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Convective Electric Arcs at Mach Numbers up to 6.5
CHARLES E. BOND* AND DWIGHT N.

University of Illinois, Urbana, III.

Experimental observations are presented of supersonic convective electric arcs magnetically
stabilized in sulfur hexafluoride. It is found that the arc column, moving at Mach numbers
from 1.3 to 6.5, slants across the electric field lines at angles such that the crossflow Mach
number ranges from 0.8 to 3.8. The experimental apparatus was a rail accelerator with one
rail, usually the cathode rail, preheated to enhance arc stability. Observed values for the
angle of slant are presented for three different preheat temperatures. The direction of slant
was always such that the arc root at the heated rail led the remainder of the arc. At Mach
numbers above 2.0 and preheat temperatures TR of 1700 °C and 2200 °C, the magnitude of the
slant angle was given very nearly by cos^Ti/Tfi;)172, where TI is the temperature of the gas
ahead of the arc. For the preheat temperature of 1100 °C, the slant angle has a maximum
which is also given by COS~I(TI/TR)IIZ. Observations of the effective drag coefficient for the arc
column are presented and discussed.

Introduction

RR the convective electric arc in air, there exists a stable
&jometric configuration in which the plasma column

slants across the electric field lines.1"5 The connection be-
tween column slanting and arc stability was first discovered
for the stationary blown arc in a supersonic wind tunnel/'2
and later confirmed for the moving arc in a thermionic rail ac-
celerator.5 It has been shown that the stable supersonic arc
in air slants very nearly along a Mach line—i.e., the compo-
nent of velocity normal to the arc column is approximately
equal to the speed of sound in the undisturbed gas.

Experiments are discussed herein in which electric arcs mov-
ing through sulfur hexafluoride were observed. These arcs
also slanted across the electric field lines, but at angles such
that the normal component of velocity ranged from about 0.8
to 3.8 times the speed of sound in the undisturbed gas. J
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t A further paper6 is now in publication which reports a fine
sawtooth structure for the arc column in SF6, and indicates that
the column mechanism tending to produce a crossflow Mach
number of unity is locally effective in SFe.

The experiments were conducted in a thermionic rail ac-
celerator, in which the electric arc is established between
parallel rail electrodes in a stationa^ gas and accelerated to
equilibrium speed by a uniform impressed magnetic field nor-
mal to the electrode plane. The cathode rail was preheated to
enhance thermionic emission and minimize the destabilizing
influence of arc root phenomena.1 Sulfur hexafluoride was
used for the present experiments primarily because its low
speed of sound permits observation of arcs at high Mach num-
bers by means of conventional high-speed photographic pro-
cedures.

Side-view photographic observations showed that the mag-
nitude of the angle of slant increased with cathode rail tem-
perature. For the highest rail temperature employed
(2200°C), the arc column approached the Mach slant and was
most stable and straight. Stable convective columns of con-
siderable length were observed, the length-to-width ratio
ranging up to about 50.

Head-on observations showed 1) that in the stable mode, the
convective arc column in SF6 remains remarkably straight and
in the plane of the electrodes, 2) that the luminosity width of
the stable arc column (measured normal to the electrode
plane) is greater than the arc thickness,§ 3) that the column
width does not vary appreciably along the length of the stable
supersonic column as it does for the low-subsonic column in
nitrogen4 and 4) that in, the unstable mode, the arc column
fluctuates out of the electrode plane.

Highly unstable arcs were obtained when both electrodes
were unheated. Column stability was greatest with a heated

§ Reference 7 reported a similar cross-sectional shape for arcs
in air at crossflow Mach numbers around 0.05, as did Ref. 3 for
crossflow Mach numbers around 1.0. See also Ref. 8.
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cathode rail. A relatively stable, slanted arc column was also
observed with a heated anode rail and cold cathode rail. The
direction of slant was always such that the arc root at the
heated rail led the other root, indicating that the direction of
column slanting in the thermionic rail accelerator is related to
the effects of the higher temperature and lower density of the
gas near the heated rail. The arc Mach number ranged from
1.3 to 6.5, the ambient pressure from 4 to 140 torr, and the
magnetic induction from 900 to 4900 gauss.

Experimental Setup

The thermionic rail accelerator is described in Ref. 3. It
consists of a rail accelerator with one rail preheated to preclude
the destabilizing influence of arc root phenomena. An elec-
tric arc between parallel rail electrodes is moved down the rails
by the Lorentz force associated with a uniform impressed mag-
netic field.

The electrodes are mounted in a vertical plane, with the
heated rail above the unheated rail. The impressed magnetic
field is essentially normal to the electrode plane. Each rail
electrode is a solid cylinder about 85 cm in length and about
1.3 cm in diameter. The heated rail is made of carbon, the
unheated rail of oxygen-free, high-conductivity (OFHC) cop-
per. For some (unstable) arcs, OFHC copper was used for
both electrodes.

Arc behavior was observed by means of a high-speed cam-
era, a recording oscillograph, and an oscilloscope. Rail tem-
peratures were measured with a radiation pyrometer.

The estimated experimental errors are as follows: ambient
pressure p, ± 5%; heated-rail temperature TR, ± 60°C;
magnetic induction B, ± 5%; arc current 7, ± 5%; arc
Mach number M, ± 6%; arc slant angle 9, ± 2°, apparent
arc luminosity thickness t, ± 20%; arc drag coefficient (cal-
culated) CD, ± 50%.

Arc Behavior

Using a heated rail, arcs of varying degrees of stability were
produced. The stable arc column (Fig. 1) maintained a con-
stant geometric shape during its travel down the rails. The
voltage fluctuated around ±8% as the arc traversed the
accelerator.

The stable column invariably slanted across the electric field
lines. In those cases where the slant angle was such that the
crossflow Mach number was significantly greater than unity,
the over-all column geometry was stable, but small fluctuating
kinks in the column were observed.6 Arc velocity increased
when the magnetic field was increased or the ambient pressure
decreased.

The arc column was generally straight, with some curvature
near the heated rail. The curved portion of the column did
not extend as far from the heated rail as was the case in air.5
The photographs usually showed an enlarged luminous region
near the heated rail, evidently a region for the establishment
of multiple arc roots. The arc column near the unheated rail
sometimes stretched along the rail (Fig. 1), or around to the
side of the rail.

Stable arcs were established for three different rail tempera-
tures, 1100°, 1700°, and 2200°C. Increasing the temperature
of the heated cathode rail increased the ,arc Mach number M
and the column slant-angle 6 (measured between the arc axis
and the impressed electric field). Comparisons between ob-
servations made with interelectrode spacings of 3 cm and 7 cm
indicated no differences between arcs of different lengths es-
tablished under the same conditions of cathode temperature,
magnetic field, and gas pressure.

For some runs the polarity of the electrodes was reversed, so
that the heated carbon rail became the anode, and the cold
copper rail the cathode. A relatively stable, slanted arc con-
figuration was observed, with the arc root at the heated anode

Fig. 1 A slanted supersonic arc in^ SF6."i-The electric
field is vertical. The direction of arc motion is from left
to right. In the photograph, the incandescent carbon
cathode rail is visible, the cold copper anode rail is not.
The dark vertical lines are window-markings, 5 cm apart.
The experimental conditions are: Mach number, 3.2;
slant angle, 67°; crossflow Mach number, 1.2; ambient
pressure, 40 torr; arc current, 180 amp; magnetic induc-
tion, 4.6 kgauss; interelectrode spacing, 7 cm; cathode

preheat temperature, 1700°C.

rail leading the cathode root. The heated-anode arcs were
similar in behavior to the heated cathode arcs, except that the
arc column had less curvature near the heated anode and
fluctuated more near the cold cathode.

For a nominal arc current of 200 amps, the apparent arc lu-
minosity thickness t (measured in the electrode plane, normal to
the column), was constant at about 0.4 cm for pressures from
40 to 140 torr. Below 40 torr, t increased with decreasing
pressure. At pressures around 4 torr, the arc column was
very diffuse, and seemed to slant partially in the cathode-root-
trailing direction, even when a heated cathode was used—in-
dicating some influence of the Hall effect. Additional ob-
servations of arc behavior are given in the Introduction.

Aerodynamic Drag

An effective drag coefficient for the arc column is given by
the Lorentz force divided by the product of the crossflow dy-
namic pressure and the arc frontal area. This can be written

CD = IB/(pVc*d/2) = 2IB/ypMc*d
where I is the arc current, B the impressed magnetic induction,
p the freestream density, p the pressure, Vc the crossflow ve-
locity, Mc the crossflow Mach number, d the arc diameter, and
7 the ratio of specific heats.

For an arc of noncircular cross section, the significant di-
mension to be used in place of d in the preceding equation is
the effective arc width. Unfortunately, the arc width was not
observed for most of the arcs reported herein. On the basis
of the few observations available, it can only be assumed that
arc luminosity width for the low Mach number arcs is probably
around 1.5 to 2.0 times the measured luminosity thickness t.
At the higher Mach numbers, the measurements of t itself are
in some doubt. ̂  Figure 2 presents values of CD based on the
assumption d = t, along with an indication of the effect of the
assumption d = 2t. Figure 2 also shows the coefficient of
drag for an unheated solid circular cylinder.9 For an elliptical
cross section with the same frontal area, the CD is approxi-
mately 20% greater.10

The data shown in Fig. 2 does not contradict the previous
observation,3'4'7 made in air at low-subsonic and near sonic
crossflow Mach numbers, that the CD for the arc column agrees
fairly closely with the CD for a solid cylinder. It should be
noted, however, that such agreement between arc and cjdinder
does not allow the prediction of arc crossflow velocity for ar-
bitrary conditions, since there is as yet no way to predict arc
size, which in general depends on the energetics of the inter-

^ At high crossflow Mach numbers, the interpretation of these
data will be considerably affected by the assumptions made relat-
ing to the fine structure of the column.6 Whatever assumptions
are made, it appears likely that the high Mach number data rep-
resented in Fig. 2 will be affected as follows: the effective arc
thickness will be reduced, the local cross flow Mach numbers will
be reduced, and the effective drag coefficient will be increased.
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Fig. 2 Effective drag coefficient for the slanted convective

action as well as the dynamics. It should also be noted that
the present SF6 observations may be affected by arc root
phenomena (see end of next section).

Column Slanting

Figure 3 shows the variation with Mach number M of the
arc slant angle 6 (measured near the cold rail), for three values
of heated-rail temperature TR. It can be seen that for the
higher rail temperatures, where arc root constraints11 are pre-
sumably less, the angle of slant is nearer the Mach slant, (90°
— ju). Here p is the Mach angle, denned by

cos(90° - M) = l/M
In sulfur hexafluoride, the Mach slant angle is very nearly

equal to the slant angle BE at which a maximum occurs in the
value of the ionization parameter, J£ | \/p8j where E\\is the com-
ponent of electric field parallel to the arc column, and ps is the
pressure at the leading boundary of the arc. - It can be shown
that BE is given by

cosfe = (1/M)[2/(T + 1)]1/2

For SF6, with 7 = 1.1, BE is effectively equal to (90° — p,) and
is therefore not shown in Fig. 3.

Figure 3c includes measurements of slant angle for the elec-
tric arc column in air.2>3>5 It can be seen that, for air, mea-
surements obtained in the rail accelerator5 are in good agree-
ment with those obtained in the supersonic wind tunnel.2'3 It
can also be seen that, over the range of comparison, the slant
angle observed for SF6 in the rail accelerator (rail temperature,
2200°C) agrees well with the observations for air.

The observations, first, that the direction of slant reverses
with reversal of the polarity of the heated electrode, and sec-
ond, that the arc column is usually curved near the heated
electrode, suggest the possibility that the magnitude of the
slant angle may be dictated by the temperature distribution
near the heated electrode. This possibility is ruled out, how-
ever, by the fact that stable slanted arcs are observed in the
wind tunnel even in the absence of freestream temperature
gradients,1'2'3 and by the fact that the column appears not
always to be curved near the heated electrode. It is surpris-
ing, therefore, that an angle of slant which is in specious agree-
ment with the experimental values can be calculated as fol-
lows.

If we assumed an arc column of constant frontal area and
constant effective drag coefficient along the column, then,
since the velocity, the pressure, and the Lorentz force are also
constant along the column, we would have

cos20/T = const along the column

6 and T are here the local angle of slant and freestream tem-
perature, respectively. Hence, as the column passed through

the temperature variation near the heated rail, the local slant
angle B, would vary accordingly. If we further assumed the
column to be parallel to the electric field at the heated rail, we
would obtain

where B and TI are measured near the cold rail. This value of
slant angle, indicated by the dotted lines in Fig. 3, compares
very closely with the maximum values of B measured at the
three cathode rail temperatures employed.

The slanting of the subsonic column as observed in air4-5

(Fig. 3), evidently cannot be related to any column mechanism
so far proposed.2 In particular, there is for the subsonic col-
umn no slant angle for which the crossflow Mach number is
unity, or for which the ionization parameter is a maximum.
Nor can subsonic column slanting be related solely to tem-
perature gradients, since 1), column slanting has been ob-
served in a subsonic wind tunnel where there was no free-
stream temperature gradient,4 and 2), the angle predicted from
the temperature gradient in the rail accelerator is considerably
greater than the angle observed. Finally, the column- widen-
ing mechanism mentioned in Ref . 4, though physically plausi-
ble, also yields a calculated slant angle which is considerably
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greater than that observed in Ref. 5, since with the assumed
mechanism, slanting due to the temperature gradient must be
included in the calculation.

It should be noted that for the subsonic column, arc root
phenomena cannot be ruled out as possible contributing fac-
tors in column slanting. In the rail accelerator, both roots of
the convective arc must move over the electrode surfaces; the
absence of root effects on a given column configuration is best
inferred from agreement with wind-tunnel observations, pro-
vided such observations have themselves been shown to be
free of root effects. For the supersonic wind tunnel, there is
strong experimental evidence that the slanting of the stable
column in air is independent of root phenomena (Ref. 1, p. 144;
for more detail, see Ref. 12). For the subsonic wind tunnel,
there seems as yet to be little such evidence.

Only when it has been demonstrated that column behavior is
free of root or electric-field constraints is it sufficient to look to
column processes alone for possible causes of slanting, or to
consider a balance between column drag and the magnetic
Lorentz force as the determinant of arc velocity. This state-
ment applies not only to the subsonic arc column generally,
but also to the supersonic column in SF6.

Conclusions

1) It is possible to produce stable supersonic electric arcs in
sulfur hexafluoride. 2) The convective arc in SF6 slants
across the electric field at angles such that the crossflow Mach
number ranges from 0.8 to 3.8. 3) In the thermionic rail ac-
celerator, the direction of column slanting in SF6 is such that
the arc root near the heated electrode leads the remainder of
the arc. 4) The magnitude of the angle of slant observed in
SF6 increases with cathode rail temperature. The angle is
empirically given very nearly by cos~~l(Ti/TR)l/2 for the cath-
ode preheat temperatures of 1700° C and 2200° C at Mach
numbers from about 2.0 to about 6.5, but falls considerably
below this for the cathode temperature of 1100°C at high
Mach numbers, and for all rail temperatures at Mach num-
bers below about 2.0. 5) For the given rail temperatures, the
magnitude of the slant angle at high Mach numbers was con-
siderably less than either the Mach slant, given by cos"1

(l/M), or the angle for maximum E\\/p8, given by cos"1

{ l /M [2/(7 + 1) ]1/2}. 6) For the arc column moving through
SF6 at low supersonic Mach numbers, the effective drag co-
efficient, when based on the dimensions of the region of high
luminosity, is comparable to that of a solid cylinder.
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