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THE MAGNETIC CONFINEMENT OF AN ELECTRIC ARC IN A TRANSVERSE SUPERSONIC FLOW*

Charles E. Bond
Ar  .late Remearch Fngineer
Departmert o. seronsutical 2-¢ Astronautical Englneering
The University of Michigen

I. Summary

First results are presented of an experimental
investigation of the effects of supersonic convee-
tion on the positive column of a direct-current
electric arc., The experimental setup conslsts of
two rail electrodes mounted in a supersonic wind
tunnel and orilented parallel to the tumnel free
stream, BExtermal coils provide a transverse mag-
netic field which is mutually perpendicular with
the are current and free stream. The colls are
placed such that there is & monotonle Increase in
flux density from the upstream to the downstream
ends of the rails. The arc is initilated by means
of an exploding wire between the upstream ends of
the rails. The plasma column generated is then
convected dowmstream aleong the ralls by the super-
sonic flow until a point is reached where aerody-
nanic and electromagnetic forces come into balance,
The arc remalns in the vlicinilty of this point until
the current is shut off.

Inttial experiments have demonstrated that the
arc can be successfully held in the supersonic flow
by two distinet mechanisms. With both mechaniams
cenfinement is achieved primarily through dynamic
processes in the positive column and for a glven
current and magnetic field, arc location is inde-
pendent of root phenomena. The filrst mechanism re-
quires sufficlent external magnetic induction to
held the arc at locations where the electric fleld
1s essentlally two-dimensional, remote from the
rell ends., In thils case confinement is due tao the
nagnetic lorentz force, and stability in the stream-
wise direction results from the increase in Iorentz
force with downstream displacement. With the sec-
ond mechanism the arc 1ls held at the downstream
ends of the electrodes by a much weaker magnetilc
field then is necessary for pure magnetic conflne-
ment. In this case, though some externsl magnetic
field is necessary for confinement, large changes
in magnetic flux density can be made without af-
fecting arc root locatlon. Indications are that
arc curvature end a "fringing” electric field, as
well as the magnetic field, are essentlal to this
mode of confinement.

A simple derivation shows that heat-blocking
imposes a limitetion on posslible combinations of
arc power W, Mach number M, and free stream stagna-
tion pressure, Ptl which depend; only on M and

*This work was sponsored by the Aerospace Research
Laboratories, Office of Aerospace Research, United
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8819,

W/Ptl- This limitation is cbserved experimentally
to occur at higher values of W/Py, than calculated,
probably due to heat loss at the walls and elec-
trodes,

II. Introduction

Investigationsl"ll of the convected electric
arc which Involve motlon of the arc relative to
the electrodes are complicated by a coupling be-
tween the mechanisms for root motion with those
for motlon of the positive column, Are wveloclty
is found to vary not only with cathode surface
conditions but slso with parameters such as arc
length and circuilt inductance which are essentlally
operative through the positive column,

The Integrity of the arc is maintalned prin-
eipally through the ability of the column to
change In length and shape readily. As a result
the arc column is forced into extremely unpre-
dictable and complicated shapes end fluctuatilons
in shspe.

Experiments under conditions where arc motion
is independent of root phenomena would not only
reveal the role played by dynemic processes in the
positive column in determining oversll arc be-
hevior, but might also produce & column suffi-
clently stationary and long-lasting te sllow the
diagnostic measurements necesssry for detailed
analyses of the role plasyed by convection in the
column mechanism,

Such an experiment might be performed by hold-
ing an arc column in the free streem of a conven-
tional wind tunnel. In this case the arc would
not be requlred to move over the electrodes, and
hence the roots, once established, might have no
effect on the convected column. The wind tunnel
would provide the additlonal feature of being it-
self a precision instrument capeble of producing
very uniform flow conditions over a wide range of
Mach mumber and pressure.

~ Use of the wind tunnel for src studles hinges
on solution of the problem of arc confinement,
This paper presents a discussion of some of the
problems pecullar to wind tunnel are research and
describes a method which has been devlised for the
magnetic confinement of a high current d-c¢ elec-
tric ere in the free stresm of the 4 x 7 in. Super-
sonic Wind Tunnel of The University of Michigen.
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only such resulis are diseussed as pertain to_the
problem of confinement. A forthcoming report

will include a more extensive discussion of re-
sults of the overall investigation, as well as some
observations of arc behavior which have a vearing
on confinement, but which are beyond the scope of
the present paper.

IIT. Experimental Setup

The experimental setup consists of two rail
electrodes mounted in a supersonic wind tunnel—
oriented in a vertical plane and parallel to the
free stresm (Figure 1).

External colls provide a transverse magnetic
field essentially perpendicular to the plane of
the electrodes (Flgure 2). The arc is initiated
by means of an exploding wire between the upstream
ends of the rails. Energy is supplied through the
electrodes to the resultent plasma by an externmal
circuit consisting of a large d-c generator con-
nected in serles with a ballast resistor (Figure
%}. The same generator supplies power to external
field coils which are energized 3 sec prior to arc
1gnition.

A, Electrodes

Each electrode 1s a cone-cylinder about 6 in,
long with a 7-1/2° half-angle cone and 1/2 in.
diam cylinder (Figure 4). The electrodes are con-
nected electrically to insulated standard cables
which carry the current downstream from the elec-
trodes and out through Plexiglas ports in opposing
sides of the tummel (Figure 5).

The cone angle of 7-1/2° was chosen to
1limit the disturbance to the flow. It produces a
very week conical shock at M = 2.5, the shock
engie being within sbout 1° of that fbr an infini-
tesimal disturbance. The length of the electrodes
was made roughly egual to the test rhombus length.
The electrodes are uncooled; and electrode diam-
eter was, consistent with structural considers-
tions, minimized to allow tumnel starting at low
Mach numbers.

B. ZElectrode Sleeves

A 1 in. brass sleeve separstes the base of
the electrodes from the support strut (Figure W),
Thig sleeve is Insulated with Teflon and serves
to prevent damage to the struts caused by multiple
arcing.

C. TRlectrode Support Struts

The support struts have leading-edge half-
angles of 5°, and will therefore maintein shock

3

attachment down to M ~ 1.3, The struts are mounted
from Plexlglas windows snd are insulated from the
tunnel and the electrodes.

D. Wind Tunnel

The 4 x 7 in. superscnilc wilnd tunnel is a
blow-down type with Mach number varisble between
1.4 and 4.0 and with run times sround 2 min.l> Tt
has a % x 4 in. test section which exhesusts into
the top portion of & ¥ x 7 in. chammel {Figure 1),

This wind tunnel has been used for studies of
supersonic Jet mixing,l for which a second super-
sonic stream exhausts Iintc the lower portion of
the b x 7 in, channel, For tkre present investiga-
tion this lower channel has been plugged {Figure
1).

The expansion fan from the channel enlarge-
ment crosses downstreem of the electrodes, which
are mounted in the unlform supersonic flow of the
test rhombus (Pigure 6}. The chapmel enlargement
provably serves a useful purpose in allowing the
nested air additional expansion (see Section V).

The slde walls of the tunnel consist of large
%/4 in.-thick windows which extend from the throat
downstream past the test rhombus, allowing cptical
observations of the flow in any part of the nozzle
not obscured by externel apparatus {Figures 1, 5,
and 7).

For the present Iinvestigation, the walls(or
windows) are made of Plexlglas to allow simple
installatlon of pressure orifices when needed, to
facilitate installatlon of electrode support struts,
and to avold problems which might result from
thermal stresses in glass walls, The Plexiglas
windows reduce the effectliveness of Bchlleren
photography ( although not completely—see Flgure
8), especilally in areas which have ablated slightly
due to heating,

Tor normal photography, the Plexiglas is qulte
sgtisfactory, and Fastax obgervations of the arc
over & falrly wilde angle are made possible by the
large windows (Figure 5).

The tunnel is so constructed thet it 1s pos-
sible to mount the 13 in, diam fleld colls flush
with the outside surfaces of the windows (Figure
5).

The electromagnet consists of two coaxisl
coils, located on opposite sides of the tumnel.
Rach coll contains 11 pancake segments. Fach pan-
cake is 1 in. thick, sbout 12 in. In diam with a
% in., hole through the center, The pancakes are
connected in series electrically but are connected
to the cooling water supply in parallel. Each con-
sists of 20 turns of 3/8 in. x .065 in. copper
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tubing and is capable of carrying at least 2400
emp of contlnucus current without overheating. The
copper tubing is Insulated with plastic tubing and
each panceke 1s held in shape by epoxy resin.

The distence between the two external field
coils, including end plates, is about 6 in. The
meximum flux density on the tumnel centerline is
about 6LOO gemss with 2000 amp Tlowing through the
coll., The flux density was found to be propor-
ticnal to the coll current over & wide range of
current and at several polnis In the test sectiony
a sample curve is given 1In Flgure 9.

The calculated variation of By, the trans-
verse component of magnetic induction, 1s glven in
Figure 10. Measured velues of By are given in
Figure 11,

The fleld colls are so mounted that they can
be placed in wvarious streamwlse locatlons. Thus
the location of the peak induction cen be moved
relative to the electrodes and/or test rhombus.

F. Generator

The arc power supply is a d-c generstor rated
at 600 v and 1600 emp. For the present investiga-
tion it is connected for self-excitation. Tts
characteristic 1s quite flat out to 2400 amp at
600 v termiral,15 The generstor field rheostat
provides fine control on terminal wvoltage in the
arc circult.

¢. Ballest Resistors

The ballest resistors for the arc and coll are
tdentical,l5 Their grids are cooled by radifation
end convection. Possible vaelues of resistance are
from about .0l ohm to about 1.3 ohm. These re-
slstors provide a simple means for changlng arc
current and coil current Independentiy.

H. Arc Power Circuit

The arc power circult 1s shown schematically
in Figure 3. Since the wind tunmel 1s grounded,
the power circuit 1s left ungrounded to lessen the
likelihood of arcing to the wpper and lower tunnel
walls, :

IV, Arc Confinement

A, Approach

_ Although confinement 1s only one factor in
are stabilization,l5 1t is the added instru-

mentality essentlial to making arc researcn in the

wind tumnel possible. Smith and Earlyl6 observed

a dominant tendency for & low-current are to fol-
low the low density, low velocity boundary layer
around a supersonic mainstresm, in some cases
forming a column of length many times the dils-
tance between electrodes.

In addition to the boundary-layer questlon
there 1s also the problem of avolding excessive
sidewise fluctuaticon of the column. Some inves-
tigators using the rail-accelerator approach have
made use of guide walls whilch prevent sildewise
bulges in the column, The effects of these gulde
walls on arc behavior has been shown to be pro-
foupd.e

Magnetic flelds have been employed in a va-
riety of cases for the stablilization of moving
arcs,17-20 Moreover, for a high-current electric
arc, even .without magnetic stabilizaticn, there
can ' be profound magnetic effects due to the fileld
from the irput power cables,t'

In principle the use of magnetic flelds for
wind tunmel confinement of an electric are re-
guires merely the provislon of a magnetie fleld
directed such that B, J, v forms a positive
orthogonal triple. The magnetic Lorentz force on
the column can then baleance the aerodynamic re-
slstance force. There are two baslec difficulties
in the application of this principle.

First, uwnlike the rall accelerator approach,
where a balance between serodynamic forces is
achleved through the mechanigm of column accelera-
tion, the wind tunnel aspproach requires that the
halsnce of forces be achieved through provisgion
of the correct flux density, At present, however,
the required flux density cannct be .calculated,
and 1s In fact one of the items under Investiga-
tion,

Second, as with all forms of confinement,
there must be more than a balance of forces; there
must be a stable balance.

The appreoach which was taken to the golution
of the Toreseesble confinement problems mentioned
sbove can he ltemized as follows:

1. To prevent arcing through the tunnel
boundary layer, the electrodes are completely
within the supersonic free stream—having no con-
tact with the tunnel hourndary layer, The elec-
trodes are insulated from the supporting struts
(Figare 4}, snd the supporting struts are mounted
on opposite tummel walls {Figure 1 ).

2. It was declded to observe the effective-
ness of sldewise decreases in electric field
gstrength and Iincreases in wagnetie field strength
In preventing excessive sidewlse bowing of the
column. The electric field from the electrodes
will appear, locking dovmstresm, similar to
that of an electrle dlpole, wlth greatest in-
tensity between the electrodes. Since the are
eolumn tends to follow lines of meximum intensity,
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this field should exert a restraining influence on
sidewise excursions of the positive column. Tt
had been shown 3,8,9,21 that this restraining in-
fluence does not prevent sldewise bowlng, tulgling,
and looplng of the column in the rail-accelerator
experiments; but the causes of this behavior had
not been found and there was no certainty that
bowing would be observed in the wind tunnel exper-
iment.

The changes in magnetic field as the column
moves to the side could have a stabilizing or de-
stabilizing effect, depending on the column mech-
anism. The slight axlal component of induction
at points off the electrode plane {Figure 2} would
tend to hold the column away from the center plane.
On the other hand, the increase in the magnitude
of the transverse component of the induction with
distance from the electrode plane (Figure 10} make
it unlikely that the column could bulge very far
to the side and still maintain a stable balance of
foreces all slong its length., Since gulde walls
would defeat most of the aims of the investigation,
theilr use was ruled out.

3. To discourage arcing tc the wind tunnel
walls the external arc circult was kept electri-
cally ungrounded. Although double arcing from
anode to tunnel and tunnel to cathode 1s still con-
ceivable, it 1s much less likely thean would be a
single ground-loop arc from ome electrode to the
tunnel which could oceur if the external circuit
were grounded,

4. To increase the likelihood of correct
cholce for the magnitude of By, & range of velues
for By 1s provided by the use of rall electrodes
in a region of changing By.

5. To provide a balance of Tforces stable to
streamwise perturbations in are location, the rall
electrodes are placed relative to the external
field colls such that there is a monotonic increase
in By in the downstream direction.

With this scheme of confinement the hope was
that the plasma column generated by the exploding
wire between the upstream ends of the electrodes,
where the magnetic field is weskest, would be con-
vected downstream to a polnt where the magnetic
induction would be sufficient to provide a (stable)
balance between the aerodynamic force and the
Iorentz force.

B. Arc Establishment

The conditions, I1f any, under which the above
approsch to arc confinement would be efficacious
could not be predicted a priori because they de-
rend upen the unknown column mechanisms which are
under investigation. Initial tests, therefore,
were concerned with experimental study of the
transient processes which ocecur during the estab-
lishment of an arc.

These initlal tests of arc establishment were
made with the arc electrodes commected in series
with the external field colls., For series opersa-
tion the starting fuse-wire must be sufficiently
large to allow the current to bulld up before are
initiation o & polnt where the external fleld is
sufficient to prevent convective extingulshment
of the nascent arc, The three types of initial
arc behavior observed are described quaslitatively
below,

(a} Are collapse or blowout, For many runs
arc collapse occurred at the beginming of the
run—that 1s, the arc was never fully established.
For a few runs the arc was extinguished after
seemingly stable conditions had been attalned.

Arc collapse in slmost all cases could be obviated
by lowerding the free stream stagnation pressure,
or strengthening the external msgnetic fleld, (I%
was later found that arc collapse can result from
the use of an insufficiently large fuse-wire even
when the external field is completely established
by a parallel circuit before arc initiation.)

Figure 12a shows the voltage-current time
history for arc collapse. The current through
the field coils is seen to be only about 500 amp
when the wvoltage buildup slgnals arc initiation,
The external fileld 1s too weak to prevent arc
blowout. The arc current goes to zero while the
electrode voltage goes to the termlnal wvalve.

(b) Arc confinement. TFor the proper con- —
ditions the arc will be estsblished and confined.
Figure 12b shows a voltage-current time history
for this case. Tt 1s seen in this flgure that
there ig an initisal buildup of arc {and coil) cur-
rent to about 1000 amp with little increase in
electrode voltage. During this buildup the firing
wire remains Intact while the magnetlc Induction
increeses with the current., Next there is a rapid
buildup in are voltage, signaling arc initiation.
The arc voltage Increases to a value very near
the characteristic of the externsal circuit, After
this the arc evidently traces outa portion of its
statlc voltage-current chsaracteristic until it
intersects the characteristic of the external cir-
cuit at the point of Keufmam shbability.

(¢) Arc mislocation. For the arc jJust dis-
cussed, the power input was grest enough to cause
Tlow reversal in the boundary layer on the lower
tunnel wall. Flgure 12¢ shows the characteristic
of an arc where this reversed flow caused the arc
to strike momentarily from electrode tip to the
Jower tunnel wall. In this case it can be seen
that the arc at filrst traced out a veltage-current
path similar to that for arc blowout, Figure 12a,
But here the arc 1s blown in the upstream direc-
tion, finally striking to the lower tunnel wall. )
It then begins to trace out a porticn of the J
characteristic for a new arc configuration., This
new conflguraticn however, épparently results in
changes 1n the veloclty field which extingulsh
it, causing a final portion of the voltage~current
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trace which is again similar to that for arc blow-
out. (Damage to the tunnel was slight and repa-
rable.)

C. Modes of Arc Confinement

Initial test runs established that currents
over about 1200 amp result in lewvels of arc energy
addition too high for undisturbed tunnel flow (see
Section V). Tn order to operate at lower arc cur-
rents and yet maintaln high currents through the
external field coils, the arc power circuit was
revised to allow operation of the arc in parallel
with 1ts field coils, Thils revised cireuit hes
been described in Section TIT and shown in Figure
3, With the parallel circult the external fleld
is established = few seconds before the arc bresker
is closed so that flring-wire size 1s not as erit-
ical as with the series clrcult.

Initial teste also led to seversl changes in
the design of the electrodes, electrode mounts,
and windows., The deslign described in Sectlon III
incorporates these changes.,

Flgure 124 glves the voltage-current history
of an arc with a steady-state current arocund 300
amp between electrodes of the latest design. Here
the power 1s low enough so that there is no dis-
turbance to the superscnic free stream shead of
the arc. Current to the field ccils is gbout 2000
amp. Runs such as this which resulted in arc con-
finement in undisturbed supersonic flow can be
divided into three categories according to root
location.

(1} Root strikes to electrode tip. Fastax
film shows these runs to be characterized by side-
wilse fluctuations in column leccation which are
accompanied by large fluctuations in arc voltage
(#15%) and by acoustical noise which can be heard
above the wind tunnel neoise., TFigure 13a illu-
strates the appearance of the anode tip after such
a run,

It is found that 1f the fleld coils are moved
downstream sufficiently, or if the free stream
stegnation pressure 1s increased sufficiently, the
arc roots will both strike dowmstream of the
shoulder of the electrode cone tip.

(2) Root strikes to the electrode base. These
runs are also characterized by fluctustions in the
column location, arc voltage (+20%), and by acous-
tical noise. Flgure 13b shows the appearance of
a cathode after such a run. If Teflon washers are
placed around the cathode {Figure 13c), the root
location will remain at the base, This indicates
that root convection is not the cause of the down-
stream root leccation. If saw-tooth ridges are cut
in the cathode (Flgure 13d), the root will remain
at the base. This indicates thet electric field
concentration at the base is not the cause of the
dovmstream root location. The magnetic flux dens-

ity cen be varied over a wide range, for example
from about TOO to about 3000 gauss, without caus-
ing either the roots to move upstream or the arec
to extinguish. If the flux density is zero, the
arc cannct be esteblished. If the flux density
1s ralsed encugh or the pressure lewered enough,
the roots will strike upstream of the electrode
base.

These observatlions indicate that arc confine-
ment In this mode is baged on dynamic procesges
in the positive ¢olumn., The mechanism ig prob-
ably related to arc curvature and dependant upon
the "fringing" electrlc field in the base region
in & manner similar to that treated by Rother=*
end Thiene.®? In this case however a nagnetic
field is also present and exerts a stabllizing
influence on the column,

From measurements in this mode of arc con-
finement nc inference can be made of the relation
between magnetic induction and the velocity of an
arc column moving through a two-dimensional elec-
tric field.

(3) Root strikes along electrode cylinders,
upstream of base and downstream of cone. 1In this
cage the arc column shows little or no lateral
fluctuation, little voltame fluctuation (*he),
little current fluctuation, and no audible noise.
Teflon flow baffles have no effect on cathcde
root location, indicating that confinement
is due to celumn processes. If the external coils
are moved in the streamwise direction, the arc
roots will follow that motion, provided they can
do so without striking to the electrode tip or
base. Thls indicates that confinement in this mode
1s based purely on the external magnetic field,
Changes in electrode materlal have no measurable
effect on arc location (Flgure 14). Flgures 13e,
13f, and 13g show typlcal marks left by the arc
roots in this mode.

For copper electrodes the cathode root usually
oceurs at spots (points B and C, Figure 15) near
the "far side” of the cathode, away from the anode,
Figure 15h shows the cathode appearance after the
run, A tendency for the cathode root to strike on
the far side is also notliceable for other elec-
trode materials. TFor carbon cathodes the root can
be seen to occasionally move around to the far side
only to be immediately re-established at a therm-
ionic site on the near side {point A, Figure 15).

It is belleved that the tendency to strike
to the far side of the cathode Is due to the slight
streamvlse component of the magnetic induction
which exists at polnts to the side of the center
plane (Figure 2), When the cathode root makes an
exeursion to either side of this plane, it moves
into & region where the streamwise component is
finite. There is then a force on the root tend-
ing to move it farther toward the fer side of the
cathode (Figure 15). This ssme induction com-

ponent also exerts a force on the column, tending
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to hold it away from the. electrode { Figure 15) .

Tn the case of carbon the near proximity of
the column eventually results in sufficient heat-
ing of the near side of the cathode (point A, Flg-
ure 15) to establish a thermionic site there. TFor
copper there seems to be & similar tendency though
it is seldom manifest. In this case the new root
moves, perhaps aided by an oxide layer, from B
past A to an opposite far-side point C. Motion
of the root around the cathode is accompanied by
fluctuatlons in the column.

Figure b shows the measured verlation with
Py, the free stream stagnation pressure,of Bg,
the magnetic induction at the cathode root, for
pure magnetic stabilization. It is to be noted
that this figure includes data obtalned using four
cathode materlals, and three inter-electirode gap
distances. Data obtalned with electrode polarity
{and external field direction) reversed are slso
included., The famct +that these polnts define a
gingle curve offers strong confirmation of the
conclusion that confinement in the pure magnetic
mode 1s independent of root phenomens.

V. Limits on Fxperimentel Conditloms

Many of the limits on experimental conditions
for the wind tunnel epproach to convected arc re-
gsearch can be derived in advance., These 1include
{1) limits related to the performance of the wind
tunnel alone,l3 (2) limits related to the capabil-
ity of the electrical power supply and control
system,l5 and (%) limits Imposed by the union of
the tumnel and arc facilitles.

Limits of types (1) and (2) for the present
investigation are discussed in the cited refer-
ences; they are outlined in the following table:

Mach number: 0.1 to 0.5; 1,4 to %.0

Free stream stagnation pressure: 0 to 30" Hg
Are current: 0 to 2L00 amp

Arc voltage: O to 600 v

Are power: 0O to L.5 megawatts

Limits of type (3) include these due to simple
geonetrical considerations:

1. A maximum electrode gep (sbout 1-1/4 in.)
to avold interaction with the tunnel boundary layer.

2. A meximum electrode length (around 6 in.)
to keep within the test rhombus.

%, A maximum magnetic induction (about 15000
gouss) due to the tunnel width and structure.

4. A maximum permissible megnitude of column
fluctuation (ebout 2 in.) to avold arcing to tumnnel
walls.

5. A meximun area for the ecross section of
electrode and strut {about 0.7 in.2 at ¥ = 1.4 in
b x 4 in. section) to sllow tunnel starting.

Perhaps the most important limitation pecul-
iar to wind tunnel are research is due to thermsl
blocking or choking of the tunnel flow. This
phenomenon limits the ratlo (W/Py,) of arc power
to free stream stagnatlon pressure for & given M.
Thls can Bg shown as follows: Assume that the
energy from the arc is added uniformly to the free
stream.

Then
W
Q@ = § = Cp(Toz-Tor)
where
W = arec power
m = mass flow
Q@ = heat added
Cp = specific hest
Ty = 1nltial stagnation temperature
Tez = fipal stagnetion tempersature

The maximum heat additlon permitted by the
Rayleigh relation for the undisturbed free stream
is that given by

vhere TgH 1s the stagnation temperature at the
point where the Masch number is unity due to

hest addition. For a glven test-section size the
mass flow is a function of Mach number and stag-
nation pressure, For a 16 in.2 test section and
To1 = 530°R, the above equatlon becomes

*H .
(L) = oo (e terdyert)
Pt /max (A/A%) He

Where (A/A¥)) must be evaluated at the de-
slgn test-section Mach mumber in order to give the
proper relation between f and M, but where
(T8%/T01) r must be evalusted at the section where
uniform heating is sssumed to occur. For rates
of heat addition greater than that given by this
equetion, the nczzle flow can no lenger remaln un-
disturbed by the arc, and must in fact shock down
to a subsonlec Mach number where TgH 1s great
enough to accommodate the glven rate of heat addi-
tion, The cccurrence of thermal blocking would
therefore be expected to cause dramatic changes
in the flow configuration,

In the present case thermal blocking is pre-
ceded somewhat by separation of the flow from the
lower tunnel wall, as can be seen from Figure 8b,
This is probably due to feedback of the static
pressure in the heated stream, which for near-
neximum heat addition exceeds that requiredeh to
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cause separation at the free stream Mach number.

Figure 8 glves examples of Schlileren pictures
for two values of W/Ptl- In 8b itr1s clear that
the flow ils separated from the lower tunnel wall.
In Be 1t 1s Just as clesr that the flow is not
separated. Yet for 8c, with sttached flow, the
power level exceeds the maximum for heat blocking
end one would expect & normal shock to occcur scme-
where in the nozzle.

Figure 16 gives a plot of the experimental
nmeasurements of the separstion 1limilt. It is seen
that the experimental maximum is considerably
above that glven by theory even when A' ig taken
to be the maximum wvalue possitle in the first 30
ft of diffuser length, and even though the cal-
culation does not account for diffuser friction.
This dilscrepancy 1s probably due to heat losses
to the electrodes and walls.

VI. Conclusions

1. Tt i1s possible to mégnetically confine
within the free stream of a supersonic wind tunnel
a stable arc dilscherge susiained by an electric
field essentially normal to the flow vector.

2. TRoot location forthe confined ere is
determined by processes in the column and 1s Inde-
pendent of meterial or flow conditions at the
surface of the cathode.

3. With weak external megnetic fields, con-
finement is due to a column mechanism for which a
fringing electric field and are curveture are im-
portant. In this mode the sre occurs at the elec-
trode base.

b, With strong external magnetic fTields, con-
finement is due to & column mechanism for which
the external magnhetic field plays the dominant
role. In this pure-megnetic mode of confinement,
the arc occurs between the rails in a region where
the electric field 1s essentially two-dimenslonal,
at points determined by the streamwise location of
the externsal field colls.

5. TFor pure magnetic confinement, = stable
balance of forces on the column is provided by an
external magnetic field with monotonic increese in
transverse component from electrode tip to elec-
trode base.

6. Pure megnetic confinement is character-
ized by high column stability.

T. Care must be exercised in applylng data
obtained from convection experiments vhere a curved
arc 1s subject to the effects of a fringing elec-
tric field, such as that between the tips of co-
linear electrodeg, to cases where the arc must
move through a two-dimensionsl electric field.

8. Fluctuations in column characteristics
which indicate that no steady balance of column
forces is possible characterize arcs which strike
to the electrode tip or base.

9. - 8idewisge column fluctustions which have
been observed by lnvestigators using rail ac-
celerators are probably caused by differences bhe-

- tween thé eguilibrium velocities of column and

roots, which foree accommodation through column
fluctuation.

10. Heat blocking places a limitation on
experimental -conditions which can best be ex-
pressed in terms of W/Ptl and M., The experimental
value for this 1imit considersbly exceeds the
theoretlcal value, due to differences between as-
gumptions of the theory'and conditions of the ex-
periment.
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