 
Fig.12. (Some visual evidence for the support of the postulate that a plasma 
jet can be produced when an arc moves over the electrode surfaces is given in 
Appendix 3 which describes experiments where en arc moves along a pair of rod 
electrodes). 

Be next discuss 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 slready discussed, it 
was 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 ssme approximate involute shape; i.e. the overall shape of the column 
was not appreciably affected by a reversal of the electrode polarity. 

Finally, we use equation (17) which is based on the simple model of 
sections 2 and 3, to determine a value for the Reynolds number of the arc 
column, C D' This value only of course applies for the experimental conditions 

(B = 470 gauss and I = 360 amps) because both d and CD are functions of B and I. 

In Ref.1 this dependence of dCD on B and I was demonstrated when an experi- 

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

i.e. (25) 

(and not u (F #'5 p5 
) l 

We substitute into equation (17) the results plotted in Pig.5 for 
gaps above 2.5 cm (i.e. an involute shaped arc column) to determine the 
product pa CD. 

Equation (17) may be rewritten 

pdCD = 
2Bi 

-5' 
(2xnr,) 

(26) 

The values of B, i, n and r, for Fig.5 are 473 gauss, 36 e.m.u., 1200 c/s and 

0.65 cm respectively. Substitution in equation (26) gives 

pdCD = i -4 x 10m3 g/cm* l 
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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 are diameter 
is about 0.5 cm, so that 

pcD = 2.a x id3 den3 

where p is the density of the gas through which the arc is rotating (i.e. its 
own hot wake). Thus, if we assume 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 -a- 

The simple model proposed in section 2 and applied to the rotating arc 
in section 3 has been confirmed as a useful one provided that large gaps are 
considered so that electrode effects can be neglected. The deductions 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 a constant diameter. Further, 
for the experimental conditions used, such an arc can only assume an approximate 
involute shape for gap widths greater than about 2 cm, and is approximately 
straight for smaller gaps. It is not possible to specify the critical gap 
width accurately since the transition appears to take place between 2 and 3 cm. 
Homever, as the gap width is made smaller than about 2 cm electrode effects 
dominate and the arc can no longer be considered as a uniform column. 

A numerical value for the product pCD d has been obtained for a 360 amp 

arc in a magnetic field of 470 gauss, i.e. pCD d = 1.4 x -3 IO g/cm3. 

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 arcs driven 
magnetioslly 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 above 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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SYbIBOLS 

SST&O1 

a 

b 

B 

0 

cD 

d 

D 

F 

g 

H 

i 

I 

&I 

Id 

n 

r 

ri 

r2 

Re 

8 

t 

U 

v 

v 

w 

speed of sound 

diameter of cathode spot 

flux density of magnetic field 

oonstant 

drag coefficient 

effective diameter of arc oolumn 

drag force per unit length of arc column 

eleotromagnetio driving force per unit 3.engt.h of are oolumn 

width of annular gap 

strength of magnetic field 

arc current 

mean arc current 

arc current density 

Mach number 

frequency of arc rotation 

polar coordinate 

radius of inner electrode 

inside radius of outer elootrode 

Reynolds number 

length of sro column 

time 

velocity of arc element relative to surrounding gss 

mean total two voltage 

maximum value of plasma jet velocity 

angular velocity of arc 

Units 

OUi/SL?C 

cm 

gauss 

cm 

dynes/am 

dyne s/am 

cm 

oersted 

e.m.u. 

amps 

e.m.u./om2 

cycles/se0 

cm 

om 

cm 

set 

cm/se0 

volts 

cm/se0 

radians/se0 
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SYhBOLS (CONTDl 

Symbol 

angle between arc element and direction of gas flow 

polar coordinate 

density of gas in annulus 

mean density of gas or vapour in plasma jet 

kinematic viscosity 

Author 

Adams, V.W. 

McDoneld, K.L. 

Maecker, H. 

Wienecke, R. 

Units 

radians 

radians 

g/cm3 

g/cm3 

c.g.s. units 

Title. etc. 

The influence of gas streams and magnetic fields on 
electric discharges. iart 1 - Arcs at atmospherio 
pressure in annular gaps. 
Part ? of this Current Paper. 

Topology of steady current magnetic fields. 
fmterican J. of physics, Vo1.22, 586 (1954). 

Plasma streams in arcs due to self-magnetic compression. 
2. fiir Phys. Vo1.141, 198 (1955). 

On the velocity field of the column of a high current 
carbon arc. 
2. fi.ir Phys. Vo1.143, 128 (1955). 
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AFmND1x1 -- 

ESTIMATION OF DIAMETER OF CATHODE SPOT -- 

'The high-speed photographs were, in the initial stages of the work, 
taken through various ooloured 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 ! and 4,300 1. Thus the photographio reoords are of the region of the 
arc emitting radiation between the above limits. For a carbon arc in air 
there is a region of intense radiation emitted from a CN band beginning at 
4.216 1 and falling off in intensity towards the shorter wavelengths, so that 
the tine reoords are of the location of CN band radiation. It is likely that 
the CN bands arise from the ooniucting path. 

Jdeasurements of the cathode end of the are oolumn in the photographic 
reoords were made using a vernier travelling microsoope. 

The width of the photographic image could not be taken as the actual 
oathode root width beoause of its motion across the film. To overcome this 
the diameter of the image, oompared with the size of the inner electrode 
image, was measured for four different exposure times, a mean of ten measure- 
merits being taken each time. If b’ is the apparent width as measured and t 
the exposure time, the actual aro spot diemeter b is given by:- 

b' = btllt 

where U is the cathode root velocity. 

Hence if b’ is plotted as a funotion of t the intercept equals b and the slope 
the velocity, U. 

!fhe results for a 360 amp are rotating round a O-65 cm annular gap under 
the action of an axial magnetio field of 470 gauss are shown in Fig.13. The 
intercept gives a value for b of 0.23 cm and the slope a vtilue for U of 11,500 
oms/sec which corresponds to a frequency of rotation of 2800 C/S. 

.These results agree quite well with the measured frequency of rotation 
(see Fig.5), and a value for the oathode spot diemeter of a vertioal free- 
burning are given in Ref.3 (0.3 cm for a 360 amp arc). 
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APPENDIX 2 

ARC ROTATING IN THE GAP FORMED BEWEEN ECCENTRIC ELECTRODES 

In the main text it has been suggested that a transition Prom a straight 
to an involute arc occurs as the width of the annular gap is increased. 

In order to obtain a record of such a transition the are w&s photographed 
when rotating in an ecoentric electrode system so that the gap varied between 
1 om and 6.7 cm. Part of this reoord together with 811 oscilloscope record of 
the arc voltage and current is shown in Fig.14, which demonstrates that the 8rc 
expands into an approximate involute shape and shows that this expansion is 
independent of the shape of the outer electrode. In addition, this illustm- 
tion demonstrates two effects, which are consi stcnt with the condition that an 
element of the arc moves at right angles to itself and the applied magnetic 
field as represented for the ideal case in Fig.4. These effects are:- 

(1) When 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 same way when a "bulge" or curve is developed in the column 
due to some instability, this curved part expsnds in length so that the "bulge" 
inoreases in size. 

Both of the above effects can be seen in frames 9, 10 and Ii of Fig.14, 
in which an approximately straight portion 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 howover that the arc always expands, from the short 
to the large gap, in an approximately overall involute form. 
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APPENDIX 3 

PT,ASMA J'ETS ARISING FROM 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 remains con- 

stricted when the arc moves over the surface of the eleotrodes 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 jets when the arc is 
in motion has been observed visually for an arc moving along two parallel 
carbon rods (I.3 cm O.D.) under the action of the magnetic field produaed by 
the current flowing in the electrodes, i.e. under the action of tine "self- 
magnetic" field. A photograph of part of the oathode track is shown in Fig.15 
and illustrates the constricted size of the moving cathode spot, which was 
circular in shape, 
VT85 slow (z 

During these experiments the motion, observed visually, 
10 cm/set) but at some places the arc Jumped and the motion beoame 

more rapid (2 100 ems/see). It was possible to observe the arc shape when its 
motion was slow and this is illustrated in Fig.16. Two points are offered in 
evidence for the presence of plasma jets:- 

(i) The arc curved away from the oathode spot towards the direction of 
motion (a result also observed in the rotating arc, and attributed to the 
entrainment of air forming a plasma jet, section 4). 

(ii) A large "flsme" was observed, similar in shape to those obtained 
for a stationary arc where collision took place between jets from the anode 
and oathode5. 

The above effects were observed for electrode spacings of 0.5, l-3, 2.3 and 
4 cm, the arc currents ranging from 110 to 250 amps with a series resistance 
of l-2 ohms. 

The track on the wode rod was about 1 Tom in width and the carbon was 
only slightly marked. The appearance of the anode end of the arc gave the 
impression that the arc root was moving rapidly to and fro across the oarbon 
rod and appeared as an intense line on the surface which moved bodily with the 
motion of the column. 
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