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SUMMARY

This report is a contimiation of the experimental work in sir at one
atmosphere on the motion of d.c. cres along straight open-ended electrodes
already reported in Part 3 of this series. The earlicr work with the self-
field due to the arc current in the electrodes in the same direction as the
applied magnetic field has been ertended to include results with ficlds up
to 1.0 Wb/me. Results are zlse given for thrce electrod: materials wizh
electrical connections arrenged so that the self-Tield is eliminated, and are
shown to differ from those where the self-fieid ic present and aprroximately

caleculated,

A methed, ewploying similarity parsmeters given by Dautov and Zhukov, of
collating data on are motion in transverse magnetic fields 1s used to compare
results for uhe present series of reports with other published dats, and is
showm to be effective for a wide range of parameters from eleven different

papers, including the prosent results.

Arc motion with o low-vcleocicy imposed air flou along and relative to
the electrodes has been studied, and the simple notion thet the algebraic
difference petween the arc velocitics relative to ihe electrodes in still
and moving air is equal to the imposed air velocivy s found to be only

approximetely true when the air stream acts cgainst the sre motion,

* Replaces R.A.E. Technical Report 67077 - A.R.C. 20302,
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1 INTROLUCTION

Experimental results on the behaviour of direct-current are discharges in
air at a pressure of one atmosphere propelled along various clectrode systems

. . . 1,2
by magnetic fields have been published in previous reports ’

The present
report is concerned with arcs moving along a pair cof straight, parallel,

horizontal open-ended electrodes at one atmosphere, and falls into four parts:-

(1) Extension of the previous work on straight brass electrodes with
current connections to one end as shown in Fig.1(a) so that the self-mognetic
field (1.e. the field at the arc of the arc current in the electrodes) is in
the smme direction as the exvernclly applied magnetic faeld. In this work an
allowance is wade for the self-fleld using the method of calculstion given in
Ref.2. The previous results using an arc current of 3700 amp have been
extended to include results in a total magnetic field (externally applied
field plus self-ficld} of 1.0 Wb/mz, resulting in a maximum arc velecity of
580 m/s (Mach Mo.l.85).

(2) The motion of arcs on straight electredes whare the self-field is,
as far as poesible, eliminated. 1In addition to brass electrodes for comparison
with the previcus work, aluminium and copper electrodes are used. For the
earlier work where the sclf-field 1s calculated 1t 1s thought that the total
megnetic field i.e. applied field plus self-field, cannot be accurately
determined at the arc position becsuse of an asymmetric currcent distribution
1n the electrodes. Thus, 1n order to eliminate the self-field and obiein
results more nearly reprosenting the effects of the accurately known values
of the applied field, balanced current connections are made to both ends of the
electrodes, (Fig.1(b)). For practical reasons this limited arc currents,
for the prescnt apparatus, to 1000 amp or cboul one guarter of the previocus

maximum, The applied ficld has not yet boen taken beyond .12 Wb/me.

{(3) Colliaotion of data on the motion of cres in transverse magnetic
fields using non-dimensional similarity paremeters given by Dautov and
3

Zhukov™. The results in the present serics of roports are compared with other

rublished date for arcs moving 1n air st one atmosnhere,

(4) The motion of arcs on straight electrodes with en irposed air flow
relative to the electrodes either aiding cor, opposing the effect of the Lorentz
force (I X B) on the arc, These experiments necessatated, for precticel
reascns, the use of electriczl connections only to the downstream cnds of the
electrodes. Hence, it is not possable to eliminabe the self-field. With the

Lorentz force and air flowopposad, the self-field is in the same direction as



the externally applied field, On the other hand, with the Lorentz force and air
flow in the same direction, the electrode polarity, and hence the Lorentz force,
is reversed and the self-field opposes the applied field. Corrections for the
self-field were made accordingly; the method of calculation given in Ref.2,
although approximate, was used. The electrodes were enclosed in a duct which
limited arc currents to 600 amp. However, results were obtained for fields up
to 1.0 Wb/ma.

2 APPARATUS AND MEASURING TECHNIQUES

The arc power supplies and electromagnet providing the verticcl external

driving field have bgen described in Ref.2.

2.1 Electrodes and ducts

The electrodes used for experiments in still air consisted of a pair of
horizontel, flat brass bars, 1.2 m X 0.038 m x 0.0033 m, the arcs being started
at one end and confined to the edges {0.0033 m wide). Are starting was by
either fusing a short length of wire, or using & piece of folded metal foll
between the electrodesz. The electrodes were insulated om the upper and lower

surfaces with refractory insulating material,

For the experiments with imposed air flows relative to the elcetrodes, a
pair of flazt, horizontal brass bars 0.0033 mthick were used in a long duct as
shown 1n Fig.2., The air flow, provided by a centrifugel blower was fed to the
duct by a Flexible rubberised febric hose 0.2 m in diameter. Expasriments were
made with the imposed flows (including zero flow) either, in the same direction
as or, against the Lorentz force on the arc. The top of the duct was made ol
perspex to permit optical observations. To provide higher flow velocities 1n
the arc gap the duct cross-section was reduced first hy wooden spacers and
finally, by a resin bonded paper tube fitted with perspex windows, Fig.3.

The method of arc starting was dependent on the dilrection of air flow relative
to the arc motion. For flows against the arc motion successful arc starting
was only achieved by providing a stagnant regron =2t the downstream end of the
electrodes and hence it was convenient to use a piece of meial foll. For flows
with the arc motion no stagnant region was necessary snd 1t wes more convenicnt

to start the arc by fusing a wire.

2.2 Measuring techniques

Meosurements of the mean are velocity, the totel arc voltage and arc
current were recorded on a Polaroid camera and Tektrouix type 3024 oscilloscope

using the optical probes and spparatus described in Ref.,2, Minirum values of



the arc voltage were measurced from the rccords since 1t was considered that
these correspond to arc lengths cqual to the elcctryode spacing. Two optical
probes fixed 0.5 20.001 m apart and about 5 em above the centre of the arc gap
were used for velocity measurement, and a third probe, placed in front of the
first of the two measuring probes and 0.2 m from the stariing position of the
arc was used to trigger thc oscilloscope. In this way any effects due to the

initiral starting period of the src were avolded,

Double end current connections necessitoted the use of a differcnt
arrangament for current and voltage messurements, as shown in Fig.l1(b)., In
this case the arc voltages were measured by using two Tcktronix type 6017 ten
times atteruation probes connected one to each electrode, the output signals
with respecc to the earthed conncction being algebraically zdded by making
use of the differential operation of the oscilloscope anput smplifier. Thus,
with this method the measurced voltage was proportional to the differcnce between

the two input voltages from the clceirodes.

The probe signals, corresponding to the transit ilime of the arc past the
two measuring stavions, were rcduccd by a suitable attenuator and superirposed
on the arc current signal by maeking use of the differcntial input to the second
beam of the oscilloscope. In this way, one two beam oscilloscope was used for
recording arc voltage, current and velocity on o cormon time scale, see Fig.h.
Previously it was rcported2 that the arce current records contained high
frequency noise signals which were climineoted by nmeans of a low pass filter,
e.g., Fig.4. However, the H.F, noise was subscquently traced to 1ts source and
the source eliminated. No difference in the resulis was sgpparent from this

change.

The applied mzgnetic fi1elds were taken from calibration curves of magnet
supply current against mognetic ficld obtained by using either, a search coil
and fluxmeter for fielda up to 0.15 Wb/m? or, a Hall probe fluxmeterI+ accurate
to 1% for the highcr renge up to 1.0 Wb/hz. The two methods were found to be
compatible over an overleppping range up to 0.15 Wb/me. The self-field due to
the arc current in the elcetrodes was, where appropriate, celculated using the

method giveh in Ref .2 and a corroction made to the spplied faeld.

The accurccy of the measuring techniques has been discussed in the
previous reports of this series end typical observation crrors are shown in
the plotted experimental results. A list of errors for all paorameters used

is given with tne licst of symbols.



2.3 Photographic observations

High speed photographs of the moving arcg in the previous reports were
cbtained using a Fastax rotating prism camera (lobr frames per second), and it
was found that changes in the arc shape occurred botween successive frames
probably due to insufficient framing speed of the camera. It was thus decided
that a higher framing rate of at least 105 pictures per second would be
reguired. The samplest and most economical camers providing thais facility
appearcd to be the aperture - scanning type used for circuit breaker researchs,
and a camera of this type was made at R.A.E. using drawings provided by
A, Reyrolle and Co.

3 EXPERIMENTAL RESULTS

The results are collected together in Figs 5 to 17. The extensions to
the results for single end commections using brass elcctrodes are shown in
Figs.5 to 7, while Figs.8 to 15 are for electrodes (brass, copper or aluminium)
with double end connections and Figs.16 and 17 are for arcs with imposed air

flows along the elcectrodes,

Tt was found2 that the arc vclocities were consistent only after several
arc runs had becn made 2nd visible itracks appeared on the electrodes, Thus,

the results are for electrodes uscd between 10 and 100 times.

The photographic observations with the framing speed now available
(105 pictures per second) showed that the chenges i1n are shape were gradual

with many fewer abrupt changes between successive frames,

We now consider the results for each of the three types of experiment in

turn before discussing thcm in a2 later section.

3.1 Extension of results with bress cliectrodes and single end conhectlons

The mean arec velocities, U, and minimum values of arc voltage, V, are
plotted against magnetic field, B, in Figs.5 and 6 respectively, for an arc
current, I, of 3650 £50 amp. They are secn to follow tho trend of the provious
results. Calculated values of the induced veoltage due to the arc motion in the
magnetic field are shown to be negligible, Fig.6. The earlier work has also
been extended by determining the variation of are velocity with current and

fi1¢ld for a larger arc gap, Fig.T7.
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3.2 Electrodes with double end connections

This configuration eliminated es far as possible the self-field due to
the arc current in the clcetrodes, and the results may be compared with those

of the earlier work2 where the self-field was calculated,

The meen arc velocities are plotted in Figs.8 to 12 against arc current
for each electrode meterial and a range of gop widths, d, and applied magnetic
fields, The variation of velocity with arc current and magnetic field is
different for cach material, and in particular the brass results differ from
those for the experiments corrected for single end connectionse, {see
section 4 and Table 1),

Minimum values of arc voltage, V, agoinst applied magnetic field and arc
current are given in Figs.13 to 15, It may be shown that, with the exception
of aluminium, a plot of V against the electrode spacing, d, gives curves with

. . N -
slopes similar to those obtained for experiments with single end connections .

3.3 Brass electrodes with single end connections and imposed air flows

The connections to those ¢lectrodes had to be made to the downstream ends
snd corrections for the self-field at the arc gap were made accordingly. With
the aiyr flow and arc motion opposed the ares were started at the downstream
ends of the eleetrodes and the self-field wes added to the applied field.
Alternotively, with the air flow and arc motion in the same direction the ares
were started at the upstream ends of the electrodes with reversed electrode
polarity and the self-field was subiracted from the applied field. The maximum
veloelty of the air flow was calculated from measurements made after the arce had
travelled along the electrodes with a 0.32 cm diameter Pitot tube held at a
point midway between the electrodes., No correction was made for the proximity
of the electrodes to the Pitot tube, Measuremwents made with the tube adjacent
to the elcctrode edges gave a value for the velocity about 5/4 of that at the

gap centre,

The results are shown in Figs.16 and 17 where the are velocity relative
to the electrodes, U, and the minimum arc voltage, V, are plotied against the
magnetic field for each air flow velocity, It can be scen from Fig.l6 that
with the air flow and src motion in the same direction the condition was
reached where there was no net magnetic ficld and the arc was draven by the

gas stream, The arc velocity was then about % the air flow velocity.



Some ottempts were also mnde to anpproach the condition of zero arc velocity
with the gas stream opposing the arc riotion by removing the externally opplied
field, so that the crec was driven only by the self-magnetic field, However,
becouse of the erratic behoviour of the ~rc ond possible damnge to the electrodes

no velocity measurerments were obtained.

High speed photographic cobservations of the arc showed that the shape of
the lumirous column when moving under the action either, of the irposed gas
streem in the same direction as the are motion ond no zpplied magnetic field
oryof the gos stream plus on externnlly applied field, differed from the
shape for arcs moving through still air in a transverse mognetic field., For
arcs movang through still air the luminous column was opproximotely stralghtz,
whereas for arcs subjected to an addational gos flow along the dircction of
motion the luminous column was cusp sheped with the apex of the cusp pointing
in the dircction of motion, os shown in Fig.18. The rclative positions of the

2

frames (epproximately 107 per second) in this photograph are due to the camers

design, described in Ref.4.
4 DISCUSSION

The results degcribed in scction 3 will now be considered in nore detail

end the discussion falls into four parts.

4.1 Effective drag rrea of nrc

Assuming that the arc causcs a displacement of the externcl gos which
doecs not close downstream {(i.c. 2 wnke 1s formed) it 1s possible to assign a
characteristic frontal areo to the arce. This is the effective drag area, A,
of the are, so that the drag or retording forez moy be eguated to the overell

Torentz forece:-

=pU A& = Bld ()

where p is the density of the surrounding gas. Using this eguction it is

possible to crleulnte values of A for the range of U B znd I used.

i,e.,

A = 2BIafp U° (2)



A more detailed analysis of A requires estimates of the effective are
width transverse to the direction of motion. High speed photographs taken
(i) along the arc axis, (ii) along the direction of motion and (1ii) transverse
to both the arc axis and direction of motion 1nd1cated2 that the luminous
cross-sectional shape of the arc was more elliptical than circular with the
major axis transverse to the direction of moticn. This suggestlon is in

accordance with spectroscopic and other recent work6’7’8

The present results
do not permit estimates of the arc width to be made, and it is only possible

to caleculate effective drag areas and extend the range zlready given in Ref.2.

The results for arcs moving in still air on brass electrodes, including
those for single end connectlons given in Ref.2, are shown in Fig.19, where A
1s plotted against U for different arc currents. It can be seen that the
electrodes with single end connections show practically no varistion with arc
current and there is a steady increase of A from 25 m/s to 5380 nfs. On the
other hand, the results for electrodes with double end connections show that A
increcses with are current, and for the highest current of 1000 amp A also
inereases with are velocity.

The only difference between the above two sets of results is thet those
with little or no veriation of A with I include caleulated corrsctions to
B for the self-magnetic field, while those displaying a variation of A with I
are for conditions where the self-field is eliminsted. It moy be that the
corrections for the self-field are insufficlently accurate, The calculation32
for the self-field are approximate because (1) it is assured that the current
is uniformly distributed in the electrodes, whereas in fzet the distribution
where the are joins the electrodes is probably asymmetric, and (ii) only the
self-field at the gap centre has been calculated and no acecount token of its
variatios ncross the gap and nlong the electrodes. Thesc variations are

indicated diograrmatically in Fig.20.

It should be noted, however, that the calculatcd sclf-field is in most
6 I Wb/m2 for @ = 1,27 em)
so that a small error in the value at the grp centre is negligible. Hence, 1t

cases small compared with the applied field {6 x 10

would seom that the variation zcross the arc gap and any significent change in
the field close to the electrodes duc to the asymmetric current distribution
mist account for the differchee in the results, A comparison of arc shapes
recorded photographically has shown that on the average they were similar, but
for clectrodes with single cnd connections (self-field present) a tendency to
produce curved arcs was noticed. This difference was small but could possibly
be accounted for by a variation of the magnetic ficld across the arc gep.
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4,2 Relations between U, B, I and 4

. . e .
For comparison with previcus results we now obtain relat:ons of tne form:i-

U = KT ' B (3)

and

o (1-2n1) (!—Eng)

A= —=1I B (4)

where K 15 an empirical constant and equation (4) is obtained by comparing
equations (1) and (3). The values of K, n, and n, have been obtained for a
fixed electrade =pzeing by pleotting log]O U against loglo B at constant wvalues
of I, and loglo U against loglo I at constant volues of B, and the results ore

shown in Table 1, together with those gaven in Ref.? for brass.

The variations of arc veloclty with electrode gpacing or rrc longhth hos
been discussed in the previous reports in this serics, and 1t is seen, (Fig.21)
that they are corporable for different electrode configurations and materials,
with the exception of alumirium, We may represent the varistion of arc vcloeaty
with electrode spzcing, d, by reletions of the form given by equation (3) and
Toble 1, where K is now not constant but depernds on é. Fig.22 shows the

variation of K with 4, and no simple relation between them could be determined.

The differences between results with single or double ead current
connections and the same electrode moterial {bross) could possibly be accounted

for by differences in the magnetic £i121d oz discusscd in the previcus section.

4.3  Anolysis using similarity reletions

It was shown in Ref.2 that on amalysis of results on wovaing arcs using
sirilarity perameters given by Lord9 for uniform arc colurns, and which involved
the arc column voltage gradient, depended markcedly on the values used for the
gradient. The estimated voltage grodients were affected by the part of the
curve, through z plot of are voltage egainst elactrode gop, used to estimate
the slope. In eaddition, it is possible to cstimate o voltage graodient by
subtracting assumed velues for the arc electrode fall voltages and dividing by
the ore length or electrode gep. This yields cuite different valucs for ths
grodient and = different reletion between the similarity porameters. Thus, in
view of the uncertainty involved and since for short ares it is doubtful whether
a uniform column theory is anplicable, the anclysis used in Ref.2 1s not dealt

with here.
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An effective method of collating ¢ wide renge of deta on the motion of

3

arcs (see later) is to use the parameters given by Dautov and Zhukov”, derived
by non-dimensional analysis. These parameters do not include the arc voltage,
but ineclude the electrode spacing so that it may be possible to use them for
arcs displaying a variation with electrode gep or with non-uniform columns,
The derivation used by Doutov and Zhukov mokes no suppositions about the form
and dimensions of the arc cross-section or of the current density distribution,
The conditions of similerity have been described5 for oarecs in the scme gases
and between the same electrodes, by the following non-dimensional parameters:-

1 1
U4 p2/ 12, K 1/4 B, Be/uo P and L/d

where Ho is the permeability of free space, P is the ambient pressure, L is the
electrode thickness and the other symbols hove meanings as already doefined. By
plotting experimental data from Zolesski cnd Kukekovjo for arcs moving along
stralght electrodes in the form of the dimensionless arc velocity,

Ud pg/p 1'Z ageinst b I/B 4, Doutov and Zhukov show’ that U d/I 1s a function
of I/B d ot constant arblent temperature and pressure., The collapse of data
nlso indiented that the variation of U d/I with Be/po P was smrll. The present
results for brass electrodes are plotted in the same form in Fig.23, together
with those from other published date (Refs.2 and 10 to 18), assuming a value for
p at 300°K. It is secn that results for straight or rail electrodes and for
arcs rotating in ennular gops using bross or copper electrodes at atmospherie
pressure are approxinately collated over a wide range of perameters., This
trend, although approximate, is remarkable when one considers the wide range of
conditions involved, i.e., 3 amp to 20 ¥ amp, 1.3 m/s to 900 m/s and arc gaps
from C.1 to 10 em, The plotted results may be opproximetely represented by:

-0.6

i
2

1
Ua pa/po 12 = 1.4(p0 /B 4) (5)

with a scatter about o menn line of approximotely #50%.

In order to obitain a more accurste equation for the dimensionless arc
velocity we must toke into account its variction with Bg/po P and L/d. Now,
since the experimental results are at stmospheric pressure, P is constont but
a change 1n B couses a chonge in B /p P. Also, sinecc the rosults are for
different electrode spacings a change in d causes a change in L/d4, and since
the results shown in Fig.23 are from different sources using clectrodes of

different dimensions a chenge in L also causes a change in L/d, From Table 1,
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we already know that U depends on a single Tunction of I end B feor epch electrode
epacing, ond that this function is different for each electrode configuration.
Hence, for each coufiguration we would expect that, at constant P, and L/d,the
dimensionless arc velocity depends only on I, B and d. In terms of the

dimensionless parameters we moy write:

=

va gzt = (%, B Gy /5 @) ()

for each electrode configuration rnd constant L/d, where ¢ is some continuous
function,

This is demonstrated in Figs.24(2) znd (b) where the dimensioniess arc
velocity is plotted agoinst B I/B d for different values of B using the results
in the present series of roports for strright bross electrodes. t should be
noticed that the results in Fig.2i(b), for double cnd connections, nre for
clectrode spacings from 1.27 cm to 3.8 ¢, Thus, the dependence of U d/I on
L/d when d is changed, is snmall for the renge of gops considered, and now, by
plotting the velocity parameter against B2 at fixed veolues of po 1/8 4,
(Figs.25(a) and (b)), the form of equation (£) msy be determined. By meosuring
the slopes ond cextrapolating the lines in Figs.24 and 25 ths function ¢ is

detcrmined for each set of results ot atmospheric pressure, i.e.,

1.1 ~1,.4~0.2 -G.6
Uapthi T &« 1 (e 0P @ 1/B )0 (7)
for the brass electrodes with single end connections =nd,

-5.68 10.02 (3)

1 -1, ,=0.18 .
Udpih I = p (B) (u, I/Bd)

forthe brass electrodes with double end connections. The dafference between
the two sets of results can only be cceounted for by differences in the magnetic
fields resulting from varistions in the self-field for the conse with single end

connections, as discussed an section 4.t.

L. 4 Effects of imposed air flows

The effects of an irposed air flow zlong the electrodes are different
depending on the direction of the flow relotive to the direction of the Lorentz

force,
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When the flow acts agalnst the Lorentz force the cobserved arc velocity
relative to the electrodes for constant current and magnetic field is reduced
by approximagely the same amount ns the rmeasurcd flow velocity at the gap
centre (Fig.16(a)) for -24 m/s and -43 m/s. Thus, for the Lorentz force and
alr flow in opposition the arc velocity relative to the air is ospproximately
equal to the veloeity in still air, This is confirmed by the fact that the
total are voltage, and hence input power at constent current, is unaffected by
opposing air flows for constant magnetic field or velocity relative to the rar,

Fig.17(n), indicat ng no change in the convection loss.

On the other hand, the sdditional effect of a flow aiding the Lorentz
force varies both with the applied mngnetic field and the imposed zir wvelocity,
Figs.16(z) and (b) for +46 m/s and +96 nfs. e.g.

2 2 .
(1) ot fields between 0.06 Wb/m and 0.09 Wo/m~ and en irposed air
flow of +46 m/s the erc velocity is incressed by approximately the same amount
as the air flow, but at 0.0l Wb/m2 the inerense 1s only 28 m/s

(1i) at fields between 0.01 Wb/ne and O.) Wb/m2 and an irposed flow of
+96 wm/s the arce valoeity 1s increascd by only about 60 m/s, whereas at 1.0 Wb/hz

the increase is 80 m/s.

Thus, for the [orentz foree and air flow in the scme direction, the arc velocity
relative to the cir 1s appruximntely equal to the veloeity in still cir only for
the low air velocity of 46 m/s =nd comparatively high arc velocities of 110 n/s

to 120 m/s. This is confirmed by the fact that the rre voltages, ond hence

input power ot constant current, are the some for an air flow of +4€ m/s end
magnetic fields 0.06 Wb/m2 to 0.09 m:;/m2 as in still air, Fig.17(a). This
indicates no change in the convection loss. However, for the range of field up

to (i) about 0.06 Wb/m2 with +46 m/s flow, Fig.16(a}, and (ii)1.0 Wb/m2 with +96 n/s
flow, Fig.16(b), the arc velocity relative to the air 1s olways less than the
velocity in still zar for the smme ronge of fields. The arc voltages at constant
current over thesc ranges nre greater than for 2n are in still air, Fig.17%a) and (bv°
indicating an increase in the power losses or a chenge in the arc properties, by

the action of the air flow against the arc woke,
5 CONCTUSLONS

This report has shown thot there is a difference between results obtained
for srcs moving along straight, parallel electrodes in a tronsverse megnetic

ficld when either,

(1)} the self-field due to the are curront in the electrodes is

elininated or,



(ii) on estimate of this self-field is added to the externally appliced
field.

However, this difference is probobly due to the approxirmate celeulation of the
self-field; in the absehce of time-resolved magnetic field measurements cons

currenit with the arce motion it hes not been possible to resolve the difference.

The effective dyrg nrea for ths arc has been calculated and it has been

shown that this acrec inercases with sre wvelocity.

Using the results from (i) the present scries of reports for brass
electrodes ond (ii) nine other papers published by dafferent cuthors for
brass or copper electrodes, it has been shown thet o method, erploying
similarity parareters given by Doutov ond Zhukov, for colleting data on sres
moving in transverse magnetic fields is effective for a wide ronge of arc
velocity, current, field and elecctrode spacing. In addition, the results for
straight brass clectrodes in the present series of papers hrve been analysed in

more detail,

The effects of low velocity imposed air flows relative to the electrodes
hove been described but only iimited inferences con be mode from this mspect of
the work. The simple notion that the increasc or decrecse in ore velocelty,
depending on the flow direction, 1z equnl to the flow velocity is only
approximately true when the air stream acts cgainst the Lorentz force. The
additionel effect of a grs strenm aiding the Lorentz force veries with the
magnetic field or arc velocity in sti1ll aly, and this varaotion also depends on
the imposed nir velocity.

P

High spced photographic cbservations at 10° frames per sccond hove verified
. 2
that most of the sudden chonges in the arc shape recorded previously were due to

insufficicnt froming specd of the comera.
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Values of K, n,, 1 2/p , (1-2n,) ond (1-2n,) in equations (3) and (4), (M.K.S. uaits)

Table |

n n
U« KI'BZ (3)
A = I B A#v
ol mm
Electrodes o
X n, n, 2/p ¥ (1-2n,) | (1-2n,) Um/s) B(Wo/n%) | I(erp)
Connections Moterial | d(cm)
0.0032 to 30-275 | 0.04 -0.49 100-1250
Single-ended (self-field 22 # 0.40 #0.01 | 0.40 +0.01 0.0038 0.20 0.02 | 0.20 #0,02 70-580 | ©.12 -1.0 200-3700
calculated) Brass 1.27
(present results and Ref.2) - 0.50 %0.0l - - 0 +0.02 - 30-100 | 0.026-0.037 100- 1200
- - 0.20 #0.0i - - 0.60 30.02 | 210-270 | 0.05 -0.19 3700
36.5 +1.5 | 0.34 0.0l | 0.45 0.0l w.wm“wWﬁo 0.32 +0.02 | 0.1 20.02 | 30-124 | 0.031-0.1075 | 100-1000
Brass 1.27
- 0.43 +0.01 - - 0.14 0,02 - 20-46 0.0155 100~1000
32,2 42 0.40 #0.01 | 0.40 40.01 w.mm“w to 1 45.20 +0.02 | 0.20 #0.02 | 27-125 | 0.012-0.108 | 400-1000
Double-ended Copper 1.27
(no self-field) . - - 0.50 #0.01 - - 0 0,02 § 27-80 0.012-0.108 200
0.00055 to 24.88 0.025-0.109 200=-900
55 43 0.26 30.01 1 0.54 20.01 | " oooe 0.48 £0.02 | -0.08 $0.02 | g8 | 0.014-0.109 | 400-500
Aluminium | 2.54
- 0.33 0,01 - - 0.34 30,02 - 18-30 0.014 200-900
- - 061t #0.01 - - -0.22 40,02 18-64 0.0l4 -0.109 200
Note: The variation of K with 4 is shown in Pig.22
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effective drag sren

magnetic field

drag coefficient

electrode gop width

mean are current

constant of proportionality
electrode thickness

indicies in simple power relations
pressure

mean ore velocity relative to electrodes
minimum arc volteoge

density of rir

. cn ~7
mognetic permesbility of free space (= 4x X 10 )

Estimated oxperimental errors

o oo H 2wl

<

ud/1
I/Bd
B~/P

i35%

5%

(.05 o

+10%

*5%

*59

£10%

+12%

*12%

7% (const. P)
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(m)

(8t /n?)
(n/s)
(volt)
(Ke/n’)
(Henry /m)
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with and without use of low-pass filter



(W2 LEZ-1=P) SNOILDINNOD AN3 3TONIS HiUM
S3A0YLO3II SSvHE HO4 Ad131d DILINOVIN LSNIVOV ALIDOT3A D4V 'S Ol4

ANE\Q;V e
ol &0 8O Lo 20 SO o €0 290 1o

oo

oo

~ — ov

[+]

F
-
\l\ -
= —00%
dwo 05 §F 0S9€ = I I

.W L 009




300

symaoL| d (cm)

‘3- - x - 54
S ° - 27

200 =

- ——

v (voLTs)

\

\

\
\

T

i

|

1

oviab

100

INDUCED VOLTAGE
(oPPoses ARC
VOLTAGE )

1 — —-—1— dz 2-54Cm
~——-Td=z 1-27¢em

9 1O

FIG. 6 MINIMUM ARC VOLTAGE AGAINST MAGNETIC FIELD
FOR BRASS ELECTRODES WITH SINGLE END CONNECTIONS



B 0118 - O 127 Wi /m?

140 ]
1*J
] =
- 0’4/8
120 F -
[+]
-9 1P
- °s
too .\/4% -
/ g - =
-~ ? U %
8-’ — - % 1S /
a—"
80 %O A—x x
“r xt ]
/O
o 8: 0 C66 - Q07 wb/m?
60 o °
40
20
o]
200 400 &00 800 1000 1200 1400 1600 1800 2000 2200
I(amp)
160
% ;;f"‘ I = 1700 -1900 amp
120 22
| @ —87——t—1 = 1260-1350 amp
0 S
"-E’ 80 -
2 l/
40
o

002 004 O06 o08 o100 o2 014
B (Wu/m2)

FIG. 7 ARC VELOCITY AGAINST ARC CURRENT
AND MAGNETIC FIELD FOR BRASS ELECTRODES
WITH SINGLE END CONNECTIONS (d=35cm)



—_—
120 r ’:_____ -t
-
- Y
f." +
—
100 =% T =1
-~ & -
- y M
"1 "4 x
- - x_ et
80 R VI D
// ;/’ .-i-"x_'-_-
— —_— X
i 7 + +/ -—'X"x x
E / x/"”r d ....—om.---o-""'"__—
<= 60 A - 00 0 BOS5
> s pr —Fe—to
> Xo—95
// o 1 - [+] _-—-‘O""n e i —
x < o~ Y o— 1+ 2" -
0o — 4 -0
40 == ———
Q- -
// ——
o e___,-o
} e
20 o=
@]
oo 200 300 400 S00 600 700 800 900 1000
I{amp)
sSYMBOL © o b 4 + .
d= 127cm
8 {wWbjm2 }|0o0I58 [0 031 [0-06 [00706[0-1078
120
'
[ ] __.-—"'_-
L |00 _-,_.— =
~=Te -
- T ’______—
. /’. __—-”—
_ = /+-- - b3 x
- /.r’ ____,_—--"_'
-~ - T e -
R A =T
60 L 4 = "'
— T —
0 x=""
— -
\.E/ K’/ I
o . P —""'""(}-
40 o ——
O-—-'- ——
s l"-"__-—o
——04—— T
— 0—"""'
20 PR et
O
100 200 300 400 500 600 700 800 900 1000
I (amp)
SYMBOL >} ° X + .

d=z 2-%4cm

8 (wb/m2)|0-015 |0.02%5 |0-0435|/0c 081 |o-109

FIG.B.ARC VELOCITY AGAINST ARC CURRENT FOR
DOUBLE END CONNECTIONS TO BRASS ELECTRODES




U(m/s)

100

Y
l _.o-""*-
R bt
.,,,o--—'"’ I ..l.-+
80 o, o S
[ P . - -
] - *
+ ‘L+’ ’—- +-—“.‘ x
- I
A4 —
~ 60 + =
wn
T
E
4
D
40 = Oz = O
Qo = — i —
6. —5T e fm————
° __-_—-—'0_-_—
— —
20 -'ﬂ#
o J
\00 200 300 400 500 €00 TJ00 800 300
1 (amp)
SYMBOL ® o X + L
ds 3-2cm
B8(wb/m2)lo 015 |0.026 [0 os0s|o 0805 [0-1075

Ico e
]
—-r"".—_
00"” ¢
-_— e
80 =] +
,/' ___,.-—‘-- +
® - g P
/-/ b ’—l'—-‘ +
o /,"'+ s
-+ - ____,_-—-'-"-!!
’x’._--"ll d —_‘____O-—--_-._-..—T
- 0=
40 ”’ p———— =
P I |
f/ e'—"—_
X1 e —— - ——
20 —F—j—'—-—
O
100 200 300 400 800 600 700 800 900
1(amp)
SYMBOL © o x + .
d=3.8¢cm
8 (wo/m?)lo.oiss [co3 [oosc [0 omi [0 109

FIG.9. ARC VELOCITY AGAINST ARC CURRENT FOR
DOUBLE END CONNECTIONS TO BRASS ELECTRODES



120

00

80

u (m/s)

40

20

300

400

I (amp)

500 &00 700

800

00

1000

00

200

] d=

sSyYmBoL

c-oc8; |0-108

0-053%5

B {wb/m? )

ooz

o-025

m—

1-27cm

——
-

120

D =

o ——

100

g X -

80

u (mis)

40

O - — A

20

600

100

800

900

{000

100

200

300

o

400 5Q0
I (amp?

+ ®

X
o io8

)

O-08%2

SrYymaci

Q-0125

0-026

00535

# (Wo/m? )

FIGIO ARC VELOCITY AGAINST ARC CURRENT FOR
DOUBLE END CONNECTIONS TO COPPER ELECTRODES

d=

191 om



20
o
00 —— =
/’/ -
o1 ° =TT
+ + -
o ’/ p—
8 P + — 7
~T — T >
P P ' =% T
/// /+ | - --x'-_
60 Ly - X
0 7 ==
? [ ] x/ /
=, - - d -0
-~ _ L~ - ] e = T
40 N - 7%
o] — — ) ——F ———
- _ - = — - —|07
O~ L. — — -
—‘—p -
]
20 =g
O
Q0 200 300 400 500 600 700 800 Q00 [Lelele]
I(amp)
SYMBOL (o] o) X + [ ] d
8 (Wb/m?2) |0-012% {0-027 |0 054 |0 051 [0-108 * & S4cem
100 J - e —F ———¢
/.—-_—- B —— MJ-‘\
-~ i IR
'Y - +—— "7
80 - !, - - -
// f'___,+-'___":"'"_ﬂ—._“——1
// "__-::'_: v 4—:‘_ A
-~ e = b Sl
- o " - o
e’ ~~ -
60 4", X X= == == — =
—~ v - I P - Ty ~ivale e
W - —
__é_ // ‘-‘__D_--
Nl x a-
2 a0 Ve ¥ >
—_ - ——r— —
| — — P
o v A —_—— T~ o)
20 A== — A0 — - T
7. 7.3
o
00O 200 300 400 500 600 giele 800 200 1000
I(amp)
SYMBOL © ° X + * la-. z.2em
8 (Wb/m?)[o-o125 |0 024 [0.052 [0-0ai [o-108
SYMBOL A v (= A v 4 3.8
= - cm
8 (Wo/m?) [0-012 |0-0245 |0 0525|0-0805 |0 los

FIG.I. ARC VELOCITY AGAINST ARC CURRENT FOR
DOUBLE END CONNECTIONS TO COPPER ELECTRODES



100
[ ]
=1 +
.-—"'"-_--_ v - +
80 — =
- Jy Qe } S I
v _,.——/ " ¥
- "'r—- y
— __gux—- "'“"_—‘D——_-D_
E — ot —-o— - .
o=
-~ X
2 40 :l/ o ° 7
o 1o —<y
—_— - v
0| g-0— -————T--—— } 1 .
v .-
° N I P o ol ﬁ
20 A= T
o
100 200 300 400 500 600 TJO0O 800 900 1000
I(ornp)
sSYMBOL ] + > )
dz («27cm
8(wb/m?)|o.ioss5 [0 081 |0 053 |oo2ss
SYMBOL v FS D v r.%
dz 254 em
8 (Wb /m?)|0-109 {o o82|0 0525{ © 025 0-0\4
100
L ] —____* .
80 —— =
v ‘-_“'_.—-.——:.—--—._——‘_——‘
..--""‘--. - //'/ + +
&0 ‘,/
0 -
_,/ — X o | e —— —
“‘E“ + A S x-'._--:..-—a‘_'-____'i
~ x-""'——-u ——
D4()
'___,__.0-—___ = —
o _ _ ¢ -
°-—-——-:::—-— —_———— — =~ - ¥
v -t T _e
20 e O = °
o — =
)
100 200 400 400 5Q0 600 T00 800 900
1 {(amp)
SYMBOL -] ) x + ®
= d=z 32 em
8 (wb/m? }{0-014 |0-026|0 053]0 080 |0 108
SYMBOIL < o F Y v
2 d =3 7em
8{wb/m?)|o.0238 Jooss [oosis o j07S

FIG.12 ARC VELOCITY AGAINST ARC CURRENT FOR
DOUBLE END CONNECTIONS TO ALUMINIUM ELECTRODES



90

® L] [ 1) [ ] [ J + ]
. oe T ®
—~ %0 +—+ . + + x +
h |
g x |+ X x X[p—r——a  x F 4
» 70 J o _
I o
©
© (o] [o ] Q0 0 o0 e o
© To ? o) °0 ®
60 — i~
o 100 20 300 400 500 600 700 800 900 1000
1 (amp)
SYMBOL e o x + °
d=1.27cm
B (Wb/m'Z ) ©0.0I55 |[ooc3) |[0-05 [|0C-0T05 {01075
140 .
e
':I‘ZO 2
] +
g +
Z + + + +
> x X >4 L] X x
100 : L :
=]
0o 8 Qo
® o
8o O — OO o
o 100 200 300 400 500 600 200 800 900 1000
1 (amp)
SYMBOL @ o » + .
2 d= 234 cm
B (Wb/m?)|o-015 [0-025 [0.0435|0-081 [O-109
6O
v
v
A v
140 ‘ v
] A Y A
v L ] [ ] ®
v [ ] | ] + @ L J ‘
+ 120 Yol s + gt =
- — + y
5' A v A 1] oxx
R a x ¥
> a I oA o
100 O———0 o—— O )
© o}
© o @)
o
80
o 100 200 300 400 200 600 100 800 900 4000
I (amp)
SYMBaoL c] o = + L]
5 dz 3 2cm
B (wb/m?)lo.ois lo-026 [0 05050 0808 01075
SYMBOL A v o A v
d= 3-8cm
8(wb/m? ) o 0155 |0 031 [0 0s0 [0.-081 [0-109

FIG.13 MINIMUM ARC VOLTAGES FOR DOUBLE END
CONNECTIONS TO BRASS ELECTRODES



80

+ .
+ . —
70 ¥ T - - - t. - - -
* X + + +
3 x x [ +
\; | © —
o)
o b
40
[»] 100 200 400 400 200 600 700 800 900 1000
T (omp)
SYMAaOoL, (o] e 4 -+ L] ds 1.27em
8(wn/mZ)lo-012 |0-025 |0-0535/0-081 [O-108
140 ———
120
LT v an
7Y
<~ 100 . ]
=10 OO0 [ v T X
2 ’ a 8 .
[ ® Q
Z It ol . . «
> 8O ot oy 2 —
ax T x e 4
® ©
0° ©o o oa
60 2
0] o]
40
o 100 200 300 400 500 600 T00 800 900 10Q0
1(omp)
SYmBoL <] ° x + L] d=1 91 cm
B{we/m?) o 0128 o 026 |0 0s3s|c-omz o 108
SYMBOL a v a r'y v d: 2 54 cm
8(wb/m?)j0-0125 |0-027 [0 084 |0-O8) |0 108
14 - b
° M ; jsmsoL o{Wojm® )
o - A J Y v v v glo o o128
- “T'o [0 oze
,;. 120 o - - e A 8rxTo os2
3 “ b a "= o oss
$ . ¢ e e Bt 4 e
7 toe 8 a " X » SoTesees
® 2 a & & v [T jo os?s
® o o ° % ‘: a 0. osos
so s g v| v |o o8
o] 100 200 906 400 %00 &00 700 800 900
I (omp)

FIG. 14 MIMIMUM ARC VOLTAGES FOR DOUBLE

END CONNECTIONS TO COPPER ELECTRODES




{1}~
v
120 O »
A v v v
L fl A b &
— o a o
‘ul 100 ﬁ TR0 v vl:l = ful aéi D ay
2 vy —_———t Y v
S o o v 0
~ o of 4 o 4 + +
> 8o " # — . b
° -] o ° o ° ﬁ
60
0 100 200 300 400 500 600 700 800 900 1000
I(amp)
SYMBOL ) x + . d =127 cm
8 (Wb/m?2)|o-0ess |o 053 |o-081 |o-1058%
SYMBOL o} v o A ¥ |42 2.584cm
8 (wb /m2)[0.014 [0-02s]0-0525]0-082[0-109
18O -
v
160 *
M e A v v & A
— Ya
W (40}~ + 4 —d i
5 A ] o4 L] L)
° d (n) +
> 1 ! o
S x
» 120 - x F
v 4
-] o w
Q [+
100 -
o) o o) q
80
o 160 z200 300 400 500 600 700 800 900G
I(amp)
SYMBOL. © © x -+ .
5 dz 32 cm
8 {we/m?)jo-014 |0 02efo0-083|0.080j0 108
SYMBOL v o A v
= dz 3-7em
8 (wb/m<)|o 0235 |0.053 |0 8i5 |o-107S

FIG.15 MINIMUM ARC VOLTAGES FOR DOUBLE END
CONNECTIONS TO ALUMINIUM ELECTRODES



i20 —
e -
R I
-
+ -
{00 1 h
—
+
-
e
80 > [— __.—-O_g
s | %0
' a).oo”
o
E'- / /§ o
E /] ,o%i’b
-~ + — o [
2 + - !
sob—r Lo -
/ P . —"
/ - —
"t;. A - 0 e -t
20 o —a e
L -
P ] ‘/0 X X~
// = P
o L
[eN'e]] Qo2 0035 o004 QOS5 o 06 QO O oa [a s o ] L]
B ( Wb/m2)
a I = 290 1 30 amp
d =z i"59 cm
sSYMBOL o) L4 X +

AlR FLOW REL TO
DIRECTION OF ARC MOTION (w/s)| 5 |.24}-43 +46
(ATGAP CENTRE)

500
_ J-———-—-FLOW VELOCITY + 96 m/s
- AT GAP CENTRE
400 -
/ -
A —~7° \NO AIR FLOW
e ~
300 P/ et
/V
" e
£ // //
~ 200 1
=] /S 7
¥
o0 / d?/
( /
[
c2 o4& (=N -} o8 [ »)
8 (Wb/m2)
b I = 600 * 100 amp

d= 5% cm

FIG.16aab ARC VELOCITY AGAINST MAGNETIC FIELD
FOR ARCS WITH IMPOSED AIR FLOW



100

]
cq_ﬂ
+ (8] o
+ + O %
80 Ob— o X FLOW VELOCITY
{pcm x b symBoL | AT AP cenTRE
» 00 &R [xx (mis)
QO4fTme
T 60 [—ogm® ° o
c.l} 00
> L -24
S
> a0 X -43
+ +46
20
(o}
©-02 0-04 ©.-06 (o} o)) -}
B(Wb/m?)
a I = 290 ¥ 30 amp
d = 1S9 cm
_—— FLOW VELOCITY +9émfs
AT GAP T
200 . CENTRE
4
/
—
-1 57— NO AIR FLOW
160 - - -
1/ /’
e A
~— / -~
+ - i
| 120 > -
g v -~
< A ¥
> */ &/
80 T
40
o
0-2 o4 06 o8 1o
B (Wb/rnz)
b I = 600 1 |00 amp
dz 1*'59 cm

FIG. [7aeb MINIMUM ARC VOLTAGES FOR
ARCS WITH IMPOSED AIR FLOW



= ¢

= B85 E8P  Fes. indicate sequende of 'im'agég.-

B
I
U, = 88 m/s
U = BOm/s

Fig.18. High speed photographs of are moving with air stream

{arc motion left to right]



A (cma)

2-8

2.4

20

I &

PLo
&
A
Fey
Fal a AV
v]a

" SINGLE BND CONNECTIONS
o ; B0L [ARC T {amp)

o9 00 0 200

ol @ @o op o ) 500

—© a° — o 1250 FROM
o A Y 200 -2400 REF 2
o ® v 3000-3100
] A 3600 -3700
g o .i' DOUBLE END CONNECTIONS
x .° ",:. sYymaoL |ARC T (emp)
»* x 100
© 1000
50 100 I50 200 250 2400 -850 400 as0 S00 550 &00
u(mis) |
0‘5 I o |¢5
MACH No

FIG. 19 A AGAINST ARC VELOCITY FOR BRASS ELECTRODES (d=[27cm)
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Adams, V.W,

THE INFLUENCE OF GAS STREAMS AND MAGNETIC FIELDS ON ELECTRIC DISCHARGES.
PART 4, ARCS MOYING ALONG STRAIGHT PARALIEI. ELECTRODES

This report 15 a continuation of the experimental work in air at one
atmosphere ofy the motion of d.c. arcs along straight open-ended
electrodes already reported In Part 3 of this serles, The earller work
with the slef-field due to the arc current in the electrodes In the same
directlon as the applied magnetlc field has been extended to include
rosults with fields up to 1.0 Wb/m2Z. Results are also given for three
electrode materlals with electrical connections arranged so that the
self=fleld 1s eliminated, and are shown to differ frof thoge where the
self-field is pregent and approxlmately calculated.
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THE INFLUENCE OF GAS STREAMY AND MAGNETIC FIELDS ON ELECTRIC DISCHARGES,
PART L, ARCS MOVING ALONG STRAIGHT PARALLAL ELECTRODE3

This report 1s & contimuation of the eXperimental work In air at cne
atmosphere on the motion of d.c,. arcs along stralght open-ended
electrodes already reported in Part 3 of thls serles, The earller work
with the self=rield due to the arc current in the electrodes in the same
direction as the applled magnetic field has been extended to include
results with fields up to 1.0 Wb/mS., Results are also given for three
glectrode materials vith electrical connectlons arranged so that the
gelf=field is eliminated, and are shown to differ from those vhere the
self-rield 1s present and approximately celculated,
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with the self=field due to the arc current in the electrodes in the same
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resulits with tlelds up to 1,0 Wb/m’, Results are also given for three
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self-field 1s eliminated, and are shown to differ from those vihere the
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4 method, employing similarity parsmeters glven by Dautov and Zhulkov of
collating data on arc motion in trangverse magnetic fields 1s used to
compare results for the present series of reports with other published
data, and 1s shown to be effective for a wide range of parameters from
eleven different papers, lncluding the present results,

Arc motlon with a loweyelocity lmposed alr flow along and relastive to
the electrodes has been studied, and the simple notion that the
algebrale difference between the are veloclities relative to the
electrodes In still and moving air is equal to the Imposed air veloclity
15 found to be only approximately true when the air stream &acts agalinst
the arc motlong

A method, employlng similarity parameters glven by Dautovy and Zhmkov of
¢0llating data on arc motion In transverse magnetic fields 1s usaed to
compare results for the present series of reports with other published
data, and is show Lo be effective for a wide range of perameters from
eleven different papers, Including the present reasilts,

Are motion with a lowevelocity lmposed alr flow along and relative to
the electrodes has been studied, and the simple notlon that the
algebralc difference between the arc velocities relative to the
electrodes in still and moving alr {s equal to the Imposed air velocity
Is found to be only approximeately true vhen the alr stream acts against
the arc motlion.

A method, employing similarity parameters given by Dautov and Zhukov of
collating data on are¢ motlon ih transverse magnetic fields 1s used to
compare results for the pregent geries of reports with cther published
data, and is shown to be effectlve for & wide range of parameters from
eleven different papers, Ineluding the present resuitg,

Arc motion with a low-velocity imposed air flow mlong and relative to
the electrodes has been studled, and the simple noticn that the
algevralc difference between the arc velocities relative to the
electrodes in still and moving air {s equal to the imposed air veleocity
1s found to be only approximately true when the alr stream acts zgalnst
the arc motlion.
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