
C.P. No. 988 

MINISTRY OF TECHNOLOGY 

AERONAUTICAL RESEARCH COUNCIL 

CURRENT PAPER5 
*\ ’ l.- L . ye 

dcHs.‘kiE* 

The Influence of Gas Streams 
and Magnetic Fields on 

Electric Discharges 

Part 5. Arcs at Pressures up 

to 18 Atmospheres in Annular Gaps 

by 

V. W. Adams 

LONDON: HER MAJESTY’S STATIONERY OFFICE 

1960 

PRICE 4s 6d NET 





U.D.C. 537.523 : 530.6 : 621.3.032.2 : 621.316.933 

C.P. Nc.988* 
April 1967 

THE INFLUENCE OF GAS STFBAMS AND MAGNETIC FEDS ONELECTRICDISWARGES 

PART 5. ARCS AT PFWSURES UP TO 18 ATMOSPHERES IN 

ANNULAR GAPS 

by 

v. w. Adams 

SUMMARY 

Experimental results are presented for eleotric arcs rotating round an 

annular gap between carbon electrodes in a pressure vessel with a throughput 

of nitrogen. The arc velocity, U, is shown to &sped on the ambient pressWe, 

P, in the following way i.e., U a P -0.44 , for pressures up to ?8 atmospheres. 

Some results for arcs rotating in an annular gap at atmospheric pressure 

with additional air flows through the gap are also given. In this case water- 

cooled brass electrodes are used. The rotational arc velocity 1s shown to be 

reduced by small flows to about 3 the value with no flow. 

Initia? difficulties at high pressure and the effects of small axial 

flows are regarded as significant for arc heaters and are described in some 

detail. 

* Replaoes 1:Jl.E. Technical Xeport No.67089 - A.R.C. 29311 
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1 ATRODUCTION 

This paper is the fifth in a series which reports the results of experi- 

ments on the behaviour of direct current arcs in transverse magnetic fields, 

and refers specifically to the motion of arcs in annular gaps using, 

(i) carbon electrodes with ambient pressures up to 18 atmospheres and 

a flow of nitrogen through the pressure vessel, 

(ii) brass electrodes at one atmosphere with an axial flow of air 

through the annular gap. 

The amount of basic data published on the motion of ares at pressures 

above one atmosphere is limited ‘92 , so that it is thought the present results, 

although preliminary in nature, are worth recording. wdker an3 Early' give 

data for helium ani sir using a pair of copper rod electrodes at pressures up 

to 30 atmospheres, are currents up to 4 amp and transverse magnetic fields 

from 0.35 to 0.68 wb/m2. Blix and Guile' give data for air up to 15 atmos- 

pheres with some results for rutrogen, hydrogen and sulphur-hexa-fluoride up 

to 4 atmosoheres. They used two circular brass electrodes of equal diameter 

arranged to work with a radial applied magnetic field up to 0.106 Wb/m2, an 

electrode gap of 0.2 cm and arc currents up to 275 amp for air. 

The present results give 

(i) data for nitrogen at pressures up to 18 atmospheres using carbon 

electrodes with aro currents in the range 200 to 500 amp, electrode gaps from 

0.325 cm to 1.9 cm and magnetic fields of 0.010 &e/m2 and 0.051 b'b/m2. 

(ii) data for air at one atmosphere with small measured air flows 

through the annular gap, (1.27 om), using brass electrodes. Arc currents are 

between 360 amp and 490 amp, with a magnetic field of 0.047 V&/m2 and air flows 

of 5 x IO3 om'/s to 19 x 10' 3 cm/s, corresponding to velocities of about 

2.0 m/s to 7.5 m/s m tke arc gap. 

2 APPAFWUS AND EXPEXIMY63!!ALPROCEDURE 

2.1 High pressure 

The electrodes consisted of a I.27 cm diameter carbon red (oathode) 

mounted axially through an anode disc with inner and outer diameters of 2.5 Cm 

and 15 cm respectively, as shown in Flg.1, and were similar to those used for 

experiments at one atmosphere 3 . Rotation of the arc round the annular gap 



resulted from the interaction of the arc current with an applied axial 

magnetic field. A general view of the apparatus is shown in Fig.2. A L 
oylindrical, stainless steel pressure vessel (0.61 m x 0.3 m dim=ter), with 

steel end plates and a small quarts window fitted centrally in one of them, 

housed the electrodes. The magnetic field was provided by an external coil 

constructed from copper bar (10 x 0.6 om) and intended for use up to 10 kamp 

for short running times, see Fig.2. The apparatus was designed4 for experi- 

mental work on arcs rotating in annular gaps employing magnetic fields up to 

0.8 'h'b/m2, aro currents up to 1000 amp and. ambient pressures up to about 65 

atmospheres. A high pressure reservoir of nitrogen was exhausted through the 

vessel and controlled by the inlet and outlet nozzle sizes ani a pressure 

control valve. The reservoir capacity was sufficient for several arc runs. 

Eourden gauges were fitted to the vessel for measurements on the upstream side 

of the inlet nozzle and of the steady chamber pressure. The vessel was also 

fitted with a capacitor type transducer for osoillosoopz recording of the 

chamber oressure. 

Electrioal connections to the electrodes were made through insulated and 

sealed studs in one of the vessel end-plates. The are current was fed into the 

central electrode equally from both enis, Fig.1, to eliminate as far as 

possible the magnetic effect of the arc current in this electrode. Arc start- 

ing was provided by means of a simple mechanism which moved the central 

electrode until it touched the outer electraie, and a return spring then 

restored it to the ooncentric position thus "drawing out" an arc. The central 

electrode was fitted with flexible connections ani the starting mecharism was 

manually operated by an insulated handle brought outside the pressure vessel, 

Fig.1. 

Measurements of the frequency of arc rotation, total arc voltage and arc 

current were made for a period oorrespording to many cycles of' the arc using 

the apoaratus and methods described for ares in annular gaps in an earlzer 

report . 5 

The frequency of rotation was measured from the frequency of voltage 

pulses provided by an optical probe consisting of a mxr&wre photo-diode 

mounted in one end of a short length of tubing, as described in Ref.5. In 

order to align the probe to a position midway between the electrodes a simple 

projeotion system was used in conjunction with the quarts window, as shown in 

Figs.2 and 3. This also enabled high speed photographs of the arc to be made 

Using a Fastax rotating prism camera with speeds up to 10000 frmes/secondJ3.. 
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The accuraoies of the measuring techniques have been given in the earlier 
5 note ; typical observation errors are shwn in the plotted experimental results 

and a list of errors for all parameters used is given with the list of symbols. 

: In plotting experimental results of total arc voltage a correction has been 

made for the voltage drop in the central carbon rod electrode. 

2.2 Atmospheric pessure with measured air flaws through gap 

This work is an extension of that already published using a pair of 

water-cooled circular brass electrodes, (Fig.3 of Ref.5), in an open-ended 

solenoid O&5 m inside diameter. 

Provision was made for an axial flow through the annular gap using air 

from the laboratory compressed air supoly. An air inlet manifold and standard 

orifice plate with manometer connections for differential pressure measurement 

was connected to an insulating (resin bonded paper) duct. This duct was in 

turn connected to the outer electrode by means of a diverging brass tube, as 

shown in Fig.& Electrical connections to the inner electrode (cathode) were 

made via equal stabilising resistances to each end of the central tube (used 

for both support ani cooling water), so that there was no resultant magnetic 

field due to the arc current. The connection on the upstream side of the arc 

was passed through the wall of the air duct at about one metre fmm the 

electrode plane in order to avold interrupting the flow near the arc gap. 

Electrical oonnections to the outer anale were made to both ends of the three 

equally spaced tubes used for cooling water to this electrode. The arcs were 

started by means of a piece of folded metal foil acting as a fuse between the 

electrodes. 

&zeasur+xnts of the frequency of arc rotation, total src voltage, arc 

current and a-- ,,,lied magnetic field were made as before 5 , the optical probe 

being mounted at the downstream side of the electrodes and pointing at a 

posltion midway between them. The probe signals were superimposed on the arc 

voltage sxgnal by making use of the differential input to the oscilloscope, so 

t&t. arc voltage, current and frequency of rotation were reoarded on a common 

time-scale using a two-beam osozlloscope. 

The axial volume sir flows were calculated from the differential pressure 

measurements aomss the standard orifice, and where flow velocities are quoted, 

these were obtained by dividing the calculated volume flow by the area of the 

annular gap (25.3 cm*). 



6 

3 DISCUSSION OF RWJLTS 

This section is divided into three parts dealing with 

(i) experimental results at different ambient pressures above one 

atmosphere using carbon electrodes; 

(ii) experimental results at atmospheric pessure with measured sir 

flows through the arc gap using water-oooled brass electrodes; 

(iii) collation of data on arcs moving in transverse magnetic fields 

using non-dimensional parameters. 

3.z Experiments in nitrogen at pressures above one atmosphere 

Initially, experiments with electrole gaps of 1.2 cm ani I .9 cm and 

chamber pressures up to 7 atmospheres were made, but due to severe eleotrode 

erosion and difficulty in starting arcs ths results were unreliable. The aro 

could not be struck at pressures higher than 7 atmospheres with these gap 

widths, (whereas this presented no difficulty at one atmosphen3). It was also 

found that severe erosion of the sncde occurred at the are starting point 

presumably because of persistent attempts to strike an arc. After several runs 

of approlnmately 2 to 3 minutes total running time the cathode rod diameter in 

the region of the arc was eroded from 1.27 cm to about 0.5 cm. The amount of 

erosion apneared to be greater than in the earlier work with sir at one 

atmosphere' but this was difficult to estimate with certainty. These aiffY- 

culties may have t-en the result of either the gas flow through the vessel and 

consequent flow in the annular gap, or an effect of the ambient pressure. 

"hen an inlet msnifol& for the ambient gas (nitrogen)was fitted in the vessel 

so that the incoming gas xas distributed around the chamber periphery, it was 

still difficult to start an aro at a moderate pressure (5 atmospheres) with a 

1.9 cm gap. We note that the arc operating voltage increases with both tlec- 

trade spacing3 snd ambient pressure (see later, Fig.6) so that higher overall 

starting voltages are required in the vessel than at one atmosphere. Thus it 

appears that the difficulty experienced in starting an arc was an effect of the 

high ambient pressure for the particular electrical circuit conditions used. 

High speed photographs were obtained but these were msrredby rapid 

obscuring of ths win?low with eraled carbon dust. However, photographic 

evidence of arc rotation was obtaitmd, showing a highly luminous region 

rotating round the annular gap. 
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In order to overcome the difficulties above and to obtain more reliable 

arc starting ad operation the electrode gap was reduced from 1.2 cm to 

0.325 cm. The inlet manifold intended to reduce the flow through the arc gap, 

was retained. In spite of this precaution observations through the window at 

the inlet end of the chamber indicated that the are intensity was reduced soon 

after It was started. This may have been the result of the arc. being blown 

downstream and out of the field of view, which was restricted by the outer 

electrole. It was however, possible to obtain measurements with the smaller 

gap for pressures up to la.)+ atmospheres and the arc could be started quickly, 

thus avoi&ng uneven erosion of the anode. It was four13 that an increase of 

the electrode spacing from 0.325 cm to 0.4 om due to erosion after several arc 

runs had a negligible effect on ths arc behaviour. 

The frequency of arc rotation, o, ani cathode root velocity, UC, 

calculated from the cathode oiroumference (I+ cm) are plotted against pressure, 

P? in Fig.5. Total arc voltages, V, are given in Fig.6 for the range of 

pressures used, the variation in ths recorded voltages also being shown. The 

results for one atmosphere in sir are taken from Ref.3 for sinular electrodes 

and conditions. By plotting either log,0 o U or loglO U (U is the mean 

circumferentiai velocity) against log,0 P (Fig.7) it may be shown that 

UC (or U) = P-O*& (1) 

where the arc current is between L&O amp and 500 amp, the applied field is 

0.051 Wb/n2 and the arc gap is between 0.325 cm and 0.4 cm. This relation (1) 

may be oompwed with those obtained by Blix and Guile2 for brass electrodes 

with smaller currents (20 to 275 amp) and gap (0.2 cm), and similar magnetic 

fields (O&Y+ Y&/m2 to O.tO6 Wb/m2) , who found that the power of P in a 

relation similar to (1) eras between -0.38 snd -0.49, depending on the arc 

current and magnetic field. Thus, the above two cases for different electrodes 

and conditions give indistinguishable relations between arc velocity and 

pressure. The experimental results may also be compared with a theoretical 

analysis by Lord6 for a uniform arc column held at rest in a transverse gas 

stream by a magnetio field mutually perpendicular to the arc current and gas 

stream. This analysis, in which radiation losses are neglected an3 the radial 

heat conduction is equated to the convection loss, yields 



U Q p-Oo.42 
(2) 

in close agreement with the experimental relation (1). 

The model used to derive equation (2) is compatible with the simple model 

used in the previous reports of this series where a value is assigned to ths 

effective frontal area, A, of the am presented to the surrcunling gas, and 

the drag force is equated to the electromagnetic force; 

+pU2A = Bid . (3) 

Now, assuming a constant temperature, T, of the surrounding gas, P = p, so 

that at constant B, I, d and Tequation (3) gives:- 

U = constant (AP) -s . (4) 

By comparing this equation with the experimentally derived equation (I) between 

UC (or u) and P, we may deduce that, 

for constant B, I, d and T i.e., a small dependence of A on P. 

3.2 Experiments at one atmosphere with measured air flows through e 

Comparative experiments were made with ati without an air flow through the 

annular gap. The effect of an air flow was to produce a plume of luminous gas 

dcnnstream of the arc gsp. Uneven operation of the arc sometimes occurred 

because the arc roots left the working edges of the electrodes and pierced the 

refractory coating, with which the remaining electrode surfaces were covered, 

Tig.4. When this happened no results were retarded. Two unexplained phenomena 

were also ncticed:- 

(i) The arc rotational frequency was steadier with an air flow than with 

no flow, but ths arc running time was restricted ani ares only operated for 

periods up to ten seconds. With no atial flow the arc could be made to run for . 

at least twenty seconds, but was more erratic. 

(ii) When the arc was started with no flow and the flow gradually increased, 

the arc was invariably extinguished after only small flows had been established 
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(3.9 x IO3 to 5.5 x IO3 om3/sec corresponding to velocities of about 1.5 m/s 

to 2.2 m/s through the arc gap). On the other hand, when experiments were 

made by first establishing the air flow and then starting the arc, azr flows 

up to 1.88 x 10 4 3 cm /set or about 7.5 m/s were possible wdh arc running times 

sufflclently long to obtain measurements. 

The results are shown in Fig.8 where the frequency of arc rotation, 

catho3.e root velocity (calculated from the cathode circumference, 16 cm) and 

mean circumferential velocity (calculated from the mean gap circumfemnoe, 

20 cm) are plotted against the air flow for different values of mean arc 

current. Arc voltages are shown in Fig.9, the total variation in recorded 

voltage being given. 

The experimental results show that the initial minimum flow 

(5.5 x Id J/set) of air through the annular gap reduces the arc frequency 

of rotation and hence velocity by about %$ and increases the mean arc 

voltage by about 1%. Over the complete range of flows used (5.5 x Id to 

19 xld cm3/sec) the variation in the mean arc velocity at constant current 

and magnetic field was only 49 m/s to 39 m/s while the corresponding range of 

average axial velocity through the arc giy, was 2.2 m/s to 7.5 m/s. Thus, it 

aopears that a small air flow transverse to the arc motlon has a retarding 

effect on the arc, ad this retardation is not much inoreased by further 

increases in the air flow, Fig.8. This could possibly be accounted for in 

terms of the removal of the arc wske from the annular gap by the axial flow. 

Consider the minimum flow usable, 2.2 m/s, ard the corresponding mean 

circumferential velocity of 47 m/s. Now, since the man gap circumference is 

20 cm the ratio air velocity/arc velocity gives a value of 0.9 + 0.4 cm for 

the axial dxsplacement of the wake in one revolution of the arc. This would 

completely clear the arc wake from the gap if its width in a direction trans- 

verse to the rotation was not greater than 1.0 cm. A wake of this size is of 

the same order as the luminous arc widths recorded photographicall gn5. Fe 

are also able to compare the value this gives for the effective area i.e., 

A d 1.0 x d d 1.27 om2, with that calculated using equation (3). By 

assuming p to be for air at 300% and substituting the same experimental 

conldions (U = 47 m/s, I = 340 amp, B = 0.047 m/m2 and d = 1.27 cm) into (3), 

we obtain A = 1.56 f 0.22 cm2 for an axial air flow of 2.2 m/s. The differ- 

ence between the above two values for A could be accounted for if the 

retadation of the src by the axial flow is effective wkn the arc wake is 

only partially removed from the gap during one revolution. 
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It should be noted however, that the arc velocity on a pair of parallel, 

strazght brass electrodes5 for the same conditions as above (340 amp, 

0.01+7 %/a2 ard a 1.27 cm gap) but where ths arc mcves through undisturbed air, 
L 

is about the same as for an arc rctating round an annular gap with no axial 

flow of air. Thus, it appears that the removal cf the arc wake by an axial 

flow in the annular gap e~riment does not give results equivalent to an arc 

mcvingthrough undwturbed air. 

3.3 Use of dimensionless similarity parameters 

Ye new consider the dimensionless smilarity parameters given by Dautov 

and Zhukcv7 for arcs moving in transverse magnetm fields on the same electrodes 

and in tne same gas. It has been shown elsewhere a,9 that a wde range of data 

from twelve different authors for arcs moving cn parallel straight cr ox-cu1s.r 

brass or copper electrodes m air at one atmosphere may be approximately 

collated by these parameters; 

I.e.) Ud p$I pi = ~[y,I/BbB2/~,,P1 . (7) 

Now, since the present results for carbon electrodes at nearly constant B, I 

ati d may be represented by equation (I), 

i.e., UC = (128+6)P-0-44 , (1) 

they are also in accordance with equation (7), and 

= (B2/pc P)Oowe #, (pc I/Bd) n 

It should be noted that the results for annular carbon electrodes in air 

at one atmcsphere3'5 at a constant value of d maybe represented by the 
5 equation 

uc n 143 + IO IO-j3 Bom6' m/s . (9) 

Thus, since these results are for constant p, d and P they are also in 

accordance with equation (7) but where $ is new a ddferent function. The 

function $ is different since it may be shown that equations (8) and (9) are 

inconsistent indicating that either equation (9) dces not apply at pressures 

above atmospheric or, the situation is mwe complicated. The results of 
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Blix and Guile* for brass electrodes show that the powers of I and B in an 

equation similar to (9) vary with the ambient pressure. Thusx one would not 

expect equation (8) for high pressures to be oonaistent with equation (9), 

which applies at one atmosphere. 

In addition, it may be noted that the results of Blix and GuileL for 

constant B, I and d may be represented by an equation where U is propc&ionfA 

to an inverse power of P. Again, these results are in acoordanoe with (7) 

where # is also a different fun&ion. In view of the different forms that 

appear to hold for the function #. under different conditions it must be con- 

olvded that simple power law relations such as (9) can only have a limited 

range of validity. They may perhaps be used as a guide to the order of msgni- 

tude of a particular paremeter to be expected in a #mm experimnt that 

belongs to the class of experiments used in deriving the relation, but should 

not be used for experimnts outside that class. 
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