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I. INTRODUCTION AND BACKGROUND

Throughout the last 60 years electric arc phenomena have be-
c:ome widely known, .but still not well understood. Most of the very
early work in electric arc discharges, commencing in 1803, was con-:,
cerned with the corona or glow discharge regime. This regime was
restricted to low current and low pressure, Stemming from this
came studies of the mysterious phenomena of '"retrograde motion"

i. e.,, motion in a direction opposite to that predicted by the Lorentz
equation. At the turn of the 20th century, systematic studies were
just beginning on investigating the electrical properties of the electric
arc discharge.

At first glance, the seemingly novel technique of employing a
high current electric arc as a gas heater or plasma generator appears
as a relatively new develoPment. Surprisingly however.. the energy
exchange processes in galect-ric arc discha.rges have been utilized
since 1904. At that time the first arc heater of high power level was
used in the chemical industry for producing nitric oxides by disso-
ciating air at very high temperatures (1). Simultaneous with the

chemical industries' use of the electric arc discharge was the switch-

gear industry's interest in extremely high current switches. The
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primary application was the design of circuit breakers whereby anazrc

is rapidly extiﬂguished by moving it with respect to the electrodes(2),
An electric arc may be considered as an electric heating ele-
ment of nearly unlimited temperature range. Through interaction
with gas flows and magnetic fields, -the arc discharge not only con-
verts electrical energy into thermal energy; it also produc\:es plasma
jets of high kinetic energy. The latter are generated by self-magnetic
field. interaction., The electric arc eneréy exchange processes are
difficult to explain or predict theoretically, consequently a major
portion of the research efforts has been experimental. The fact that
the number of parameters upon which these energy exchange pro-
cesses depend is extremely large leads to a very complex problem.,
The solution is made even more difficult by the lack of accurate, well
documented experimental techniques whereby specified parameters
are measured. Although more than 60 years of research in plasma
physics have greatly advanced knowledge of the electric arc discharge,
understanding of the basic energy exchange and conversion processes
between electric arcs, gas flows, electrodes, and external magnetic
fields is not sufficient to permit the design of arc heating devices
compatible with the requirements of modern aerospace technology.
The desizn of these devices is still based on empirical techniques
rather than on fundamental scientific knowledge. This involves time-
consuming costly trial and error procedures and is more an 'art"

than a science,

e
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Specifically, it is not possible to extrapolate the research re-
sults obtained from low power experiments to the multi-megawatt
arc heating devices. Several of these devices are being planned and
built for future space flight requirements by governmenta.l agencies
e. g., the 50 megawatt electro-gas-dynamic facility at Wright-
Patterson Air Force Base, Ohio. The U. S, Air Force and NASA,

. in their desire to test aerospace vehicles under realistic thermal -
conditions, at large scale and long test duration, projected their
specifications on arc heater performance regarding power, enthalpy,
duration, and pressure level far beyond the current state-of-the-art.
Cooperative work has been started in industry for the development of
arc heating devices of up to 300 megawatts of power at pressure levels
exc.eeding 200 atmospheres (3).

According to a recent Air Force survey (4}, during the last
five years, more than 50 million dollars havee been spent by the
United States Government Agencies for the development and utiliza-
tion of electric arc devices for aerospace applications. Mos‘t of the
efforts are concerned with the utilization of arc heaters for material
testi:ng (e. g., the electric arc thermal plasma jet) and re-entry
simulation, The simulation of realistic thermal conditions, in order
to facilitate studying plasma sheath effects, wakes, and boundary
layer interactions, uses the hypervelocity tunnel arc heater. These

applications fall mainly'info the aerodynamic and heat transfer areas.

"



Considerable effdrts are also being devoted to the development of .

‘agencies to obtain usable physical facilities in the minimum possiblé

' time. In some cases, applied research is conducted as exploratory

AR N R

“electric arc devices for space propulsion. Some examples are the

magnetic-propulsion-_-device (MPD) engines, thermal arc thrustors,

"~ and pulsed plasma thrustors. Another area receiﬁng much attention.

within the last few years is the power generation field. To this group '

beloné such devices as the Faraday and Hall magnetofluiddynamic

generators. Closely relé.ted to these generators but with different -

objectives are the _magnetofluiddynafnic acc'elerators'currehtly under

investigation. The above areas represent the majority of the effort, .

- The applications :emaining fall into the categories of: infrared high-

intensity light sources, radiation heat sources for solar radiation

- simulation, high temperature research specimen work, plasmagun

- flame spraying of materials, and combustion flame augmentation.

A relatively small effort appears to be concerned with basic

- research. 'This is due, in part, to the fact that the development of

the present electric arc technology for aerospace application has

" mainly been'geherated by. the need of the sponsoriné governmental

development, usually as a first stage toward development of a finished

product, R

The preceding discussion illustrates that fundamental and basic

- research in the problem areas of electric arc interactions with

\ E—
¢ .
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aerodynamic and magnetic fields is very necessary. In order to
improve this overall situation, an integrated electric axrc technology
research program”"was established by the U. S. Air Force Office of
Aerospace Research, Washington, D. C. The objective was to obtain
and distribute vital information on the fundamental energy exchange
processes which dominate the performance of devices employing the
elec?:ric arc discharge,. dne of the specific goals under this Air Force
program was to assess the ultimate performance capability (i. e.,
power, temperature, duration, and pressure) of the various basic

arc ~-- gas flow -- magnetic field interaction configurations. This was
to be accomplished through analyses of the underlying‘energy exchange
processes, As a part of the first phase of this program, an analysis
was made of the simplest possible interaction model: an electric arc
colunmin in a co-axial gas flow., In this model the amount of energy
transferred from the arc column to the gas to be heated was limited
by its equilibrium temperature distribution. The temperature of the
arc column and the temperature of the cooled outer walls of the con-
fining cylindeAr determined the boundary conditions. For this reason,
the final mean temperature of the gas to be heated was considerably
lower than the temperature of the arc column. Even with this imposed
limitation, the axial flow geometry has been very popular for the
plasma generators and arc heaters presently being developed for the

Air Force and NASA. The following reasons may be cited: the arc

A



: N 6
behaved in a more stable manner if gas flowed close to the arc bound-
ary in the axial direction; by injecting the gas with a slight vortex
flow additional stability of the arc column was gained; the arc in axial
flow is rotationally symmetric and, therefore, was more amenable to
theoretical and experimental analyses. The theoretical performance
limits, more el;ecifica.ny the maximum possible enthalpy at a given
pressure, have been determined for this simple co-axial flow model
(5). It was found experimentally that the actual performance limits
of such devices in the higher pressure regime were approximately an
order of magnitude lower than those predicted. The primary reason
was electrode failure' under the high rates of heat transfer involved,
In numerous studies presently being conducted within the Air Force
and industry, magnetic fields are being employed to drive the arc-
electrode attachment points (so-called arc spots or roots) at a high
speed over the electrode surface in an effort to circumvent this serious
electrode problem (6). This spreads the very high heat load over a
much larger surface area. In these devices an interaction takes place
between the electric arc column and mutually orthogonal aerodynamic
and external magnetic fields, Therefore, the arc column moves,
normal to its axis, into the gas to be heated., This is designated the
"cross-flow' interaction model of the electric arc column. Unlike

the co-axial model, the unsymmetrical cross-flow model so far has

no generally accepted theory.
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The cro'ss-ﬂow model, coupled with the external or self-mag-
netic field interaction which takes place in many of the large high-
pressure magnetofluiddynamic accelerators az(xd power generators,
has become of increasing interest to the aerospace technology. This
is because the most efficient way in which a continuously flowing cold
gais stream can be heated to extremely high temperature by an elec-
tric arc is to drive the gas stream directly through the arc column.,
This type of flow may be more nearly achieved in a cross-flow con-
figuration than in one utiiizing axial flow, In this way the largest
amount of energy can be withdrawn from the arc and transferred
directly to the gas flow without having the additional wall losses
associated with the axial flow method. Both methods, however, have
inherent electrode losses present. Unfortunately, great difficulty is
encountered in trying to force a cold gas stream directlly through the
discharge column, particularly at pressures > 0.5 atmospheres.
Another problem is the instability which may occur as a result of the
mutually acting external fields, The cross-flow situation is further
complicated by the present emphasis of aerospace electric arc tech-
nology toward extremely high power, pressure, and current levels,
This in turn generates new problems in electrode phenomena, elec-
trode surface cooling, insulation techniques, arc stability and external
field interaction phenomer;a. Work is presently being done by the Air

Force in conceiving novel designs in hopes of reducing some of these

problems (3). .
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Another area requiring more basic research is that of high

temperature transport properties of electric arc plasma. The lack
of data on these thermo-physical properties and the large disagree- °
ment (as great as 50% difference) between the several repf)rted
sources questions the validity of the interpretation and assessment of
the experiments already periormed and reported.

Numerous experiments have been performed by the switchgear
industry on extremely high current electric arcs moving between rail
electrodes (8). The application is the development of extremely high
current switches for arc extinguishment employing the blowout in-
duced by magnetic and/or cross-flow interactions.

The author, in fulfilling the thesis requirements for the Master
of Science degree in Mechanical Engineering at The Ohio State
University, has investigated high current electric arcs driven along
rail electrodes by an external transverse magnetic field, Only empir-
ical gross data could be obtained. Theoretical work was unsuccessful
because of the lack of a suitable mathematical model representing the
actual physical interaction mechanism between the electric arc and
gas flow relative to the arc, Figure l is a sequence of high-speed
photographs, taken by the author, of a high current atmospheric
pressure electric arc magnetically driven along parallel rail elec-
trodes by an external transverse magnetic field. ' The electrodes were

water-cooled copper. The arc was initiated at one end of the rail
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electrodes by exploding a tungsten wire, The small white spots seen
in the individual photo\graphs were the result of the exploding starter
wire, These photographs clearly showed the very drastic shape
change which takes place in the order of micro;econds. Detailed
evaluations of the cathode and anode spot behavior indicated an irreg-
ular jumping pattern with random sticking. This example of the cross-
flow moving ar< indicates th;': extreme difficulty involved in trying to
analyze woving arcs due to the unknown influence cl>£ the movi;xg elec-
trode spot effects. Althc;ugh the rail type and circular annular gap
rotating arc devices are of more pertinent interest.from the imme-
diate applications standpoint, detailed diagnostics car; only be done
on relatively stationary arc columns. |

Attempts have been made to treat the cross-flow arc as a
solid "drag body' moving through a stationary cold gas (9). Others
tended toward considerfng the arc as a moving state i.e., a 'temper-
ature hill" progressing through a stationary cold gas (10), Other
experimental studies of arc movement due to an external transverse
magnetic field have shown the importance of the processes occurring
in the cathode-fall region. Recent experiments with moving arcs at
high currents (> 400 amps) and high pressure (> 1 atm.) indicated
that processes occurring in the positive column became increasingly
important, if not totally dominant (11), Three regimes have been

observed, the first where the cathode fall conditions predominate,
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then the regime where transition occurs, and finally the positive col-

umn dominated regime., Results of some of the more recer,xt experi-
ments (12) in the latter regime indicated reasonably good agreement
with theoretical predictions of the arc column in a transverse mag-
netic field. However, numerous simplifying assumptions had to be
made concerning phenomena whose effects may be more significant
than had been assumed. Examples are the radiation losses, electrode
surface effect, cathode jet effect, anode jet effect, self -magnetic
field effect and the arc configuration effect., These phenomena and
associated effects are difficult to isolate and measure experimentally,
due primarily to the required physical apparatus which does not lend
itself readily to access for diagnostic work,

It is still not known whether cold gas moves through a moving
electric arc discharge column, only around it, or a combination of
the two. Experiments so far have failed to shed light on the problem
due to the difficulties in measuring transient thermal phenomena in
a fast moving heat source,

The preceding discussion led the author to believe that by
holding the arc column fixed in space instead of moving tpe entire
column and electrode spots,many of the unknown electrode effects
may be eliminated. In addition, no research effort is presently known
which deals with a detailed experimental investigation of the funda-

mental energy exchange mechanism of a cross-flow arc under the
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influence of an external magnetic field. In the effort directed toward
solution of this important problem, iexperimentatiOn must; of necessity,
be in the foreground, since no adequate analytical model has been set
forth from which a concerted theoretical effort might proceed. In the
search for explanations of this éross-flow interaction and also to pro-
vide an experimental base upon which to build a sound an.a.lytical '
modéil, ‘the author investigated this area with the following objective:'
To gain information on the basic interaction apd energy exchange pro-
cesses of electric arcs in transverse aerodynamic and magnetic fields
through detailed measurements of the flux of energy from the arlc to
the environment under various transverse gas flow and external trans-

verse magnetic field conditions.

The research effort was broken down into three basic phases.

A, Review of the Fundamentals of the Arc Discharge, Magnetic

Field Effects, and Aerodynamic Cross-flow Interaction.

Because of the complexity and wide range of possible inter-
. actions and arc parameters, a brief review of the nature and charac-
- teristics of the high current arc discharge together with magnetic
field ;nd flow field interaction effects was included.

B. An Extensive Literature Survey and Critical Review of

Cross-flow Arc Phenomena Both With and Without External

Magnetic Fields.
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To complete an up-to-date critical survey of all the available
literature is a sizeable task, but by excluding some related areas
and breaking the survey down into defined subheadings, a reasonable
result was obtained. The related areas excluded are those falling
into the low pressure arc dischérée regime (e. g., retrograde motion
investigations) and into the electric arc rail or circular annular gap
accelerator and switchgear category. Over 75 papers are in existence
in this first area alone. Since the author had the privilege of con-
ducting some research investigations in this area, a com_prehensive
chronological reference list is included in Appendix F for complete-
ness. The area of rail or circular annular gap accelerators and’
switchgear investigations also provides close to 100 papers. The
investigations in this area which have direct bearing on the immediate
study are included. Because <;£ their relevance to the overall prob-
lem, a complete chronological list is included in Appendix F..

In addition to the literature survey a brief historical develop-
ment section which chronologically reviews the investigations to date‘
was included: The literature survey, based on a systematic exami-
nation of over 34 American, British, German, and Russian papers,

was broken down into the following subheadings:

Theoretical Experimental
a) Cross-flow only a) Cross-flow only
b) .Transverse external magnetic b) Transverse external mag -

field only netic field only

.
. * )
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, ¢) Combined a) and b)
1) non-preionized flow
2) preionized flow

c) Combined a) and b)

C. Detailed Experimental Investigation of the Basic Inter-

action Phenomena and Energy Exchange Processes of a High Current

Electric Arc Under the Influence of External Mutually Orthogonal

Aerodynamic and Magnetic Fields.

_ The essence of the experimental work under Phase C was the
determination of the local energy bé,lance-throughout the system
under various energy input and flow conditions. This involved the ~
measurement of the local distribution of the gas enthalpy and veloc-
Jity throughout the flow field in the wake and near to the arc boundary.
A miniaturized calorimetric type enthalpy and stagnation pressure
probe was used for the measurements, A portion of the investi-
gation included micron particle flow visualization studies and photo-
graphic observation of the arc column size and shape. Measurement
of the position of the arc column wake boundary region and a deter-
mination of the relative heat flux and turbulence level downstream of
the arc column and across the wake boundary comprised another
portion. A miniaturized water-cooled heat flux sensor was used to
measure the local heat flux and . rms  per cent power fluctuation
in the downstream region of the arc. Also included was an overall )

power distribution analysis to determine power losses relative to

the ohmic power input. These measurements, which could not be

.
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made in a fast moviﬂg arc, were £acilitlated by holding the arc col-
umn stationary with respect to the diagnostic instruments to be
applied. The arc column was more or less "locked" in place so
that the transverse gas stream could be directed against the arc
column. A specially designed external magnetic field provided the
balancing force necessary to hold the arc column against the aero-
dynamic drag forces ixl1duced by the transverse blowing. Such an arc
will be designated a "balanced arc" because there must be a balance
between the aerodynamic force due to the cross-flow and the mag-

netic force due to the interaction of the arc current and the magnetic

field.



II. FUNDAMENTALS OF THE ARC DISCHARGE

Introduction

 In order to conduct electricity through gases, a means of
electrical conductivity between a set of electrodes in direct contact
with the gas is required. Some mechanism must be provided for the
generation of a supply of charged pérticles in this conduction region.,
Then there is a certain percentage of free electrons and positive gas
ions which are free to move under the impetus of an applied electric
field. The electrical conduction in gases is similar to that in solids
except that the ions in solids are relatively immobile, Therefore,
a transition must occur from a solid conductor, where the current
flow is carried totally by the electrons, to a gaseous conductor in
which both electrons and positive ions carry the current flow,
During an arc discharge there is a spontaneous increase in
the number of freg electrons and positive ions contained within the
-gas volume. This gas column exists between the two electrodes, it
creates an approximately constant‘electrostatic field within the
column that accelerates the free electrons and positive ions, between
their respective collisions, within the column. The total movement .
of charges is, therefore, composed of the sum of the free electrons

moving toward the anode and the positive ions moving toward the

16
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catho&e. These accelerated electrons and positive ions upon collidiné
with neutral gas atoms and molecules combined with mutual collisions
continually dissipate the energy obtained from the electric field, These
collisions are so frequent and numerous that the larger percentage of
average particle energy consists of random thermal kinetic energy,
and causes an increase in the thermal energy of the plasma. The total
motion of the charged particles can, therefore, be thought of as a
cornb'ination of positive ion and electron drift toward the respective
electrodes superimposed upon the random thermal motion, This in-
crease in thermal energy and corresponding temperature rise causes
an increase in ionization. Figure 2 (I7) depicts a typical relationship
between the number density of the various particles and the absolute
temperature for a nitrogen plasma. Initially, when the accelerated
electrons and positive ions collide with‘the molecules the number
density of the molecules decreases while that of the electrons, posi-
tive ions, and neutral atoms increases. When the temperature «
increases to the point where the rate of decrease in molecule density
is quite large (8, 000 °K) the source of atoms is greatly reduced. The
number density curve for atoms then starts to decrease while that

£o?: positive ions, and electrons continues to rapidly increase. As

the temperature reaches still higher values, in the ideal case the atom
dcnsity curve would decay to zero and the positive ion and electron

curves would increase 'directly proportional to the temperature.

-
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This would indicate a state of complete ionization. At even higher

absolute temperatures, more complex occurrences, such as double
and triple ionization may take place. |

On the basis of thermodynamic reasoning, Saha (13) analyzed
thermal ionization by assuming the ionization process to be com-=-
pletely reversible, Complete thermal equilibrium was also assumed
i. e., temperature electron = temperature positive ion = tempera-
ture atom, and the number of ions lost by recombination were equal
to those formed through thermal ionization. No account was made
for the time required to establish equilibrium or the mechanism of
ionization. Saha obtained the following relations‘hip: when n is tl}e

original concentration of atoms in the gas, n = n, + nj, and the

fraction of ionized atoms is x = n;/n = ng/n.

2 ~-eV,
X P=3.16(10) " T2 exp — (1)

1 - %2 k T

where x = degree of thermal ionization
P = total pressure in atmospheres

T

ga.s' temperature in °K

eV

ionization energy of the gas atoms in exgs

sk
k = Boltzmanns constant,,
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This relationship can also be expressed in another form as follows:

i

2

p| o -5050V;

2 T

log,10 !’
' l-x

+ 2.51log. ~ T - 6.5 (2)
10

Figure 2 illustrates this-latter relationship between the degree of
ionization and the absolute gas temperature for nitrogen., It is
important to realize that numerous assumptions e. g., thermal
equilibrium, no turbulence, and a homogeneous gas were made in
arriv‘ing at these ideal rela.tionshipé and, thereifore, a,cttial condi-
tions may deviate from this idealized concept.

The thermal motion of the electrons, positive ions, and
neutral particles is determined by their many collisions. Only when
the electrons and positive ions gain sufficient kinetic energy between
collisions can they ionize a neutral gas particle when a collision
occurs. ;I‘he thermal energy of the plasma will increase until the
heat losses become equal to the energy input and then a steady state
condition is reached. The gas volume within this discharge has then
atta.inedw the state of a quasi-neutral plasma i.e., containing equal
numbers of charged particles of both signs. It may also contain
some neutral particles. If the kinetic energy of the electrons, posi-
tive ions, and neutral particles is the same, they are in a state of

thermal equilibrium.
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Previous investigations have shown that the following factors -

establish the conditions for a discharge:

a) density of the gas (mean free path of the electrons ),

b) separation distance between the electrodes,

¢) mean speed of the free particles between collisions,

d) the electrical potential between the electrodes.

~ Direct current gas discharges of a steady-state nature are

categorized into either glow discharges or arc discharges. The glow
discharge is characterized by high terminal voltage, low current
density, and low gas pressure, The arc discharge gene.rally operates
at low terminal voltage, relatively high current densities, and rela-
tively high pressures. " There are several other types of electric
discharges, however, only the electric arc discharge is of perti-

nence in this study and will be discussed here,

Basic Energy Exchange Phenomena

Since the underlying physical principles of the electric arc
discharge are independent of its application, the basic energy ex-
change phenomena and fundamentals of the electric arc will be
briefly reviewed. The electric arc may be defined as a gaseous dis-
charge capable of passing large electric currents at relatively low
voltage, Figure 3 depicts a ty.pical direct current electric arc dis-
charge between two electrodes. Ohmic heat is produced by means

of the electrical current flowing from the cathode to the anode
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through an electrically conducting gaé. the arc plasma. One may
distinguish the three distinct regions of the electric arc discharge.

Region a) The positive column or main part of the arc,

In this region the voltage gradient and arc diameter remain
relatively constant.

Region b) The cathode drop region. An extremely thin regio.n
in the order of less than or equal to several mean free path lengt};s.

- Region ¢) The anode drop region. Similar to Region b) but
adjacent to the anode.

The drop regions are characterized by very high voltage grad-
ients accompanied by a contraction of the arc diameter. The voltage
distribution over the arc length is shown in .the upper right portiofx
of Figure 3. Another distinguishing characteristic of the drop regions
is the thermal boundary conditions at the electrode-gas interface.

The a'node and cathode drop regions represent transition boundary
regions between extremely hot gaseous plasma and relatively cool
solid electrodes. This ci.uses an increased thermal gradient through
the drop region and, hence, an increase in the voltage gradient. In
the normal free burning arc, the voltage gradient is high in the region -
of the electrodes and decreases to much lower magnitudes as one
proceeds away from the electrodes. The table in Figure 3 indicates
the ranges of the voltage gradient, current density,” surface heat

flux, and heat content which have been measured under certain condi-

tions in the three regions of the arc 29
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The electric arc is by no means a simple heating element, but

rather an extremely complex one. This is8 mainly due to its non-
uniformity over its length and cross-section, but also its ability' to
change very rapidly its thermal and electrical characteristics with
the mode and degree of heat removal, At this point the arc-paradox
may be mentioned. In conventional electrical solid state heating ele-
ments the peak temperature normally decreases when heat is re-
moved from the surface. However, in th'e electric arc discharge,
the arc peak temperature may and usually does increase when heat
is removed from its surface. It has been experimentally verified
by numerous authors (15, 16) that upon removing heat from the arc
boundary, the conductive cross~section degreases accompanied by
a shift in the isotherms toward the arc's axis, For a constant power
input per unit column length an increase in the current density is
required. This is accompanied by an increase in the maximum
temperature along the arc's axis, 3

The over-all energy transport phenomena are determined by
the energy exchange processes between electrons, positive ions,
and atoms in the three regions of the arc. Briefly, in a very
sirppliﬁed manner, they can be explained as follows: at the cathode,
electrons are emitted from the surface by a complex, still not com=-

pletely understood process. Many investigators (14) have put forth

electrode emission theories; however, no single theory is generally
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accepted. In fact, the cathode mechanism is still considered an

open problem in arc physics. For example, the controlling mech-
anism of electron emission at the cathode, for copper electrode.s
(non-refractory), is postulated to be a combination of thermionic
and field emission {(17). It is beyond the scope of this investigation
to include all the details of these very complex electrode mech-
anisms.

When the emitted electrons enter the cathode fall region, they
are e%ectro statically accelerated to very high velocities due to the
high voltage gradient. Upon entering the positive column, the
velocity of the electrons is considerably reduced by collisions with-
neutral particles and positive ions of the ga;.s in the column. This
process generates ohmic heat, which the column dissipates to its
environment by the various transport processes. In the anode fall
space, the electrons are again accelerated to high velocities by the
strong electric field existing in the anode drop region. By means of
high-speed collisions with neutral gas atoms in this region, ioniza-
tion occurs. This proqcess produces the positive ions necessary for
maintaining electrical neutrality in the positive column. It is woz.'th-
w_hile to note that the energy dissipation at the anode is usuallymuch
greater than at the cathode even though the current density may be
less. This is because a large amount of thermal energy corres-
ponding to the work function is removed from the cathode surface

by electron evaporation during the emission process. At the anode,

-



26

this equivalent energy appears as heat of condensation (17). There-
fore, the electrons which bombard the anode surface give rise to a
large heat increase both from the heat of condensation and the kinetic
energy of the impinging particles,

A similar process occurs with the positive ions which are pro-
duced in the anode fall space, but because of their charge move in the
opposite direction. Because of the considerably higher mass of the
positive ions relative to the electrons, they drift at rather low veloc-
ities through the positive column under the influence of the negative
potential of the cathode. Acceleration of the positive ions in the
cathode fall and subsequent bombardment on the cathode electrode -
surface heats the cathode to high temperatures, In the positive col-
umn, approximately 95% of the total current is transported by the
drift of the free electrons. This is due to their lighter mass andmuch

greater mobility.

External Field Effects

Because the mechanism of arc discharges is so complex,and
available information on the various physical processes and phenomena
is not self-consisten;:, it becomes extremely difficult to predict the
effects of the superposition of external fields (aerodynamic and/or
magnetic) on the arc discharge. Changes in both the basic collision

phenomena and the temperature, velocity, and current density distri-

butions within the discharge proper can be expected due to the



. 27

interaction with the external fields. For example, certain properties
such as the electrical conductivity may become tensors, In the pres-
ent investigation, only those phenomena occurring in the high pressure
regime will be 'discussed i.e., >1 atmosphere.

V'Vhen a uniform external magnetic field is applied transverse to
the current flow in an electric arc discharge, a vector force is exerted
on the arc column. The magnitude and direction of this forge is re-
lated by Fnit length = TxB (I is the current and B is the magnetic
flux density.) For a steady state situation, this magnetic force will
have to be balanced by an equal and opposite force, In the present
investigation this opposing force was provided by the external trans-
verse blowing. The interaction e:ffect of the columns' self-magnetic
field with the externally imposed transverse magnetic field must also
be considered. This is thought to be the primary cause of the dis-
torted shapes and instabilities observed in the high-speed pictures
taken of a moving arc column. A kink-type instability has also been
reported (183. Thiene { 19 postulated that when an external magnetic
field is applied perpendicular to an electric arc column, a circulatory
convection (double-vor'tex) occurs within the column due to the mag-
netic body force on the arc plasma. For a parallel rail electrode type
apparatus, (or circular annular ring electrode type), a sufficiently

strong external transverse magnetic field may cause the arc discharge

to travel at very high speeds. Speeds up to 12,000 ft/sec have been
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reported (20). If the discharge is magnetically driven along parallel
rail electrodes, a drag effect is present because of the momentum
transfer from the positive ions to the large number of neutral gas
atoms and also from the induced aerodynamic drag aspects. The arc,
therefore, moves through a cold gas. This gas does not reach temp-
eratures sufficient for thermal equilibrium.

When a uniform external gas flow is applied transverse to the
current flow in an electric arc discﬁarge. a vector force is exerted on
the arc column. For a steady state condition, this aerodynamic force
will again have to be balanced. This balancing mechanism has been
partially explained on the basis of an energy balance. However, no
generally accepted theory exists. The explanation depends strongly
on the arc columns’! perviousness to external transverse flow, and
this is still an open problem in plasma physics.

F;or the combined interaction of both transverse, externalaero-
dynamic and magnetic fields, the previously discussed effects now
become superimposed. For the steady-state balanced mode, some
simplification may result, in particular when the arc column curva-
ture is eliminated as was done in the present experiment. Because
the two opposing forces are simultaneously present and the arc is in

the balanced mode, the relationship BI = (1/2)p CDVZD defines the.

force balance.
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Property Variations with Temperature

The temperature distribution within the column is determined
by the balance between the generated and the dissipated energy. Under
steady-state conditions, the thermal energy génerated by ohmic heat_-
ing within the column must be dissipated to the environment by the
various transport processes e, g., thermal conduction, convection,
c-liffus'ion, and radiation. These processes constitute an extremely
complex energy exchange system which can be solved analyticallyonly
for the very simple cases, A further complication is that the dominat-
ing gas properties are strong functions of the temperature which itself
varies across the arc column diameter.

The gas in the positive column of an electric arc is never intrue
thermodynamic equilibrium i.e., thé electron temperature must al-
ways slightly exceed the gas temperature (16)., Exact determination
of the équilibrium state of the elfectric arc plasma can only be obtained
through diagnostic measurements, These measurements may provide
the gas and electron temperatures or values of the column voltage
gradient and other variables from which these temperatures can be
obtained., Figure 4 illustrates some of the difficulties by the examples
of two prop‘erty variations of a nitrogen arc, free-burning in an atmos-
pheric quiescent environment (23). Figure 5 illustrates the same two

a

propexrty variations for the case of an argon arc (24).
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In Figure 4 the diagram on the far right shows the variation of

thermal conductivity k of nitrogen with temperature. The heavy solid
line represents the overall conductivity, while the remaining lines
indicate the contributions of the various constituents of the gas e, g.,
ko is the classical conductivity due to the drift motions of the elec-
trons, ky is the conductivity due to the diffusion of molecules and
agssociated atoms, and k-1+ and ki+ + are the conductivities due to the
diffusion of electrons and singly ionized atoms and of the electrons and
doubly ionized atoms,respectively, The dotted line would indicate the
thermal conductivity if nitrogen remained a simple molecular gasover
the entire temperature range (i. e., the conductivity due to the mic_ro-
scopic motions of atoms and ions). However, because of the effects
of dissociation, and single, double, or multiple ionization, the nitro-
gen plasma actually consists of a mixture of various gases. Thepeaks
of the k versus temperature curve indicate the completion of each
dissociation or ionization process with its associated energy absorp-
tion. The electrical conductivity ¢ versus temperature, shown at the
far left of Figure 4, does not vary so drastically, and approaches
uniformly its maximum value of approximately 100 mhos/cm. The
reason for the reduced slope of the electrical conductivity with temp«
erature above approximately 10,000 °K is mainly due to the influence
of the large collision cross-section of the positive ions (and subse-

quent reduction in the mean free path of the electroms).

!
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In Figure 5 the thermal conductivity k and electrical conductivity

o for an argon arc free-burning in an atmospheric quiescent environ-
ment is shown., By comparison with nitrogen (diatomic) the main dis-
tinguishing difference is the absence of dissociation,

The energy balance equation of the arc column

' oh
— VeVT+ |1 - (——-) ]V'VP-R= 0
BT)P [ Y=

(3)

GEZ + V + (kVT) - p (ah
designated the Heller-Elenbaas equation, expresses the balance be-’
tw;aen the generated joule heat and the heat dissipated by various means.
By neglecting pressure changes, this equation reduces to

6E? 4 Ve (KVT) -pCpV+VT-R= 0 (4)
The first term is the generated joule heat, the remaining i:erms are
the heat ¢conduction, heat convection, and ra;diation, respectively.
The equation in this form is extremely complicated for mathematical
solutions, therefore, numerous simplifying assumptions must be
applied in order to solve it by analytic integration. Many investix
gators have assumed that the generated heat is dissipated only by
radial conduction to the arc environment; therefore, the equation
becomes

GE’+ V « (kVT)= 0 (5)

Further, if cylindrical symmetry is assumed, the equation may be

written as

2,1 4 dT ., _ ,
O‘E + '; -a;(rk-&-;-)- 0 . (6)



- The gas propertxes, o and k, must be known. as functxons of the temp- ‘f‘-v}

, erature for solv:.ng the Heller Elenbaas energy equa.tmn. 'I‘he con- =

s1derable mathematxcal difficulties in findirg ana.lytzcal solutions be-"

come. more apparent when ‘the- radial temperature distributions are -
.taken into cons1dera.t1on. A typ1ca1 set of these radial tempereture :
preﬁles for a nitrogen arc are shown in the middle of Figure 4, They' “
span a cufrent range from 10:to 2_000_ a.mpez;es. )

""For‘th.is simple form of the energy equation (Eq. 6), the radial h
temperature distribution and the temperature gradient along the posil- '
t_ive column are functions of the heat di's.sipa.tion. Therefore, ihcre.as -
ing the radial 'heat ffansfer will result in increased peak tempera’t:m"es
and h‘igher voltage requirements (.i..e_. » higher power eonsufnétio;;/uhit - ‘
- arc length). Therefore, aﬁy mechanism which imp:;'oves the heet
transfer frofn the a’.rc' to its boundaries will result in higher power
density of the arc and higher peak temperatﬁf_es for any given current
. input. This occufs if an arc column is eonfiﬂed and cene‘trictedwithin ‘
cooled cflinder walls or is aeted upon by axial forced convection,
axial vortex flow, or transverse forced convection. The wall con-
| stricted, axial forced vconvection, or axial vortex m‘ethod of eonfine- .

ment (or any combination of the three) is currently being utilized in

many of today's electric arc devices, -
" The theoretical treatment of the arc column confined and stabi- |
lized in a forced convection flow field is considerably more difficult

. than that of the free-burning case or the arc within cooled solid |

cylindrical walls,

-
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By referring again to Figure 3 and the tabulation of arc data,

one notes the considerable range of voltage gradients and energy den-
sities which have been experimentally reported for the arc column.
The lower limits correspond to arcs in the free-burning case; the
upper limits were obtained under transient conditions for :arc columns

in a very high velocity parallel gas flow field (.2 ).

Electrical Characteristics

Another important aspect to consider is that the electric arc,
besides being an electrical gaseous heating element, is also a currc:mt
carrying conductor with a definite voltage-current characteristic.

The electric arc in steady~-state operation is recognized by the famil-
iar non-linear voltage versus current characteristic curve. A typical
curve is shown in Figure 6. This curve is applicable to constant
ambient conditions which may extend over a reasonably wide range.
‘An immediate consequence of the negative characteristic curve is
that a steady-state arc requires a stabilizing series resistance for
operé,tion in a constant electro-motive-force circuit.

Typically, the external characteristic circuit curve (see also
Appendix B, Figure 63) will intersect the arc characteristic curve
at two points, shown as (1) and (2) in Figure 6. Steady-state arc
conditions can exist only at the intersection point (2), which is a
stable equilibrium point, At point (2) a sudden perturbation in the

current will give rise to a voltage unbalance tending to restore

¢
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equilibrium. The arc circuit stability is very much dependent upon

the static characteristic behavior which in turn depends strongly upon
the energy transfer from the arc column (affected by such factors as:
convective velocity, ambient temperature, ambient pressure, exter-
nal magnetic fields, electrode jet eifects, column confinement effects,
and motion of the arc relative to the surroundings). Thus, the thermal
and electrical characteristics of electric arcs are directly dependent
on one another, both being strong functions of the mechanism of energy

transfer to the surroundings,

Self-Magnetic Field Effects

Since the arc is a current-carrying conduc'tor it will generate
magnetic fields,and will be subject to the effects of external magnetic
fields. As a. straight cylindrical conductor, the arc generates a
"gelf-magnetic' field whose field lines are concentric circles around
the arc column center line. Two conductors carrying current in the
same direction will attract each other. Thus, if the arc column is
considered simply as a collection of parallel current filaments, the
attractio;q forces between these individual filaments will result in a
radial-compression of the arc column. This is known as the "pinch-
effect' and becomes appreciable at current levels of > 1000 amperes
(26). At these high levels of current, a radial pressure distribution
is produced within the column proportional to the product of the

current and the current density.
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(radial) = 2 ) (axial) 2 (7)
c r, ' Ac .

where P = pressure

[
1l

arc current

arc current density

.
n

A = arc cross-sectional area

arc radius

b o

constant = 3 x 1()8 m/sec ' .

c
The reader is referred to Maecker (26) for a detailed dis;ussion and
derivation of these jet effects. From these equations it can be seen

:

that at a given current, the generated pressure depends on current
density, therefore, at a region of constriction (e. g., electrode spot
region). the internal pressure will increase aé:cordingly. The pressure
is highest where the current density is highest and, therefore, as one
proceeds away from a constriction the current density falls and
correspondinély the magnetic pressure. This difference of internal
pressure at various arc diameters may result in an axial flow of
plasma in a direction away from the constriction and toward the
larger diameter., This is schematically shown in Figure 7. The ion-
ized gas particles moving away from the constricted region sweep
along neutral gas particles which are radially entrained inward from

the surroundings. They become ionized, are magnetically trans-

ported toward the arc column center, and then accelerated in the
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axial direction as shown in Figure 7. The constriction region thus

acts as a pump receiving its input power from the self-magnetic field.
This shows up as a continual plasma jet aloug the arc column. The

maximum velocities obtainable were found to be related by

1/2 1/2

= |2 N
V(axial)max- E Faxial - C[pA] (8)

Velocities as high as 30, 500 ft/sec have been obtained in extremely
high current arcs (26). If the electrode surface melts, some of the
metal vapor is entrained by the incoming neutral gas particles and
magnetically pumped along the arc axis. This metal vapor contam-
inates the arc column and can greatly affect the voltage gradient, .
especially in the vicinity of the jet. " This jet effect; occurs at both
the cathode and anode electrodes, These jets definitely affect the
voltage gradient (cause it to rise), since more of the column is
occupied by the self-magnetically generated axial gas flow which
requires a greater voltage for the same current input. The strength
of the jet depends on many factors, A predominant one is the arc
column length. For a long column, frictional shear effects of the
surrounding ambient environment rapidly decay the strength of the
jet. Another predominant factor is the geometry and material of

the electrode from where the jet originates., The temperature of .
the electrode, because of its direct effect on the local current density,

also affects the magnitude of the jet. Several other factors must be

taken into consideration.
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1) Arc current level, .
2) mutual impingement of jets from both the cathode and the
anode,
3) electrode mechanism (thermionic or field emission or a
combination of the two),
4) the electrode chamber configuration and associated presence
of secondary flow fields. Since each of these effects are present to a
certain degree in all electric arc devices, their elimination is imposs-
ible and assessment of their relative magnittiJ.de is extremely difficult,
The aspects of tensor conductivity need not be considered in’
the present investigation, since the magnitude of the externally applied

magnetic field and transverse aerodynamic flow velocities are far too

low for any appreciable effects to be noted.



I HISTORICAL DEVELOPMENT OF STATIONARY ARC
A LITERATURE ' ‘

‘Over the past :17 years many valuable and interesting investi- » .: S
_gatiohs have Been coqducted 'rela.ted to the interaction of an electri_é
: ‘aTc with Atr’ansvérse aeTodynamic and/orvmagnetic;. ﬁélds. The fzirst :
related - croés-flo;iv mvest1ga.t10n was done in Lexpmg. Germany,
and reported in 1949 in the classic article by Wexzel and Rompe (28)
Th1s theore.tma.l mvgshgatmn. however_. was directed pnma.rlly_ at |
the effects of fTee convectiEn on a free-burning horizontal ele'ctTic, &
arc., The poséibil_ify of balancing a convective veiocity on an arc with -
a magneti‘c field irT vorder to c‘au‘se it TQ remain a E’traighT body WEE
| ment"iozie d.

Little if Eny ;Jvork_' ,‘was reported during the next fivé years until |
a report was published in 1954 'By Smith and Ea‘rly (29). | This .wasban':
experimental investigation to determine the feasibility of heating an
v oair lstréam in a wind tunnel by means of an electric arc., This was
. the first reported experimental study Qhe:e an ex‘;ernal magnétié
field was Iused to oppose the aerody'némic_ forces of a 'supérsonic flow»u‘ .

on the arc column. An unusual ‘c‘haracteristic'siant angle of the

i

column, with respect to the elettrodes, was observed.

42
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In 1957, Rother (30), in Germany, applied the energy equation

to a horizontal electric arc subject to an upward convection to gain
information on arc curvature and temperature distribution. Thiswas
the first paper to question the validity of the work of Weizel and
Rompe.

In 1959 Thiene {(31) published an extensive experimental and
theoretical study of the flexure of an electric arc under forced con-
vection. An analogy was made between the cc;nvected arc and the
distributed load on a structural beam. An energy balance provided.
arc curvature, temperature distribution, a so-called flexural rigid-
ity, and blowout criteria. This investigation set the pattern both
theoretically and experimentally for much of the work that followed,

A Russian article by Serdyuk (32) concerned with a welding arc
in a transverse magnetic field appeared in 1960. This was comprised
" of both an experimental and an analytical portion. A force balance
was applied to a deflected arc column,and this was used to calculate
the stability limit of the arc and the magnitude of the bowing due to
the external magnetic field,

In 1961 some preliminary work was done by Chen (33) on a
theory for an arc positive column subjected to a transverse gas flow.
The column was assumed to behave as a solid cylinder and by apply-
ing the steady-state energy equation, it was shown that the arc may
be stable or unstable depending on th’e perturba.tic;n introduced., At

this same time, Sherman and Yos (34) conducted an analysis of

-
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~ scaling laws for electric arcs subject to forced convection, Numerous e

assumptions were made and the analysis was tested experimentally, I s

The-resulﬁs indicated the vimportahce of certain parameters in the _ -
forcéd cox&ye’ction arc. |

.From 1961 untilithé-la.tter part of 1963 little was reported until
Lord.(35) in Ex;xgla;xd published a theoretical .investigation of some
magnletoﬂuiddynanﬁ.c problems involving elec_trié arcs. A por;ion' of ) :
this report included a magnetically balanced arc in cross-flow. A
solid body analogy wé.s made and by applying conservation equa.tidns,
Ampere"s. 'la.w. and Ohm's law, the .arc characteristics w‘erq obfained )
in non‘-dirpénsional form.,

- Toward the e‘nd of .1963 two Russian scientists, Alferov and
Bushmin (36), condﬁcted an experimental invéstigatipn of an .arc dis- .
~charge across the exit of a convergent-divergent nozzle at both sub-
s;:»‘nic and supersonic flows, The results inciuded photographs of the
form of the discharge as well as current and voltage characteristics. B
By 1964 keen interest ha;d been aroused and focﬁsed on the
eledtx;ic arc interacting with bofh aerodynamic al,;xd magnetic fields.

) This was primarily motivated by the immediate aerospace a.ppli_cal-
'tions as discussed p.reviouslylin Sectiop 1 The first reported re-
search in 1964 was that of Kalachev (37) in Russia, His investigétion )
was a.n extens_‘ion of the work of Alferov'and'Bushmin with the same

apparatus being used.  This was again mainly a photo'gra.phi.c study '

“of a pulsed arc'ciischa-rge.

.
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Fay (38) published a short note as a comment on the previousy

reported work of Thiene,

Bond (39) published a series of papers concerning the magnetic
stabilization of an electric arc in supersonic flow. These were pri-
marily experimental observations of the arc column configuration,
One interesting observation was that the arc had a characteristic
slant angle between the electrodes with the anode root always upstream
of the cathode root. Unfortunately, the explanations given for this
slant were quite specula.ti\;e.and no final conclusions could be reached,

An investigation was started by Hogan (40),and later continued
by Malliaris (41) on an experimental and analytical study of the funda-
mental interaction and energy exchange process between electric arc
discharges and cross-flow fields of preionized gases both with and
without the presence of external transverse magnetic fields. The
objective was to examine the phenomena taking place in the J x B
region and obtain information on the appearance and behavior of the
discharge under varying conditions.

Baranov and Vasileva (42) of the USSR published a report on
an electric arc struck across a high velocity cross-flow of argon.
Theyj suggested application to a non-equilibrium magnetohydrodynam«-

ic generator, Velocity, shape of the luminous region, and other arc

characteristics were experimentally measured by high-speed photo-

graphy.



. . 46
Lord (43) of England published a paper concerning the effects

of a radiative heat sink on arc voltage-current characteristics of a
cross-flow arc stabilized by an external magnetic field, The charac-
teristics were expressed in a non-dimensional form which showed the
importance of different parameters. Numerical examples, based on
some published magnetically-driven arc rail-type experiments
showed the heat loss from the arc bore little resemblance to that due
to forced convection from a solid cylinder.

Anderson (44) reported an analytical and experimental study on
the Hall effect and electron drift velocities in the plasma of a positive
column under the influence of an external transverse magnetic field.
The arc column was con:fined within a cylindrical tube in which pr;bee
were used to measure the Hall voltage and column gradilent.

Following Anderson was a purely theoretical investigation by
Ecker and Kanne (45), in Germany, of a cylindrical plasma con-
ductor in a transverse magnetic field. This investigation was limited
to small magnetic fields which allowed linear perturbation theory to
be applied to the two cases of a collision dominated and collision
free plasma.

By the start of 1965 there appeared to be on an average of
almost one publication every few months treating the cross-flow

arc problem both with or without external magnetic fields., The first

of these was Broadbent (46) in England, who published a technical
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report on a theoretical exploration of the flow about an electric arc

transverse to an air stream using potential flow methods. The con-
servation equations were applied to the arc which was treated as a
source and a heat sink was assumed in the flow downstream. This
model, however, gave unrealistic temperature distributions.

Paralleling this work, Lord and Broadbent (47) in England,
published a report on an electric arc across an air stream. The
paper discussed an electric arc in a transverse subsonic air stream
held stationary by an external transverse magnetic field. Non-
dimensionalized arc characteristics were obtained and the theory
was f:ompared with experimental annular gap traveling arc data 6f
Adams (48), also of England. The conclusion was that the solid .
cylinder analogy is not very satisfactory.

Olsen (49) published a report concerning a series representa-
tion method for inverting externally measured asymmetrical spectra'l
intensity distributions to true radial distribution of the emission co-
efficients for optically thin sources, The method was succes sfully
applied to both analytical and exp‘erimental data. The experimental
portion dealt with the interaction of a preionized transverse gas flow
with an electric arc.

Broadbent (50) published another report concerning electric

arcs in cross-flow. The experimental portion was a rail’accelerator
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setup, but ttme analysis of heat transfer aspects and comparison with
the solid cylinder analogy links the results closely to the cross-flow
category. Useful similarity laws were also derived. |

Noeske (51) presented analytical work on the behavior of an
arc in cross-flow. The porosity of an arc in cross-flow was examired
as a function of temperature and properties of the gas. Temperature
fields were compared witl'i solid heated cylinders and horizontal free-
burning arcs with natural convection. Analytical expressions and a
stability criterion were developed which related the geometrical,
electrical, and thermodynamical parameters of the arc current-sheet
model,

Myers (52) published a paper concerning an investigation of a
magnetically balanced electric arc in a transverse argon gas flow,
This was an experimental study of ’a.n electric arc in crossed convec-
tive and magnetic fields. The arc was found to behave similar to
that of a solid cylindrical drag body. The application to non-equilib-
rium conductivity was also discussed.

Kookekov (53), in Russia, published a paper treating the mech-
anism of heat transfer in transverse blown arcs. The motion of an
electric arc with transverse blowing and a perpendicular magnetic
field was studied. Experimental data were obtained on the arc

velocity and characteristics, A theoretical analysis was also included

using conservation of energy, Ohm's law, and the minimum principle.



The results indicated that by excludin'g'radiation and heat conduc- #
tivity, the energy transfer is primarily by means of turbulence i, e,,
there is turbulence within the transverse blown arc,

Schrade (54) presented a paper on arc pumping and the motion
of electric arcs in a transverse magnetic field. This was a theoreti-
cal study concerned with calculating the transverse forces which act
on an arbitrarily curved current-carrying conductor in a transverse
magnetic field. The arc motion was concluded to depend on the ex-
ternal magnetic field, the self-magnetic field, and the curvature of,
the discharge axis. ,

To complete chronologically. the historical development of the
investigations up to 1966, three other studies, which are currently
being conducted, shall be included. Benenson (55) is investigating
the effects of low velocity forced convection upon the steady-state
characteristics of electric arcs. He is primarily interested in the
arc shape, curvature, voltage gradient, and temperature distribution
(asymmetrical) within the arc. An experimental technique is being
employed to determine the arc shape and local integrated intensity
of the arc radiation. Following this phase will be an analytical
dete;mination of the asymmetrical temperature distribution within
the arc column using information gained from the experimental phase,

Fischer (56), in Germany, is investigating interactions of an

electric arc with transverse magnetic and gas flow fields. This is
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an analytical study of the arc discharge cross-section, tempei-ature

distribution and mass flow distribution, which occurs in transverse
externall fields., Work to date has been on a confined arc in a trans-
verse maénetic field and an arc under transverse convection. Pre-'
liminary calculations have provided temperzinre distributions and
flow fields.

_Han (57) is investigating the convective heat transfer and arc
curvature in cross flow, This is ah analytical study directed between
the two asymptotic cases of a solid cylinder (no penetration) and a .
c0mp1eté1y por‘;us cylinder (full penetration). The first vportion of
the study deals with establishing the asymptotic size of the vertica',l
arc core based on a heat dissipation viewpoint. The convective heat
transfer correlations are solved using a numerical integnal method.
One portion of the study is concerned with establishing the radiation

loss from the arc column. Another portion considers an approximate

analysis of the asymptotic column growth for turbulent flow.
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General Summary of Stationary Arc Phenomena

Experimental Studies

The number of experimental studies which have been made on
the stationary arc is too few to allow definite conclusions to be
reached, but only trends to be indicated. The investigations of the
static;nary arc in supersonic flow have generated more questions than
they have answered, For instance, why does the arc assume a
charac"ceristic slant and why does it show the strong preference for
the boundary layer of a supersonic tunnel? Little progress has been
ma.d\e toward understanding the nature of the stationary arc's inte;'-
action.with the supersonic flow, No localized property measurements
have been made in the arc or in the gas stream near the stationary
arc region.

Similarly, the stationary arc in subsonic flow has been the sub-.
ject of only a few investigations. However, relatively more trends
can be indicated than for the supersonic case. The studies to date
have spanned a large range in velocity and magnetic field strength
and all indicate that the velocity is approximately proportional toYE
Thus, the analogy of the conducting cylinder with aerodynamic drag
appears to be the best model for the atatibnary arc at present.

All of the stationary arc studies in subsonic flow have been of

a preliminary nature,and no measurements have yet been made at the
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boundary between the arc and flow to show the energy exchange mech-

anisms or inside the arc to determine its internal structure. Reason
compels one to expect the stationary arc interactions in these regions
to differ significantly from the conducting cylinder analogy. Consid-
erable work is also needed at different pressure ranges and with'

different gases,

Theoretical Studies

As a consequence of reviewing each of the directly pertinent
investigations in detail, some general features and effects of the
cross~flow phenomena (both with or without external transverse mag-
netic fields) which any generally acceptable complete theory should
explain for the high pressure case are listed below. In some para-
meter ranges, several of these effects may be neglected. (It should
be re-emphasized that the cross-flow arc interactiovn phenomena,
both with or without external transverse magnetic fields, which have
been reported in the literature were determined with a variety of
electrode and external field configurations and also under vastly

different parameter ranges., Therefore, any correlation between

the many different investigations is extremely difficult.)

Cross-flow only

1) Arc curvature (including blow-out criteria),

2) arc cross-sectional shape,



3) electrode material effect,

4) electrode shape and arrangement effect,

5)- electrode jet effects (withrcorresponding induced axi.al
gradients),

6) free-convection effect,

7) drag effects,

8) heat transfer effects,

9) temperature distribution, ,
10) property variations as a function of temperature,

11) effect of enclosing the arc with channels of different

geometry.

Cross-flow with external transverse

magnetic field

In addition to those effects listed under cross-flow only, the
following are present:

1) External magnetic field interaction,

2) self-magnetic field interaction, and

3) the electrode field interaction effect,

The theory, in addition to describing the above effects, should
then clarify some of the following areas:

1) Pervious versus solid body model (or a combination of the
two),

2) occurrence of internal double-vortex (including shear effects

at boundary),

-
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3) laminar or turbulent flow (both within and surrounding arc

column), and

4) mechanism of heat transfer inside the arc, through the

f

boundary, and to the external flow.



Iv. DESCRIPTION OF EXPERIMENTAL
APPARATUS
The cross-flow arc test facility was designed by the author
,and fabricated by personnel within the Aerospace Research Labora-
tories. An exception was the iron-core electromagnet, ' The speci-
fications were prepared by the author, but it was more economical
to purchase the basic magnet from a commercial source. -

Since it is felt that the detailed design of the apparatus is
pertinent to the results of this investigation, it will be included.
The description of the experimental apparatus was divided into three
parts:'

A. Primary Components.

B. Instrumentation and Support Equipment,

C. Diagnostic Equipment.

A schematic 'dra,wing of the overall experimental apparatus
arrangement is shown in Figure 8. A photograph of this arrange-
ment is shown in Figure 9, |

A. The primary components consisted'c;f the following sub-
systems:

1'. Electrode Assembly and Starter.

2., Magnet.

3. Blowing Nozzle Assembly.
83
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Each of these subsystems will now be discussed in some detail,

l. Electrode Assembly and Starter,

Figure 10 is a full-scale drawing showing the electrode
assembly. The cathode was the lower electrode in all tests. The
cathode was a 1/4«inch diameter, two per cent thoriated tungsten
cylinder' with a hemispherical tip. This 1/2-inch long tungsten slug
was recessed and silver soldered into a water-cooled copper base
mOur;t. (See Appendix D, Figure 65,) Surrounding the cathode was
a gas injector made of brass with four equally spaced, 0.013-inch.

. diameter, injection ports bored through it. (See Appendix D,
Figures. 66 and 67.) This injector provided a small quantity (approxi-
mately 1 1b/hr) of non-oxidizing argon gas necessary to prevent rapid
oxidation of the tungsten cathode. The injector disc was insulated
fro1;n adjoining parts with boron nitride spacers. The cathode gas
injection flow system is shown schematically in Figure 11, The gas
flow from the high pressure supply was controlled by a pressure
regulator and a check valve. GClosing the check valve permitted
cha'.nging the gas bottles at the high pressure manifold without losing
pressure .-;\.nd gas in the low pressure reservoir. The .low pressure
reservoir, used to ensure a large, constant pressure gas supply,

was a stainless steel tank of three cubic feet capacity. The reservoir
was kept at a pressure of 30 psig and monitored by an attached pres-

sure gage. The reservoir was tested to 75 psig, and a safety valve



59

coiled copper anode *

=

‘rnu metal shield] -

Y

AR

copper

o ¥

view
port

PAT FEFE AT TN,

locator

- L )

duc\cn P R P IO Y
: . ‘tee @ ¥ o
A8 v s S,u 9wy ln

vy
)

)

)

ey,
AL AR Y

N

D

L LE L L L L L Ll

YIIZFNI NN

.

AR

e e N NSNS

iron-core
electromagnet

insulated
segments

"eRescae

M

R R L T I TSR L E T e

L R e o
g S o pme ot

s i e e -

. 2. - -
AN Se e ™t B R R —— P

UPSTREAM VIEW OF CROSS-FLOW ARC TEST SECTION
FIGURE 10 )



- laboratory compresse
air supply
3000 psig(filtered)

nitrogen gas Z
supply
2600 psig '

sonic nozzle
gas metering

system

high pressure

P
. 2
manifold . - 3-way valve O
O O argon gas P
khigh preagure

O O supply regulating valve R

sonic

nozzles

high pressure % anode

high pressure

regulator regulator
17 {7 .
locator VK7 particle . honeycomb
injection fine
arc rake screens ,/
flow \I : :
safety manometer -— ' '
valve pressure — il - H . :’
gage constant -— it H
- temperatur - ! : \
bath \
needlevalve 1 H ==
blowing
6 ; chamber
capillary W// — rake traversing
/ .
flowmeter / mechani _sm and
low 7~ f %7 vernier
pressure l'”"_'] ' 2 Zie .
reservoir . cathode 2
. flow . [gas E .
. meter injector E particle
mixing
gas _g: chamber
supply &

f‘IGURE 11 SCHEMATIC DIAGRAM OF GAS FLOW SYSTEMS AND PARTICLE INJECTION SYSTEM

09



S 61

was installed to blow at 60 psig. From the reservoir the gas flowed
to a coiled capillary flowmeter, which was kept in a constant temp-
erature bath. The pressure drop through the coil was measured -
with a U-tube water manometer, A calibration curve for argon mass
flow through the coil as a function of the U-tube manometer pressure
differential reading is included in Appendix B, Figure 55 The con-
stant temperature bath consisted of a heavy galvanized can, The
temperature of the bath, set at 78 °F, was maintained. by an auto-
matically controlled temperature regulator, The mass flow to the
cathode injector was controlled by a Hoke needle valve,

Stacked directly above the gas injector were two water-cooled
calorimeter segments. (See Appendix D, Figure 68) These weré
made of copper with a 3/8-inch diameter centered hole. They
remained at a floating potential, being electrically insulated from
each other and adjacent segments by discs of boron nitride surrounded
by a silicon rubber seal. Above the upper calorimeter segment was
a water-cooled copper locator. (See Appendix D, Figure .il>9'.) Its
p_uz"pose was three-fold; it provided a transition section between the
gas within thé cathode chamber and the external environment, helped
in locating the arc with respect to a reference centerline, and served
as a potential probe for measuring the voltage. (The voltage gradient
between the locators was also measured with a separate water-cooled

LY

probe.) The convergent-divergent shaped hole through the locator

minimized the erosion of the upper and lower edges: directly exposed

.
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to the arc. The hole diameter of 1/4 inch was chosen to reduce

Pinching or restricting the effective arc column diameter, The en-
tire cathode assembly was clamped together and sealed as shown in
Figure 10, Positioned two inches above the first locator was a second
locator identical to the first with the exception that it had a 1/2-inch
diameter hole. This again served the purpose of providing a center-
line frame of reference through which the arc column could pass on
its path to the anode. The reason for the increased hole diameter in
the upper locator is discussed in Appendix E, The final design of the
copper, water~-cooled locators was governed by several factors:

a. The most effective cooling of the inner hole region occurred
when the high-speed water flows meridianally over the inner passages.

b. The arc tended to attach itself to any silver solder in its
vicinity; therefore, the use of silver solder needed in locator fabri-
cation was minimized.

c. The locator must be as well cooled on‘ the bottom face
exposed to the test section as it is in the hole region. This was
because a misadjustment of the aerodynamic or magnetic forces
could momentarily drive the arc column away from the center posi-
tion and might lead to locator burnout.

The anode assembly used was arrived at after many optimi-

zation studies of alternate anode designs (see Appendix E:for
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discussion.) It was composed of a specially wound helical coil of 1/4

inch o,d. copper tubing (Figure 10). By winding the coil such that
the arc interaction with the magnetic field of the coil drove the anode
spot circumiferentially and at the same time upward around the helical
'

path provided a simple and most effective anode, By magnetically
driving the anode spot at high speeds over the anode surface, the very
high heat load of the anode spot region was spread over a significantly
larger path so that the high pressure cooling water flowing through the
anode could effectiv;ely remove the heat and prevent local melting.
This anode performed satisfactorily at currents up to 600 amperes.
The average lifetime of an anode was 45 minutes, A high-speed
photograph of the anode spots is included in Appendix E (Figure 70).
To provide both an aerodynamic and magnetic shield around the anode
coil, a cylindrical water-cooled mu metal shield was fabricated. Due
to the influence of the external transverse magnetic field, this pro-
tection was necessary or anode burnout resulted at the highest range
of testing. The distortion effect of the mu metal shield on the exter-
nal magnetic field in the test section region was less than three per
cent.

The arc was initiated by employing a secondary carbon-tipped
rod anode which made contact with the cathode tip,and was then

rapidly withdrawn upward through the coiled anode. In this way the

arc was drawn upward until it reached the level of the anode. It then
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transferred from the secondary starting anode to the primary coiled
anode as the starting anode continued upward and was rapidly moved
away. The starter actuator was a spring-loaded retraction device
released by a solenoid and synchronized to follow the main arc power
initiation. This method proved to be extremely reliable and elimin-
ated the contamination, which would be given off by an exploding wire
starting technique.

l2. Magne;

The iron-core electromagnet was designed to provide the
necessary external magnetic field anticipated to balance the aero-
dynamic forces on the arc column. Dwue to the physical acce;sibility
required for the diagnostic probes and blowing nozzle, the open y.oke
magnet design was selected. Figure 12 shows the magnet and mount-
ing assembly (also see AppendixlD', Figure 64). The optimum field
intensities and homogeneity required, commensurate with the accessi-
bility needed within the test section were obtained with a 4-inch air
gap and 4-inch diameter cylindrical pole caps. This gap allowed
b1;>wing nozzle access and sufficient clearance downstream of the test
section for the traversing probes, A 3/8-inch diameter view hole was
drilled through the magnet pole pieces and caps to permit viewing of
the arc column when it was in the balanced vertical position. Approp-
riate shims were added to compensate for the bore-hole efiect on the
magnetic field uniformity. Low-impedance magnet éoils were

selected which matched the d.c., power supply available. In order to



FIGURE 12 ELECTRODE ASSEMBLY, ELECTROMAGNET AND PROBE
TRAVERSING MECHANISM
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provide a magnetic ramp for the arc to be driven against as it was

blown downstream, specially shaped iron pole-caps were fabricated
which afforded a slight monotonically increasing magnetic field in
the downstream direction (approximately five per cent per inch). In
this way the arc could be positioned at any desired location in the test
section, specifically at the centerline of the transverse view hole.
-The field intensity within the test section was calibrated with a
gaussmeter as a function of input power supply current level. A
Hall element Bell gaussmeter Model 110 with adjustable ranges be-
tween 1 to 30, 000 gauss was used with a transverse probe. The
calibration curve is included in Appendix .B (Figure 59). A built-in
calibration unit was used,and this provided an accuracy of +two ;'>er
cent of full-scale reading. A special vernier mount and probe holder
were constructed to allow accurate flux plotting. Plots of the field
intensity and homogeniety are included in Appendix B (Figures 57,
58). Before each test the magnet was nulled by re.versing the field.
A traversing slide was built upon which the entire 500 pound
magnet assembly could be indexed into place, This provided accessi-
bility in replacing components, allowed preliminary investigations
on the arc column to be done without the magnet in place, and pro-
tected the magnet from the high heat loads during shake-down tests.
The slide also enabled the entire electrode assembly to be visually

checked for misalignment, damage, or water leaks before actual
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testing commenced. Figure 13 shows the magnet assembly indexed
to the test position,

Sufficient insulation was applied to protect all exposed surfaces

.

of the epoxy coated magnet coils from the high temperature arc col-
umn. A coating of Fiberfrax (asbestos-ceramic material) insul-
ation, 1/4-inch thick, covered the major portion of the exposed
area. The two most critically exposed areas were the pole caps
themselves and the region immediately adjacent to the anode, Spec-
ial water-cooled copper heat shields werefabricated to protect both

these critical areas. A thin layer (1/16-inch thick) of Saureisen
imigh temperature and high electrical resistance paste and Carborun-
dum QF -150 asbestos~ceramic cen-1ent applied to the surface of 1:.hese
areas adequately provided additional heat and electrical insulation,
The insulated magnet pole faces were located 1-5/8 inches either
side of the balanced arc centez:line. The cooling_ water to the magnet
coils and the heat shields was sufficient to remove the heat generated.
Thermocouples were located at critical areas to monitor the cooling
water temperature, These temperatures were registered automat-
ically on a recorder and in the event of excessive tempez:ature, the
experiment was shut down and the source of trouble eliminated,

3. Blowing Nozzle System

A schematic diagram of the blowing nozzle system is shown

in Figure 11. It consisted basically ¢f the subsonic blowing nozzle

assembly, the gas metering and regulating system, and the high
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pressure gas supply system. The blowing nozzle assembly was
fabricated from 1/16-inch brass plate, The convergent nozzle de-
sign was adapted and scaled down from an existing subsonic nozzle
which was experimentally determined to have a flat and uniform
velocity profile. It was 24 inches in overall length and had a square
cross-section of 25 square inches, The nozzle exit a.rea,1 was two
inches square. A baffle plate was positioned slightly downstream of
the gas inlet. A series of honeycomb (3/16 inch pore diameter) and
fine grid screens were placed at intervals along the tunnel portion
from the inlet section to near the nozzle end to straighten the' flow
and reduce turbulence. Care was taken in the fabrication and posi-
tioning of all honeycomb and screens since it was desired to have as
flat, uniform and non-turbulent a velocity profile as possible at the
test section station where the arc column would exist. The velocity
profiles at the test section station and blowing nozzle exit plane
were measured both by a pitot-static probe and a hot-wire anemo-
meter. Plots of the velocity profiles at both stations are shown in
Appendix B (Figures 60, 61)., A water-cooled nozzle shroud sur-
rounded the nozzle exit because of the near proximity of the nozzle
exit to the arc column., The remainder of the exposed nozzle
assembly was coated with a thin layer of QF-150 cement. The blow-
ing nozzle assembly was aligned perpendicular to the magnet axis

and the arc centerline and rigidly mounted to the electromagnet.,
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Electrical insulation was provided so that the entire assembly was

at a floating potential. The rigid mounting of the blowing nozzle
assembly to the electromagnet allowed the nozzle to be indexed into
test position simultaneously with the electromagnet, Figure 13
shows the test apparatus as it was positioned duiing a test on the
balanced arc. When indexed into the test position, the blowing nozzle
was 1-1/2 inches upstream of the arc centerline,

A sonic nozzle gas metering system was used in conjunction
with the high pressure compressed gas supply to afford accurate .
metering of the gas flow. The upper right portion of Figure 11 de-

picts the basic assembly, and Figure 14 is a photograph of the sonic

o

nozzle system, A series of 5 sonic nozzles, of increasing throa:t
size from 0. 0271 inches to 0. 102 inches, were arranged in a parallel
connection. Each was provided with an imiividual shut-off valve.
Stagnation pressure and temperature recorders were located up-
stream of the nozzle assemblies. A pressure gage was also located
downstream of the nozzle to insure choked conditions at the throat.
A main pressure regulating and relief valve was situated upstream
of the nozzles to reduce the pressure head in the high pressure
supply to the range desired for test operation. The high pressure
gas supply was obtained firom the laboratory filtered, compressed
air supply system. The main supply pressure was maintained at

approximately 3000 psi. The calibration plots for the sonic nozzle
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system and the test section velocity as a function of the stagnation

pressure and temperature are included in Appendix’f’: (Figures 56,
62).
B. The instrumentation and support equipment consisted of the

following subsystems:

1. Arc Power Supplies,

2, Aauxiliary Power Supplies, Ventilation System, and
Shiel‘ding,

3. Cooling Water Supply System,

4, Recording Equipment, |

5. Cameras.

l. Arc Power Supplies

The d. c. arc power was supplied by two A, O, Smith

three-phase tra.nsformer-type power supplies employing a three-
phase silicon bridge. The power supplies were connected in parallel.
The current control was provided by the use of moving-coil type high
reactance transformers with the coil coupling controlled by a gear
motor drive. The units were operated by a remote start-stop and
raise-lower push button control. Current output was selected by the
raise-lower control which operated the gear motor drive of the mov-
ing primary coils. The output rating per rectifier unit for continuous
operation was 500 amperes at 250 volts, equivalent to 125 kw. Open

circuit voltage was 500 volts., A characteristic curve for this recti-

fier is included in Appendix B, Figure 63. An inherent property of

0
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a moving coil transformer type rectifier is the relatively high power

ripple level. In an effort to reduce this, a large water-cooled coil of
3/8~inch o.d. copper tubing was wound. This served as an inducto.r
when placed in series with the power supplies, The total resistance
of the inductor was 0.2 ohms and the inductance was 12 millihenries.
The power ripple was reduced from 12 per cent to approximately five
per cent by this inductor.

2. Auxiliary Power Supplies, Ventilation System and Shielding

The electromagnet coils were energized by a d.c. Varicell

of 0.5 kw output. The current regulation was controlled by a manual
crank selector.

The electromagnet positioning linear actuator was powered 'k;y :
a 0.3 kw Labpack d.c, rectifier. The current regulati;m from 0 to
10 amperes was set': manually by a selector knob. A schematic dia-
gram of primary and auxiliary power supply systems is shown in
Figure 15,

A vacuum duct ventilation system was used to remove all gas
emitted in the housing during arc operation. The system was rated
at 900 cfm.

Due to the amount of strong ultraviolet radiation given off by
the arc, sufficient safety shielding was positioned both at the down-
stream and side view positions of the apparatus to allow visual

observation of the arc column at all times.
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3. Cooling Water Supply System

The cooling water was obtained from the building supply
at 75 psig. Because of the large quantities of water used in the
experiment, a separate 4-inch line was tapped into the water mainl
A schematic diagram of the cooling supply system is shown in
Figure 16.

A two piston positive displacement Worthington water pump,
rated at 68 gpm and 530 psig, was connected between two surge tanks.
One surge tank was located on the inlet line and the other on the pump
outlet line. The pressx'lre surge inherently present in all positive
displacement pumps was undesirable from the standpoint of cooling
critical elements. The employment of both surge tanks reduced time
pressure surge to a tolerable level. The water pump was driven by
a thrree-pha.se 25 horsepower electric motor, A by-pass line was
used to regulate the pressure head at the exit line. The exit line fed
into a long high pressure water manifold. Sixteen high pressure con-
trol valves were spaced at intervals along the manifold. High pres-
sure hose was used to route each line to the particular element to be
cooled. The low pressure return line.;‘, were connected to individual
Fish;r and Porter flowmeters, each capable of monitoring flow from
0 to 6 gpm. The water lines which supplied the electromagnet first

passed the water through an aqua-pure cartridge filter to remove any-

foreign matter which might clog or contaminate the system.
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4. Recording Equipment

The recording equipment is shown in Figure 17. A 12-
channel Brown-Honeywell continuous stepping recorder was used to
monitor water outlet temperatures. The temperatures were measured
by calibrated copper-constantan thermocouples. For a reference, one
channel recorded the inlet water temperature. A schematic diagram
of the various channels and typical operating values is shown inFigure
18. The temperature differences together with the known mass flow
rates read on the flowmeters allowed a heat transfer calculation to be
made of the total heat conducted from the arc to the water at each ele-
ment,

An 8-channel Dynograph individual strip readout recorder was
used to monitor arc electrical characteristics, input current to the
elec;romagnet, and stagnation pressure upstream of the sonic nozzle
system. The two remaining channels were used in connection with the
calorimetric probe.

A Tektronix oscilloscope was used in conjunqtion with the wake
turbulence frequency measurements and the potential probe measure-
ments,

5, Cameras

With proper fiitering it was possible to visually study the

appearance and behavior of the arc column. However, in order to

systematically record the arc column motion and shape, highespeed
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and press cameras were employed. In this way details of the arc

column could then be studied and compared by viewing the slowmotion
films and still pictures.

The following type¢s of cameras were used,

a. 16 mm Wollensak Fastax framing camera,
b. Beckman-Whitley Dynafax rotating drum camera,
c. Linhof press camera,

The 16 mm Wollensak Fastax framing camera was of the con-
tinuous moving film type with a rotating prism positioned between the
lens and the sprocket. A 100-foot roll of film was fed through the
camera in 0,6 seconds. The sprocket accelerated to the maximum
speed of 7000 frames/sec after the first 55 feet of film. The Fastax
camera was equipped with an externally activated timer which pro-
vided 1000 cycles/sec timing marks on the edge of the film, The
Fastax camera was used to produce slow motion color films of the
rotational motion of the anode spots, cathode spot size and shape,
simultaneous views of the arc column in the balanced mode, the arc
column behavior without external fields applied, and flow visualiza-
tion by particle injection. Neutral density filters, Ansco color film
type 231-D/50 and an £/22 setting provided the best results, .

The Dynafax rotating drum camera exposed 224 frames of
35 mm filrm in 8. 62 milliseconds, corresponding to a film speed of

26,000 frames/sec. The film was transported on a rotating drum
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(7,000 rpm), and an octagonal rotating mirror (97,500 rpm) was used

for shuttering. The Dynafax camera was used to produce a slow mo-
tion color film of the rotational motion of the anode spots. Neutral
density filters Anscochrome, color film and an £/16 setting provided
the best results. ’

The Linhof press camera was a four by five inch type rated at
1:8/90 employing a super-Angulon lens. A polaroid camera attach-
ment on the back allowed either graphic four by five inch plates or an
eight exposure roll of polaroid 10-second developing, 3000 speed, .
type 47 film to be used. The Linhof camera was used for the simul-
taneous orthogonal viewing of the arc column size and portions of the
flow visualization study. Neutral density filtering was used and the
majority of the pictures were taken at £f/8, 1/250 sec.

Figure 19 shows the physical arrangement of the arc, lenses,
mirrors, and camera for the simultaneous orthogonal viewing.
lv;‘igure 20 is a schematic of the mirror arrangement and camera used
in photographing the flow visualization by particle injection. Neutral
density filtering was used together with camera settings of £/8 and
1/500 sec.

C. Diagnostic Equipment

The diagnostic systems consisted of the following primary
subsystems.

l. Flow Visualization by Particle Injection,
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2 calérimetric _P;éobe, i S .
. %3_. " Cooled He_;f Flux Probe, :
1 Flow Visualization by Particle Inje'ct.ionl
~ The .s'm.all_ particle prgé_surize@ injection system £§r the =
‘flow'vi,s\;aliza-,t_:ion atudiéé is shown ﬁchematically in Figuz;e 11, It wals
originally intended to Ause a va’.rietyvof particles, such as boron. m'.-.- '
tride.‘ lifhium' hydride, carbon, -alurhinum, and aluminum oxide; how-
ever, 11: was discovered that it was..extremely‘ difficult to obtain
: _pa.rticleé of these materials within thé size range requ_j.red £r6m a | .
E coﬁumercial source. I:I‘h;erefore, ‘the particles used throﬁghout the
majority of the flow visualization pbxftion of the 'study §vere aluminum
pafticles. ~ The srx;;all,' spherical, aluminum particles of 2 to 20 |
microns d'ia.rh‘eter-were_ containéd in a cylindfical glasé, mixip.g cham-
ber. The ch'_aml:;er was sealeci with the exceptibn of tw-o small st.a.in-,
iess’ steel t;'1bes entering at the top. One tube acted as the pressuriz-
: mg inlet line, It tapered at the tir; to a éonvergent nozzie and exténded_
, in,td the .pa...rticle‘ 'supp].y. By inserting the n;ozzle of the inlet tube dgep
into the particle. ﬁile, good a.éité.éion was achieved, This line was fed
. b& an .upstreé,m gas supply system through a pressure regulator and
"ﬂow.meter. The outlet line was pésitioned with its end at approxi-
mately the ﬁid-height of the mixing chamber. ;I'he end was plugged
. and a small exit port _vs;av:aﬁ.'llocated on the periphery near th.‘e plugged -

end. The exit port on the side of the exit tube allowed particles of
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approximately ‘the same size to be carried out the exit line and con-
tinue on to the blowing nozzle injection tube, The right angle bend of
the injection tube also served to filter out some of the larger particles
which may have entered into the tube., The injection tube was mounted
on a mechanism which allowed it to be traversed in the horizontal
plane. A vernier scale was attached for a reference position indica-
tion, The particles entered the blowing chamber through a stainless
tube inserted through one side wall of the chamber slightly upstream
of the start of the converging section. A tee in the line allowed a

1/16 inch o.d, stainless steel injection tube to extend at 90° from the
inlet tube and lie on a central plane parallel to the flow streamlines

of the nozzle exit, The exit plane of the injection tube tip was 1/ 8'
inch upstream of the nozzle exit pla;me. The other portion of the tee
extended through the back fa;:e vertical wall of the chamber and was
provided with a bleed valve to further assist in controlling the particle
injection rate, One of the problems usually encountered with small
particle injectors is a means for keeping the particles from bunching.
Various vibration techniques, sifting through fine filters, and other
approaches have been used with some degree of success. The reason
for using this system was that the pressurization allowed the particles
to be injected parallel with a streamline at approximately the same

velocity as the flow, This provided a meaningful flow visualization

of the streamline path as it approached and was deflected around the

arc column,

-
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2, Ca.lorimétric Probe
The basic disadvantage of any probe utilized to measure
local gas characteristics is its disturbance on the medium being
.measured. As a result of the recently achieved miniaturization of
many commercially available probes, the error introduced can be
greatly minimized,” The significant dimension of the arc column var- ‘
ied from 0. 34 to 0, 45 inches, while the probe o,d. was 0, 063 inches,
A minimum of disturbance was therefore achieved, The compara-
tively simple operating principle and associated apparatus, together
with its small size, make the miniaturized calorimetric 'probe an
especially suitable device for the measurement of local gas enthalpy
and velocity., This was particularly significant in the present investi-
gation due to the imposed accessibility limitation,’ .
The Greyrad Corporation miniaturized calorimetric probe which
was used is shown schematically in Figure 21. This probe system was
used with a '"tare' measurement tec%ue i.e., the probe was first
operated with the gas sample flowing, and then operated with the gas
sample shut off. This tare measurement technique eliminated the
error due to radiation heating of the probe and also that due to heat
transfer to or from the outer portion of the jacket., By measuring the

coolant water flow rate and temperature rise together with gas sample

flow rate and cooled gas temperature at the probe exit and applying
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the '"tare'' measurement, the stagnation enthalpy of the unknown gas
sample was calculated from a heat balance relation, The resulting

stagnation enthalpy was given by

(m C AT ) -(m C AT)
h = c c c's cc ¢
8

_ Z ¢ (Cp Te),

(),

where subscript f signifies tare measurement with sample flow and n
signifies tare measurement with no gas sample flow, Two dis-
advantages are inherently present in this type of tare measurement
probe; however, neither were particularly critical for the cross-flow
arc investigation., The first is the requirement for intermittent probe
operation which necessitates a steady-state environm;ant of sufficient
time duration (approximately 20 seconds) to permit the ''flow" and
""no-flow'" data point to be obtained. Since the arc average run time
was 45 minutes, this requirement did not prove to be a problem. The
second is the criteria for the selection of a sufficiently small gas
sample rate of flow so that duplication of flow conditions near the
probe tip are satisfied during the "tare'' measurement. This condi-
tion was satisfied by taking the '"tare'" measurement for a particular
data point and then repeating the '"tare' measurement at a few slightly
greater gas sample flow rates, A point wa‘s reached where a l.lu'ge
error was noted in the gas stagnation enthalpy calculation indicating

that the sample flow rate had increased to the point where the tip-flow

duplication criteria was no longer valid., It was, however, desirable
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" to use the greatest error-free gas sample rate in order to obtain

maximum probe sensitivity,

A three-axis translational scanning device was. construct.:ed to
allow accurate positionment of the probe in the test region. Figures
12 and 22 show probes mounted on the translational scanning device.
Three types of probes were used., Figure 23 shows two of these types.,
The third was identical to the larger 1/8" o.d. 90°-bend probe shown,
except a straight section replacéd the 90°-bend. .

F'igure 24 shows the probe coolant supply and gas sample flow-
rate system. The thermocouple readouts were monitored on elec-
tronic recorders, A calibration curve for the probe used for the
blowing velocity measurements is included in Appendix B, Figure 56,

3. Cooled Heat F'lux Probe

The availability of a Thermo-Systems Incorporated
miniaturized, internally water-cooled heat flux probe allowed meas-
urements to be taken of the local heat flux, rms per cent power
fluctuation and turbulence frequency downstream of the arc. The
changes in heat flux which the sensor wili measure depend on temp-
erature, velocity, pressure and gas composition. The optimum
application for a sensor such as this would be in a high temperature
flow where either the velocity or the temperature (together with

pressure and gas composition) is known to remain essentially con-

stant. In an environment where pressure, compogsition, and temp-

erature are essentially constant, an exposed sensor gives a direct
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FIGURE 22 90° BEND CALORIMETRIC PROBE MOUNTED ON
 TRANSLATIQNAL SCANNING DEVICE __
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indication of velocity. For measuring temperature fluctuations, one
usually resorts-to an aspirating type probe which (by using a sonic

flow orifice arrangément) essentially eliminates the velocity effects

through proper calibration. Another technique might be to include

dual sensors, -each maintained at a different temperature, Various
other sophisticated techniques similar to those used in hot-wire
anemometry may also be applicable. It is only possible to accurate;
ly obtain * qﬂua.ntitative measurements of one of the variables if the
remaining ones are known. Therefore, the results obtained from the
sensor used in the present investigation will only be useful as a qual-
itative - measurement of the heat transfer rate. The heat flux p.rob'e
assembly and mounting is shown in Figure 25 together with an en-
larged schematic of the sensor portion. The probe was used in con--
junction with a specially designed electrical bridge which measured
the instantaneous rate of heat transfer from the arc wake region to
the small cylindrical sensor (0. 006 inches o.d.). The platinum film,
cooled by the internal water flow, acted as a resistor whi‘;h the
associated electronic circu.it maintained at a constant resistance
(subsequently a constant temperature)., The sensor was coated with
a thin layer of quartz to electrically insulate it from the arc region,
When a fluctuation occurred in the environmental conditions, the
circuit varied the electrical power into the sensor to maintain a

)

constant surface temperature. The amount of heat being transferred
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to the internal cooling water was constant due to the constant sensor

temperature and was determined from previous calibration tests.
Thus, the instantaneous heat transfer rate from the environment to
the sensor was given by the difference between the heat transfer to
the water ‘and the instantaneous probe power, An rms meter was
used to monitor a voltage which was proportional to the instantaneous
probe power to give a relative indication of the turbulence in the
wake,

D. Test Procedure

Prior to each test run the cross-flow arc apparatus was
readied for operation according to the check list outlined below:

1. All electronic recording equipment was turned on one .
hour in advance of test‘ing to allow sufficient time for complete warm-
up. After warme-up each recording channel zero reference was
checked,

2, 'All gas supply systems were checked for proper valving
and pressure,

3. The building cooling water was turned on and the elec-
trodes and cooling sections checked for leaks at building supply
pressure.

4. The vacuum exhaust ventilation system was turned on.

5. The cooling water to the magnet was turned on, the
magnet power supply energized, and a zero reference calibration

check was made on the current read-out,



- 96

6. The magnet and nozzle assembly were indexed to the
full-out starting position,

7. The starter was placed into position.

8. The desired sonic nozzle combination was opened and
the upstream stagnation pressure r?ad-out channel was zeroed on
the recorder,

9. The high pressure water purhp was turned on, and the
£1ow;r’1eters set at the desired operating range. A spot-check was
made for component water leaks under the high pressure.

10, All shielding was installed and the £'ron1: protection
hood closed.

l11. The cathode gas ‘injection system was turned on and
adjusted to the proper flow rate.

12. The d.c. rectifier cooling fans were started, and the
moving coils were set to the starting power range,

.13. The d. c. power supplies were simultaneously energized
followed by the solenoid starter a.ct"wation an'd arc ignition.

14. Temperature read-Outs of all components were made
after proper stabilization had taken place. All electronic recording
equipment was checked for proper signal.

15. A wvisual check was made of the anode spot striking
pa.tte‘rn through an overhead mirror.

16. The magnet and nozzle assembly were indexed into the

full-in test position,



.
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17. The blowing rate and magnetic field strength were
simultaneously increased in small increments so as to keep the
arc balanced in the vertical position at all times, A continuous
visual check was made of centerline alignment through the ma.énet
view hole.

18. After test conditions were reached, continual checks

were made of all temperature and recording equipment read-out.
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V. DISCUSSION OF EXPERIMENTAL R‘ESULTS

A, Arc Size and Shape
The instrumentation us ed for the simultaneous lateral and up-
stream viewing of the arc was discussed previously in Section IV,
(Figure 19). A Linhof press camera with a shutter speed of 1/500
sec wa'.s used, A calibration procedure was used to account for the

magnification factor and losses of light over the path through the

different lenses and mirrors used for projecting the arc column image

onto the photographic film, A standard source was employed for this
calibration of each path.

The determination of a representative arc diameter is some-
what arbitrary due to the fact that by using different filter densities,
combined with under- or over-exposing the photographic film, one
can arrive at a variety of different apparent diameters, The typical
temperature profiles shown in Figure 4 clearly indicate the diffi-
culty in defining a representative arc diameter corresponding to a
given boum‘ia;ry temperature. One method to obtain a representative
arc diamc.ater would be to take a photograph of the arc column and
then use the relative density of the photograph negative as meas{zred
with a densitometer (maintaining constant film exposure). An alter-

nate method would be to vary the exposure time over a range and

98
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plot the measured radius as a function of exposure time., The result-
ing curve should have a plateau which would correspond to the radius
of the current conducting core. Based on prior experi’ence gained
with an electric arc in a similar configuration (including an argon
injection cathode system), whose temperature profile was determined
from continuum intensity measurements (in addition to having photo-
graphs taken), a comparison was made to select a suitable camera
shutter speed, neutral density filter, and film exposure time to be
used in the present experiment. The diameter arbitrarily selected
in this way should represent reasonably well an argon arc column
with a boundary temperature of 6000 + 1000 °K. Below this range
the electrical conductivity drops to a negligibly small value (Figure 5).
The important factor, however, is that once an arbitrary column
diameter has been selected and defined through a chosen photographic
technique, all other measurements with varying parameters were
referred to this reference diameter, In this way, the various dia-
meter changes of the arc column under the influence of the external
fields were systematically compared.

Figure 26 graphically represents the results obtained for the
variation of the representative arc column diameter as a function of
the transverse blowing velocity with arc current as the parameter.
The increasing curve (approximately linear) for ea.ch current level

was obtained from measurements in the upstream view and the
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corresponding decreasing curve (also approximately linear) resulted

from measurements in the lateral view through the magnet hole, It
indicates that the initial circular cross-sectional shape of th‘e col-
umn changes with increasing flow velocity and magnetic field into a
shape which may resemble an ellipse, with the major axis transverse
to the flow direction. Because this variation clf the c;r:oss-sectional
shape (in particular, the increase of the arc width transverse to the
flow ;iirection) was quite unexpected, a series of additional tests
were made which reconfirmed the initial observations, The.guestion
is then opened:' ""What is the true cross-sectional shape of the arc
column when bounded by these two orthogonal dimensions? " If one
assumes that the arc columns® boundary may be convex and sym-
metrical v;rith respect to the major and minor axes, then an ellipse
may be a reasonable conclusion, The possibility of the arc cross-
sectional shape being similar to a flat plate configuration with
approximately blunt edges appears remote. If the constraint of the
arc boundary convexity is removed and symmetry is required only

in the direction transverse to the external flow, then a shape similar ‘
to an ellipse dented inward toward the column centerline on either
the upstream or downstream portion is also a possibility. For
simplicity and until more experimental work can be put forth in this

area, an elliptic cross-sectional shape was assumed.

Arc column oscillations and pulsations at high frequency either

in the streamwise or transverse to flow direction were checked by
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taking simultaneous orthogonal-view pictures with a high-speed

camera (7000 frames/sec). It would be reasonable to expect that a
very rapidly oscillating column could give the visual appearax;ce of
having a larger representative diameter than in the non-oscillating
case., The results showed negligible movement in the direction
transverse to the blowing and a very small amplitude (less than

0. 04 in, ) osciliation (frequency approximately 720 c.p. s.) in the
streamwise direction. This may indicate that the arc's true minor
axis was slightly less than that measured. In addition, the column"
executed a small radial pulsation (a so-called ""breathing mode" of
approximately 120 c.p. s. frequency),which may have been caused
by the power ripple of the rectifier power suppliés,

The arc cross-sectional area was calculated usir\xg the two-
view dimension measurements' of the major and minor axes of an
ellipse. Calculations of the arc cross-sectional area before trans-
verse blowing (assumed cylindrical), compared with those after the
external fields were applied (assumed elliptical) indicated a slight
reduction. This would indicate, since the current remained con-
stant, a proportional increase in the average current density (e. g'. ’
300 ampere arc, before blowing:' Jave approximately 2750 amps/inz;

after 42 ft/sec blowing: J approximately 3200 amps/ in?‘). How-

ave

' ever, in view of the assumptions used for the geometrical shapes,

these data will be within the experimental accuracy. Thus, for

[y
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practical purposes the cross-sectional area and average current

density may be assumed to be unaffected by the transverse blowing
and magnetic field; however, it appears likely that it may consider-
ably alter the distribution of the current density,

The difference between the two-view dimensions measured at
the no external blowing condition (Figure 26) was attributed to the
absorption due to the additional mirror in the side view optical path.,

A

It is within the experimental accuracy. i

Previous experimental and theoretical work of other authors
(35,47, 50, 52), indicated that the diameter of a free-burning arc in-
creased almost linearly with increasing arc current for constant
atmospheric pressure conditions. Figure 27 shows the results of
the present investigation. The arc's major axis is shown as a func-
tion of arc current with blowing velocity as the parameter, The
approxim;,te lgnear increase was confirmed over the range investi-
gated. The major axis of the arc transverse to the flow was used as
the representative arc dimension, D, in this and all subsequent plots
and in all calculations involving the significa\,nt arc dimension from
the aerodynamic point of view.

To estimate the influence of the cathode gas injection rate on
the representative diameters, the gas injection mass flow rate to the

cathode was both increased and decreased by a factor of two, while

simultaneously photographing the major and minor axes. A
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negligible effect was found and no noticeable trend (either an increase
or decrease) of the major or minor axes with increase or decrease
of gas injection rate was obtained, ’

.Correlation of the arc's diameter measured in this investiga-"
tion with those of other investigators is not possible since, in practi-
cally all cases, different operating ranges and configurations were
used. Almost all of the previous investigators had to resort to esti-
mating the arc column diameter because of the lack of optical
accessibility and/or the extremely short test times, in addition to
associated arc instabilities and rapid arc motion. No indication was
found in the literature that the :::olumn was viewed from different
directions,

Qualitatively, the cross-sectional shape change of the arc posi-
tive column may be explained through the existence of a dual-vortex
flow system within the arc column; such a system may be generated
by a magnetically induced pumping process, Further experiments
will be necessary to determine the flow pattern within the column of
the arc proper. J

B. Drag Aspects

The next phase of the investigation was to determine the rela-

tion between the external magnetic field strength and the transverse

blowing velocity. If it'were found that the magnetic field strength

was proportional to the velocity squared, arc current held constant,
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then a drag coefficient could be defined in the customary mannez,
and the equation BI = (1/ 2) P CDVj D could be used to determine an
effective drag coefficient (where D is the significant arc dimension
transverse to the free-stream direction), Figure 28 shows the ex-
ternal magnetic field strength as a function of transverse blowing
velocity with arc current as a parameter. For comparison, the line
representing the slope of the quadratic function is also shown, The
magnetic field strength which was approximately proportional to Vj ,
as measured by several previous investigators (31, 52)[ in different
operating ranges], was verified within the investigated experimental
test range. Since the density is essentially constant, the B pro-
portional to V,:' relationship would indicate that the arc current should
be approximately ;.n'oportional to CpD.

The value of Cp has been estimated (based on an assumed arc
significant dimension) by numerous authors, particularly those con-
cerned with rail accelerators and with arcs rotating around circular
annular gaps.r The values reported range from a low of 0,334 to a
high of 10, 1. Because of its importance in the question often raised,
"Does an arc column actually behave analogously to a heated solid
bod;r? ", a brief tabulation of these previous experimental investi-
gations, the configurations used, parameter ranges, Cp values and

method of determination, is shown in Table I. (All experiments,

with the exception of Thiene's, were done with arcs in atmospheric

air.)
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electrodes

INVESTIGATOR CONFIGURATION Iare Boxt Vv Cp DETERMINATION
. uss) . (m/sec)
'Steenbeck and Von Parallel rail electrodes 2 10 1 0.4-0.9 From measured arc
"Engel (21) ‘ diameter
Angelopolos Parallel rail elec- 85-980 0-800 <250 6.7-10.1 Arc diameter was esti-
(22} trodes mated as being the
: same as the side wall
spacing
Blix and Guile Ring electrodes in two 80-400 340-1060 =200 0.63 Not measured - postu-
(75)! planes e lated from solid
cylinder analogy
Féchant 7 Vertical parallel 300-5000 20-5000 < 500 1.6-3.5 From wall width
rail electrodes(with measurenent
side walls)
100-760 60-940 =187 1-5 From photographic
Adams (68) Annular ring electro- pictures of arc column
des diameter
Jedlicka (64) Concentric.cylindrical Purely theoretical 0.63 Postulated from solid
electrodes investigation rod analogy in turbu—
lent flow regime
Hesse (99 Parallel rail 95-800 none - dri=- <130 0.344 From photographic
electrodes ven by self- pictures of arc colum
mgnetic field
¥Thiene (3I) Horizontal opposing 4 < 1,4 <1.55 6.3  From photographically
Pz 1 atm. - argon pin electrodes within measured arc colum o
vertical wind tunnel diameter
Lord and BroadbentConcentric cylindrical 150-700 60-940 28-270 0.7-1.5 From photographic

pictures of arc colum

TABLE I Cp ESTIMATION BY VARLOUS INVESTIGATORS

g01
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Comparison of the values of the drag coefficient obtained by

the numerous investigators is extremely difficult when the many
d.ifferent configurations, gaps, electrode materials, wide range of
test conditions and measurement techniques are taken into considera-
tion. It should be pointed out that the validity of the Cp determina-
tion from BI = (1/2) p CDVj D for the case of a moving arc is ques-
tionable from two aspects, First, the magnetic driving force equa-
tion is derived for a solid body, which is completely impervious to
flow, where any force exerted on the.charged particles inside the
body acts on the entire body. This is not true for the balanced arc.
Secondly, the equation is strictly applicable to bodies which have
reached uniform velocity., There is no guarantee in many of the
parallel rail electrode experiments, in particular those where intez:-
mittent electrode spot stick.ing occurred (Figure 1), that this criteria
was satisfied, In contrast to this, because of the stable arc column
];ehavior obtained in the present .experiment,and the indication of a
relatively impervious arc column to the transverse flow, a reason-
able representative value of Cpy was expc;.cted.

To better aid in comparing the Cp value calculated in the
present investigation with Cpy values of solid bodies of different
characteristic shapes, Figure 29 graphically shows the measured ‘
drag coefficient as a function of Reynolds number. The density was

calculated on the basis of the free-stream temperature, and the
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viscosity was calculated on the basis of the mean film temperature

(average between the arc boundary temperature and the free-stream
te.mperature). The dashed lines indicate the Cpy values of solid bluff
bodies of the characteristic shapes shown in the right-hand portion of
the graph. -The Cp values obtained by Lord and Broadbent (47), for
an arc traveling in a circular annular gap, [data from Adams (48)]
are also presented for comparison. (Note that the Cp values of Lord
and Broadbent were calculated for the Reynolds number based on th.
film temperature for evaluating the density and the viscosity and are
plotted accordingly.) The agreement with the Cp values for solid
bodies was good considering that the values previously report;ad
differed by greater than one order of magnitude, The trend was for
the Cp value to decrease slightly (from 1.2 to 0.7) as the Reynolds
number was increased'from 4 x 102 to 4 x 103. (An increase in the
Reyr;olds number was accompanied by a slight increase in D.) This
is because B was proportional to Vj and p was essentially cor:sta.nt;
therefore, this verifies the prior assertion that for a constant
current, the CHD product should have réma.ined approximately con-
stant, The curve of Lord and Broadbent, on the other hand, shows
an increase in CD with Reynolds number, since their calculation

was based on the assumption that the arc diameter decreases with
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increasing cross-flow blowing velocity., Unfortunately, the limita-
tion in the blowing velocity range excluded verification in the higher
Reypolds numbér range where many of today's. rotating arc heater
devices operate,

The optimum way of calculating total drag would be to measure
the complete velocity distribution in the wake of the arc column, and
then equate the momentum deficit to the drag of the body (58). In
principle, this method can be used only for two-dimensional flow,

In the present experimental apparatus, this technique could not be
applied because of the free-jet open configuration and the inability to
account for .‘;l.ll the flux losses through the lateral control surf;a.ce.
(The two-dimensional flow requirement is also not rigorously sa.tié-
fied,) If the experiment had been conducted in a closed geometry
wind tunnel whereby the streamlines would have closed behind the
body, this technique may have been feasible.

The results which had been obtained up to this point gave
strong indication that the arc column does behave analogously to a
solid'drag body. In an attempt to verify .this finding more fully,
flow visualization experiments by p.article injection were conducted.

C. Flow Visualization by Particle Injection

It was anticipated that the injection of particles both upstream

of the arc column and downstream of the arc column just behind the

cathode region might give some visual indications of the degree of
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perviousness of the arc column to the transverse flow. Spherical

aluminum particles 2 to 20 microns in diameter were used. It can

be gshown that if the value of the quantity

9 _’iﬁas Da.rc
: p X rz .
particle " particle gas

is much greater than one, the particle streamlines represent true
flow streamlines (59). If th; value is less than or equal to one; the
particles will possess too much momentum to be capable of accurate-
ly tracing an actual streamline path. This criteria is applied to
solid particles, whereas, in the region surrounding the very hot arc
column, vaporization of the individual particles may take place. .How-
ever, it was hoped that some qualitative information of value would
be obtained,

Figure 30 is a typical photograph (looking upstream) of a 300
ampere arc in the balanced mode, (Figure 31 shows a similar view
without the arc present to better illustrate the configuration.) The
blowing velocity was 35 ft/sec. Al the ‘c'entral elevation and on the
right boundary of the arc column.in Figure 30 the particle injection
tube can be seen. It appears as a horizontal line in the nozzle exit
with its discharging attachment just to the right of the arc column.
For this particular test the tube was located 3/8 in, to the right of

the centerline. The shutter speed of the camera was 1/200 sec.,

the aperture sé€tting was £/64, and a 1.0 neutral density filter was

.
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UPSTREAM VIEW OF 300 AMPERE ARC AND BLOWING NOZZLE
(V,,= 35 FT/SEC) WITH 10 p ALUMINUM PARTICLES INJEGTED
3/8 " TO THE RIGHT OF ARC CENTER LINE

FIGURE} 30
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used. The film was Anscochrome. Numerous attempts were made
to photograph the particles in the wake of the arc with a range of
different filters (including narrow band pass), camera settings, and
film types (includiné infra-red sensitive). The conditions given above

]

were the best obtainable,
In order to provide some qualitative indication of the flow be-
havior immediately behind the arc column, an injector was developed
which would inject the aluminum particles vertically (at a low injec-
tion rate) from the elevation of the bottom locator's top surface
directly behind the arc column. This injector tube is visible in
Figure 30. High speed photographs (7000 frames/sec) from b::th the
downstream direction and through a bottom mirror (Figure 20) were
obtained which indicated the presence of a reasonably stagnant region
directly behind the column. As shown in Figure 20, a portion of the
bottom locator was removed so that the camera viewed the wake in
a nearly vertical direction looking upward toward the top locator.
The flow of vaporized particles, when viewed on the high-speed
motion pictures, indicated a rising flow .;:imilar to the free convec-
tion at the boundary of a strongly heated body. There was at no time
an indication of particles being sucked into the rearward portion of
the arc's boundary or beiﬁg rapidly driven downstream from the rear

boundary as would be the case if some of the transverse flow pene-

trated the arc periphery.
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Figures 32 and 33 are a few typical sequences of flow visuali~
zation pictures obtained through the bottom mirror looking upward
along the rear surface of the column. The 7000 frames/sec high-
speed camera was used with Ansco type 231 color film. In Figure
32 the injector was positioned in the center of the blowing nozzle
e.xit. In Figure 33 the injector was positioned 3/8 in.toward the front
magnet face, (Similar to Figure 30.) In all tests the injector was
traversed from one side of the arc column (3/4 inches from center-
line), through the centerline, and on to the equivalent distance on
the other side. With the injector centered, a verification of vyake
boundary symmetry was obtained. Ewvaluation of single frame se-
quences resulted in clear evidence that vortices were shedding from
the inner side of the arc wake boundary. No indication was observed
of a flow in the wake on the centerline slightly downstream of the
column., This region, being relatively cool (partially due to second-
ary flow entrainment from below), did not permit photographic de~
tection of the vaporiz;ad particles.

D. Downstream Velocity Profiles

The next experimental phase was directed toward measuring
the velocity profiles in the downstream region of the arc. Unless
otherwise specified, the velocity profiles were taken at an elevation
rmidway between the top and bottom locators. To establish the

influence of the magnet walls on the open-jet flow, a series of cold

-



, FIGURE 32 WAKE FLOW VISUALIZATION, PARTICLE INJECTOR ON ARC CENTER LINE
= 300 AMPERES, V__, = 35 FT/SEC RIGHT TO LEFT, 7000 FRAMES/SEC,
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flow tests were conducted. In these .;tests, the arc was replaced by
solid bodies of different shapes. The 1/16 inch o,d. enthalpy probe
was used to measure the stagnation pressure fr;am which the velocity
was calculated witﬁ the assumption of atmospheric static 'pressure.
‘The pr.obe was mounted on a traversing mechanism with the output

of the pressure transducer electrically read out on the Brown re-

. corder. Table II gives a key to the statit;ns, used for the downstream
proﬁie measurements, The velocity profiles in the graph% were
staggered according to the downstream locgtion of the stations at
which they were mgasured (i.e., the ordinate represents both dis-
tance and velocity). The method of determining a representatgive' ,
wake boundary, particularly when no distinct change in the slope of
the velocity profiles occurs, requires an arbitrary definition. There-
fore, for comparing the results of the velocity profiles, the location
of the.wa.ke boundary at a specific downstream location was arbi-
trarily defined as that position tra.r;sverse to the flow where the local
velocity was half of the maximum velocity occurring at that down.-
stream location. The line through these points (designated the wake
boundary) was represented in the graphs by a rippled line, The line
connecting the end of the measured wake boundary to the arc bound-
ary is shown as a dashed rippled line, This line extrapolates the

wake boundary line to the arc boundary, since probe measurements

were restricted to a minimum distance of 1/4 inch from the arc axis.
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Figures 34 and 35 show by the solid and dashed lines, respectively,

the velocity profiles obtained both with and without the magnet walls -
present. The two solid drag bodies with diameters as shown in the
figures were two inches long in the axial direction. These shapes
were selected as being representative of the extremes of possible
arc column cross-sections. Other bodies with various shapes were
also t;sted. The measured wake boundaries fell between the two
extremes of Figures 34 and 35.

First, the symmetry of the flow distribution was verified in a
series of traverses across the entire wake. A typical exa.rr{ple is
shown in the far right of Figure 36, For this particular exam'ple
the lower electrode assembly and bottom locator were modified
(permissible in cold flow only) to facilitate measurements in the
plane of the body centerline. Use of the longer, str'a.ight 1/8 inch
o.d. probe also permitted checks to be made at these peints,

Figure 37 shows velocity.profiles downstream of three bluff
bodies of varying significant dimension. It was found that with in-
creasing bluntness the wake bour'xdaries became slightly wider and
more rapidly divenging. Also included in Figure 36 are the. profile
plots for cylindrical rods of various diameters. In planned future
work these profiles will be compared with similar profiles of highly
heated cylinders under identical flow and configuration conditions.

As an intermediate step, these cold-flow velocity piroiiles were

compared with' the profiles obtained with the arc,
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As a next step, similar measurements with the arc in the
balanced mode were conducted, with the arc current and the blowing
velocity being varied. Again, first the existence of profile sym-
metry behind the arc column was verified. Figure 38 shows that
reasonably symmetric wake boundaries were obtained. The arc col-
umbn cross-sectiona.\l contour was represented by the dashed line,
ue;,ing the data from Figure 26 as the major and minor axes of the
assumed ellipse. Since the wake was symmetric with respect to the
plane through the arc centerline and flow axis, data for most of the
tests were obtained for only one-half of the arc wake.

Figures 39 through 42 illustrate the cffect of increasing current
on the flow distribution for constant blowing velocity. In general,
with increasing current, the wake boundary was displaced outward.
This effect was more pronounced at high blowing velocities (see
e.g., Figure 42), It can only be partially explained by the increase
of the arc diameter. It may be possible that some fluid from the
interior of the arc was being expelled laterally, causing flow separa-
tion to occur sooner.

Figures 43 through 45 .;.zhow the effect of increasing blowing
velocity for constant arc currents. This effec.t was far less pro-

nounced than the effect of increasing current at constant velocities,

In fact, in some cases the wake boundary was unaffected. This
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result was surprising, in so far as an increase of the blowing ve-
locity invariably resulted in a flattening of the arc (Figure 26),
which would be expected to broaden the wake.

In the solid body experiments the flow may be considered two-
dimensional; however, with the arc experiments the flow must be
considered three-dimensional due to the vertical flow components
within the arc (cathode jet) and the vertical free~convection boundary
layer flow. Therefore, traverses were made yvith a probe at three
different vertical elevations, The results are shown in Figure 46,
The trend shown by the wake boundary was to widen slightly at higher
elevations, This was anticipated both on the basis of the observed
slight growth of the arc column in the vertical dir‘ec:cion (see Figure .
30), and also of free convection effects. The vertical velocity
component near the arc was determined to be negligible with a
properly placed enthalpy probe (90°~bend model), Figure 22 shows
the test set-up. Several traverses were made in the region directly
behind the arc column at three different elevations. Only very in-
significant velocities, being lower than 1 ft/sec, were measured.

The solid bluff body comparison profiles in Figures 36 and 37
showed that the wake was considerably narrower for any solid body
having a transverse dimension D approximatel; the same as that of

the arc.,. However, an analogy of an arc to an unheated cylinder

would not be expected to be as valid as one with a heated cylinder.
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Because no drag nor wake data were found in the literature for
highly hea.te:'.d cylinders, some preliminary tests were performed
with a heated cylinder positioned similarly to the arc column be-
tween the locators. Surface temperatures of up to 1600 °C, consid-
erably below those of the arc, were obtained in these preliminary
tests. The heated cylinder wake boundary width increased up to
100 per cent over the unheated cylinder wake widtl} and more nearly
approximated that of the arc wake. However, the arc wake was
still wider than any of the heated cylinder data with a D comparable
to the D of the arc,
E. Enthalpy Distributions Downstream of the Arc

The next phase of experimentation was concerned with the
measurement of the enthalpy distribution downstream of the arc.
This provided definite information on the mechanism of energy dis-
sipation of an arc in cross-flow and on the local distribution of this
energy. Figure 47 represents the results of the enthalpy deter-
minations in the wake of a gross-flow arc for the 300 ampere case.
Since the majority of the previous test data (including many recali-
bration and reproducibility check runs) were taken for the 300
ampere arc, these measurements were also conducted at a current
of 300 amperes. Because all previous checks on wake symmetry
demonstrated good agreement, only one side of the arc's waxe was

scanned for determining the specific stagnation enthalpy distri-

butions., The 1/16 inch o.d. calorimetric probe was operated, as
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discussed previously in the experimental equipment section, utiliz-
ing the ''tare'" measurement technique. Sufficient time was spent

at each traverse test position to allow the probe to reach equilibrium.
The temperature px:c;files shown were calculated from the measured
stagnation enthalpy values on the basis of the known temperatu're de-
pendence of the specific heat of air. Assuming atmospheric static
pressure, the density was obtained from tables of air data. Using
the wake velocity obtained earlier, the energy £11..1x W (KW /unit area)

was calculated at each point in the wake according to the formula

hV,, P

W= =7

» where P is the ambient pressure and R is the gas con-
stant. The curve shown in Figure 47 by the solid line with square
marker points represents the local energy flux, which was calcu-
lated. By integrating the W values across the wake, the total energy
per unit arc length in the wake was obtained. The KW/in values
indicated in Figure 47 are for one-half of the wake, These values
si'lould be nearly the same for the two plots on the left, The differ-
ence between the two values is less than the experimental uncertain-
ty. By comparing the cases for the two. blowing velocities treated in
Figure 47, "an increase in pc;wer per unit arc length is noted with
increasing blowing velocity., Further, a slight decrease from
station (1) to station (3) in the power carried in the wake can be ob-
served., The shape and position of the calculated energy flux pro-

files show {hat the maximum heat flux occurs approximae..ecly at the

walke boundazry.
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The values obtained for the power added to the flow were

considerably smaller than had been anticipated. Lord and Broad-
bent (47) state: '""As much as 25 times more heat goes into the wake
of an arc magnetically held in a cross-flow than from an equivalently
heated cylinder'. However, if this were true, certainly a large
amount of flow ought to penetrate the hot arc boundary or else the
heat transfer process from the arc's boundary to the surrounding
flow would have to be extremely high e.g., due to an unusually in-
tense turbulent mixing. However, the applicability of the data used
from Adams to the model proposed by Lord is open to criticism.
Under these circumstances, it seemed of importance to have al
check of the measured power dissipation obtained by another method.
A way to do so consisted in evaluating the overall power balance
of the arc,
F. Overall Power Distribution

In order to determine how the power consumed by thie arc was
distributed among the different types of heat losses, an effort was
concentrated on each particular heat 1oss- mode, Before proceeding
with a discussion of this phase, a brief explanation is required cn
the method of determining the power input to the portion of the arc
column under test.

The technique most frequently employed and used in all the

previou. wn-estigations reported in the literature was the conven-

tional one in which the voltage gradient was determined through
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measurements of the total arc voltage for constant current but
different arc lengths. The slope of the curve of the volt:;ge between
the electrodes as a function of t}le arc length provided the voltage
gradient. The gradient obtained by this technique, however, de-
pends on the gap length and the magnitude of the end effects. For
most experiments where the arc column was observed to oscillate
rapidly, the gap distance measured between the electrodes was used
in computing the voltage gradient, This electrode gap may be signi-
ficantly different from the actual length of the arc column, Photo-
graphic techniques would be a better method to measure the true
length of the arc column. In addition, there is no guarantee that the
changing of electrode gap does not have an effgct on the electrode
drop region, particularly when under the influence of external mag-
netic f'ields.

Suits (67) determined the voltage gradient by employing a
unique vibrating electrode technique. The electrode was vibrated
in the axial direction at a frequency of approximately 30 cycles per
second throughout an amplitude of a fevs; millimeters., Measure-
ments of the corresponding -periodic change in arc voltage were used
to give the voltage gradient. This technique is valid only for low
current arcs between relatively large gaps which are reasonably

free from the electrode jet effects.
The technique in the present investigation used the locatcrs

themselves to measure the potential. There is some erxcx
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introduced by the cathode jet effect in the region of the bottom

locator, but since the constriction "pinch'" effect of the locator was
minimized this should be a local effect and the main portion of the
column may be relatively unaffected. This technique, therefore,
appears to be a more reliable indication of true voltage drop for
that portion of the positive column investigated.

.The results of the voltage gradient measurements as a function
of blowing velocity, with current as a parameter, are shown in
Figure 48. The voltage gradient appears to increase almost linear-
ly for each particular current level until a threshold region of blow-
ing velocity is reached. Here, a more rapid increase begins, as
the blowing velocity is increased still further, Voltage gradient
data were also obtained by using a 1/16-inch o.d, water-cooled
copper probe which contacted both the upstream and downstream
arc boundary. These data show considerably more scatter and
indicated a somewhat greater slope than Figure 48. Therefore,
the voltage gradient values from Figure 48 were used for the power
distribution comparisons. The voltage éradient measured in the
free-burning case (i.e., without external transverse fields) com-
pared favorably with the values reported by King (60) for free-burn-

ing arcs with relatively large gaps in the same current range. The
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range of values reported for the voltage gradient by previous in-

vestigators of magnetically-balanced cross-flow arcs when in the

’

balanced mode are shown below:

Thiene (31) E: 17.8 to 20,3 Volts/in,
Bond (39) E: 35.5 volts/in.
. Myers (52) E: 55.8 to 132.0 volts/in.

The large differences in these values of voltage gradient may be
attributed to the fact that each of these investigations was conducted
in operating ranges which did not coincide. In the present investi-
gation the positive column average voltage gradient, as seen in
Figure 48 at current levels between 200 to 400 amperes, inc:zeased
from the no-blowing value of approximately 20.5 volts/in. to a
maximum of 25 volts/in. corresponding to a blowing velocity of

55 ft/sec.

In the overall power distribution analysi.s, the different types
of losses were accounted for by making the measurements indi-
cated below,

1. Conduction — the kilowatts of- power dissipated to the
solid elements surrounding the arc were calculated, knowing the
mass flow rate of cooling water through each individual element
and the temperature difference between tfpe inlet and outlet sections.
The temperatures were read out automatically on the Brown stepping

recorder while the water flow rates in gallons per minute werercad
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on the flowmeters. A water-cooled calorimeter and copper shield
were fabricated to measure the power loss up the stack of the anode
region. The copper shield was identical to the mu metal shield
shown in Figure 10, and was located directly above it. The calori-
meter was mounted directly above the copper shield. The calori-
meter was made by winding 1/4-inch o.d. copper tubing into 2 con-
vergent nozzle configuration. The top of the calorimeter (apex of
the cone) was sealed off. Each of the individual calorimeter ele-
ments were electrically floating.

2. Forced convection — the kilowatts of input power to the
arc column which were dissipated to the wake of the arc in the
cross-flow mode were measured with the calorimetric probe dis-
cussed in the experimental equipment section.

3. Radiation — the kilowatts of input power to the arc col-
umn which were dissipated to the surroundings by radiation were
measured with a thermopile (Figure 49); The thermopile was cali-
brated against two standards of total radiation (integrated over
wavelength). The standards were carb;m filament lamps obtained
from the Bureau of Standarr:is. The following assumptions were
made in the test measurements: the plasma was optically thin,
the radiation was isotropic, and the lateral distance from the
thermopile to any volume element within the column was approxi-

mately the same. Knowing the constant of the thermopile (lineax
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response) and the output voltage read out on a nanovoltmeter
allowed the total power collected by the thermopile to be calculated,
By correcting for the approximate solid angle through which the
radiated power escaped from the column without hitting anything,
the total power radiated in kilowatts was determined. This correc-
tion included taking into account the absorptivity of the top and
bottom locators (Figure 49).

4. Free convection — the losses due to free convection
were not measured, but represented only a small percentage of the
overall power input.

Table III shows the resulting power distribution for the free-
burning arc (i. e., no external fields applied). The total input
powers indicated were calculated from the total arc voltage and
current, It is important to note that closing off the anode region
with the copper shield and the coiled copper calorimeter had a very
definite influence on the anode behavior. It caused the voltage
measured from the top locator to the anode to, decrease. However,
no influence on the column between the iocators was detectable. As
can be seen from Table III, for the 300 ampere case the upper
locator, anode, top calorimeter and shielding absorbed almost
75 per cent of the total power input. Radiation accounted for 3.7
per cent of the total power input. Therefore, the results ior the

free-burning i=sts indicated that only a very small l. ction of the



TABLE III .

POWER DISTRIBUTICN
FREE-BURNING, NO CROSS-FLOW

+49

POWER MEASURED (K.W.)

Cathode 0.212 0.265 0.370

Bottom Calorimeter 1.070 2.500 3.050

Top Calorimeter 0,657 1.410 2.150

Bottom Locator 2,240 4,930 6.050

Top Locator 5.620 8.500 12.330

Anode 7.600 13,700 22.300

Metal Shield 1.313 3.410 5.520

Copber Shield 2.940 4,270 4,680 lstack
losses

Calorimeter Coil 5.220 5.300 5.960

Radiation 1.01 1.74 2.5%

TOTAL 27.882 46,025 64.989-

Power Input 29.80 b7.70 67.20

Unaccounted For 1.918 1,675 2.22

(I = 2004) (I= 300A) (I= 400A)
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total power input goes into the gas surrounding the arc, Less than
3.5 per cent was left unaccounted for in the 300 ampere case. Part
of this may be due to the free-convection heat transfer to the sur-
rounding air,

In Table IV are shown results obtained for the power distri-
bution with the arc in the balanced mode after the external fields
were applied. The copper shield and coiled calorimeter above the
anode were removed for these tests because of the undesirable
anode behavior obtained in their presence. As also manifested in
the change of the total input power, the voltage between the anode
and the top locator changed when the calorimeter shields were re-
moved. A slight portion of this input power chanée was due to the
voltage increase between the locators when the external fields were
applied due to a change in the arc's resistance. The same percent-
age power losses were assumed for the stack as measured in the
free-burning case. The top locator and anode region dissipated
almost 70 per cent of the total power input in the 300 ampere case,
Four per cent of the total power input vx;as measured in the wake of |
the arc. Approximately three per cent was left unaccounted for,
The results appear to confirm the power dissipation measurements
of the enthalpy probe made in the wake of the arc.

The positive column between the two locators was the priaci-

pal area under investigation; consequently, a power distribution



' , 151

TABLE IV
POWER DISTRIBUTION
CROSS-FLOW CONDITION
(Voo = 42 ft/sec)

POWER MEASURED (K.W.)

Cathode 0.289 0.340 0.423

Bottom Calorimeter 1.150 2.610 3.790 (

Top Calorimeter 0.715 1.610 2.340

Bottom Locator 2.680 5.580 7.740

Top Locator 6.200 9.100 13.300

Anode 10.150 16,100 21.010 °

Magnet Plates 0.941 1.555 2,194 |

Pole-Cap Shields 0.512 0.740 1.024

Metal Shield 1.527 3.680 5.670

Tunrel Shroud 0.205 0.280 0.512
minus

Stack Losses |magnet 7.219 8.010 8,44
[platesJ

Radiation 1.01 1.74 2.57

Vlake 1.90 (est.) 2.26 2.6 (est:i

TOTAL 34,498 53.605 71.610 L

Power Input 35.4 . 55.50 76.6

Unaccounted For 0.902 1.895 4,99

(I= 200A) (I = 300A) (I= 400A))
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analysis was also made of this section alone before and after ex-
ternal fields were applied. The results are shown in Table V. For
this case the distribution of power losses from the positive column
contribution to each of the locator's upper and lower portion was
measured. This was necessary because the measurement of the
voltage was taken to be at each individual locator's horizontal
centerline. Two individually cooled locators mounted back-to-back
with insulation between them were used to determine this distri-
bution. As a typical example, measurements showed that 71 per
cent of the total power dissipated to the top locator was due to the
portion of the column below the locator's horizontal centerline.
This increase of heat measured was attributed to the slight radial
growth of the arc column and free convection flow bélow the top
locator, Similarly, measurements showed that 40 per cent of the
total power dissipated to the bottom locator was due to the portion
of the column above the locator centerline. It was also assumed
that the axial gas flow energy flux entering and leaving the column
region along the locator's centerline'was approximately the same
(i.e., fully-developed case). Radiation and the heat in the wake
accounted for 11.5 per cent and 15.7 per ceni, respectively, of
ihe total power input between the locators after the external fields
were applied, A most remarkable result shown by Table V was

that the wake carried an amount of heat which was only as much as
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the additional power added to the positive column between both
locators after the external fields 'were applied.

G. Heat Transfer Aspects

Figure 50 shows the results of the heat transfer calculations
for the arc and comparison with a heated solid cylinder. The
Nusselt number is shown as a function of Reynolds number with the
arc current as a parameter. The differences in ‘results obtained
- by using the upper bound arc boundary temperature of 7000 °K or
the lower bound te.mperature of 5000 °K in the arc heat transfer
calculations were negligible. Therefore, a mean value of 6000 °K
was used for the arc boundary temperature in calculating the density
a.nci viscosity based on the mean film temperature for the arc. The
surface area of the elliptic cylinder, the temperature difference
between the arc boundary and the free stream, and the increased
power input as a result of the cross blowing were used to evaluate
an average ‘heat transfer coefficient corresponding to a given blow-
ing velocity. These heat transfer coefficients were then used for
calculating Nusselt numbers using the arc's éignificant dimension;
the coefficient of thermal c;nductivity was evaluated at the mean
film temperature.

The C"U.I‘VG empirically determined by numerous independant
"experimental investigations on heated cylinders in transverc. {low

and commonly referred to as Hilpert's curve (%) {Hilpert measured
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t.e heat transfer over the largest range of Reynolds numbers },is
also shown, Itis generally accepted that the Nusselt number for
any two-dimensional laminar boundary layer is proportional to the
square root of the Reynolds number (assuming the boundary layer
thickness small compared to the significant body dimension).

Figure 50 shows that there is a reasonably good agreement
between the Nusselt number of an arc and of a solid cylinder parti-
cularly in the higher current range. The calculations of Lord and
Broadbent (47) based on Adams' experimental data (48) are also
plotted in Figure 50. Their curve for a 300 ampere arc is shown
by the dotted line, (Radiation effects were considered.) The differ-
ence between the data reported by Lord and Broadbent for arcs and
those obtained by Hilpert for solid cylinders was found to be greater
than one order of magnitude. It is believed that this difference was
due to the questionable applicability of the experimental data used
by l.ord and Broadbent,

From a review of the literature, it is immediately evident
that experirmental data on the heat transfér from highly heated
cylinders in a cross-flow is lacking. However, local distribution
of heat transfer on cylinders with a tj.empera.ture difference between
the cylinder surface and the free-stream temperature of the flow of
less than or equal to 200 °F is known and leads to some interesting
com»arisons with the arc. The work of previous i-vscsligators on

the nature of fluid flow and on the local distribution of heztitraniicr
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on bodies in transverse flow indicated considerable variation of the
local heat transfer coefficient with azimuthal position, Thus the '
local coefficient of heat transfer will be a function of the angular
position, and of the Reynolds number (assuming the Prandtl number
remains essentially constant), The experimental results of Eckert
and Soehngen (62) on local heat transfer coefficients measured on
heated cylinders in cross-flow spanned the very low Reynolds num-
ber range from 20 to 500. Similar experiments by Schmidt and
Wenner (63) covered the Reynolds number range from 5000 to
426, 000. The intermediate range of Reynolds numbers between
these two e:;periments have been experin;entally measured by .sev-
eral authors. All the results fall within + 10 per.cent of Hilpert's
curve, However, the temperature difference between the cylinder
and the free-stream was two orders of magnitude lower than that
for a cylinder with a boundary temperature equivalent to that of an
electric arc column,

When the measurements from the various investiga::ions on
the local coefficient of heat transfer are i:lotted versus ¢(circum-
ferential angle measured fron:n forward stagnation point) for
Reynolds numbers between 400 and 5000, the results indicate the
following trends: At the low Reynolds numbers the thermal bound-

ary layers are quite thick and separation occurs farther downstream

than at the high Reynolds numbers (approximately 120° from the

forward stagnation point), The heat transfer into the upstream side
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of the cylinder is much larger than into the downstream side. (The
stagnant region in the rear only contributes approximately 15 per
cent. ) At the higher range of Reynolds numbers, the thermal
boundary layers become thin and the separation point moves up-
stream (approximately 90° from the forward stagnation point). The
heat transfer into the upstream side of the cylinder remains signifi-
cantly larger than into the downstream side. (The stagnant region -
in the rear contributes approximately 25 per cent. )

The experimental results of Eckert and Soehngen showed, at |
Reynolds numbers of greater than or equal to 20, vortices separat-
ing alternately on both sides of the heated cylinder. These were
carried downstream and formed von Karman vortex streets, This
vortex shedding was also evident in the wake of the arc (Figure 33),

It is well known that the wakes of different bluif bodies are
similar, The flow separates on the two sides of the body. This is
followed by a transition region which extends a short distance down-
stream from the body, and then vorticity formation and shedding
occur. For flow past a bluff cylinder, t;he width of the wake is
related to the '""bluffness' of -the cylinder (compared with the
cylinder diameter), The bluffer body tends to diverge the flow
more, create a wider wake, and to have a larger drag. Similarly,
the width of the wake is also related to the shedding frequency. The

shedding frequency, represented by the Strouhal number, therefore,

N “
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is one parameter which may be used to compare the wakes of the
different bodies. The Strouhal number is defined as %—I-)-. where f{
-]

is shedding frequency, D is the significant dimension, and V,, is the
iree stream velocity. The Strouhal number decreases with in-
creasing bluntness. An additional check of the similarity of an arc
with an impervious solid body may therefore be made by considering
the vortex shedding rate. The periodic shedding frequencies were
measured from the high-speed color motion pictures (7, 000 frames/
sec), The Strouhal number for both solid circular and elliptic
cylinders remains essentially constant at a value of 0.2 (61), Data
were only available for a Reynolds number range above 104, .The
Strouhal number calculated for the arc ranged between 0,3 to 0. 4.
Perhaps a more accurate analysis may be obtained by introducing
a wake Reynolds number and a wake Strouhal number; however,
comparison between the cold flow results and the hot flow results
using the arc should not be carried too far, since there are signi-
ficant differences between the shear flow around a solid body and
the shear-free flow around an arc. .

The next phase of testi-ng utilized the water-cooled miniatur-
ized heat flux sensor. The same traversing mechanism, with
slight modifications, was used. The probe shaft and tip sensor

were inclined 10_‘ from the vertical toward the arc axis., The ex-

tent of traversing possible with this probe was more limited than
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with the calorimetric probe due to the shape of the probe (Figure 25).

Since no reference material was available on the use of this probe
near the vicinity of a high-current electric arc discharge, extreme
caution had to be maintained at all times to prevent damage (elec-
trical or thermal), to the very delicate sensor element,

Figures 51 through 54 show the results obtained by using the
heat flux sensor probe, Three arc currents were investigated.
For the blowing velocities the same values as in the previous
investigations were chosen. The stations are labeled by the same
key numbers as used in the velocity profile tests (Table II). Un-
fortunately, due to the restricted travel range of the probe tra.ms-_
verse to the flow direction, the profile for station 3 extends only '
to approximately the wake boundary. At station 5, it was possible
to traverse beyond the wake boundary. Therefore; the results
pertaining to station 5 give a meaningful indication of the relative
‘changes of the heat flux to the sensor across the wake boundary.
The results (Figures 51 through 54), indicate the following trends.,
In each case the heat flux rapidly increaéed as the wake boundary
was approached. 'A region o-f peak heat flux was measured at
station 5. When the wake boundary obtained from previous meas-
urements (Figure 47) was extrapolated to station 5, it appeared
that the peak of the heat flux lies approximately at the wake bound-

ary (indicating a high temperature), A reduction in heat flux
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' magnitude when proceeding from station 3 to station 5 is also evi- - 2

~ dent from the graphs, The results of the rms per cent poyvér j' ,:. )
- fluctuation measjure'méhts (which are an indjcéatio‘n of turbulence 4'
leve,l).are- also shown in' thelii’gures. - The upper 1imi£ of the fre-

' 'quency .fa'nge covereé vby the sensor and instrumentatiop wé,s 100
kiidpy'cles. 'fhe tren;i of the profile}‘s was to shift toward the center- .
1i,ne'j ;é higherblOwipg velocities are apl;l'i;d.’ The level of fluétug-_ E o
- tion decrea'_,sed considerably:as the wake boundary wés appf?:ached .
becé,\;se of the high'viscosity associated with the hjgh temperatu'r'e '

: presveﬁt theré, and then increaséd again as the tr_aver'se.was_ c'c;ix-' L
tinued outward. | The'diétinct vortex sheddiﬁg' observed on the high-
vspeet‘i films o‘f the flow visualization‘terlxd to confirm the finding of :
.high' turbulence juét insiéé the wake boundaﬁy. The freque:igy of :
the turbulence obtained from the heat flux pfoBe measﬁre_ﬁxenté fozf
~a 300 ampere arc.} with lglowing velocities of ’18.'.5., '35, and 51 ft/ sec

: resulted in Stfoul;zal humbers of 0. 24, 0 29,..and 0. 30, resi)e,ctiw}ely. -
g Thése St;'ouhai n.umbers cqmpar‘e‘v favorabj;y with .the' ﬁhofographic

L .

: r'gsults.
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VI. SUMMARY AND CONCLUSIONS

Stabilization of the electric arc column was possible for cur=-
rents in the range 200 to 400 amperes, transverse atmospheric pres-
sure air velocities up to 60 ft/sec, and external transverse magnetic
fields up to 50 gauss for run times on the order of an hour. An argon
injection system satisfactorily shielded the cathode from the oxidizing
environment, The balanced arc column was simultaneously viewed
from the side and rear, and the influence of arc current and trans-
verse blowing velocity on the arc's shape was observed. By means of
the balancing magnetic force, the aerodynamic dra'g of the arc was
determined. 'A flow visualization study using aluminum particles and
high-speed photography was conducted., The velocity profiles down-
stream and to within 1/4 inch of the arc centerli:ixe were measured
with a water-cooled stagnation pressure probe. A miniaturized,
water -cooled heat flux sensor was used to ‘measure the heat flux
distribution, relative turbulence level and turbulence frequency in
the arc wake. The enthalpy distribution in the arc wake was measured
with a miniaturized water -cooled suction-type calorimetric probe,
Thereby studies of the arc wake behavior were completed. The voltage
gradient in the arc's positive column was determined independently of

the cathode and anode potential. As a check on the power distribution,

164
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an overall energy balance was performed on the arc, Approximately

95 per cent of the power input was accounted for,

From these tests, the following conclusions can be drawn:

l. The arc's major and minor axes varied linearly with the
transverse blowing velocity and the arc current.

2. The arc cross-section widened in the direction transverse
to the e:;ternal flow with increasing arc current and transverse blowing
velocity. Assuming an elliptical shape, the cross-sectional area re-
mained practically constant,

3. The cross-sectional area shape change was not due to
oscillations; these were observed but were negligible, Neither ‘was
it due to the cathode gas injection,

4. The magnetic field strength required to balance the arc
was proportional to the blowing velocity squared. Thereforea - _
drag coefficient was defined analogous to that of a cylinder.

5. The calculated drag coefficient agreed closely with that of
a solid cylindrical rod.

6. The flow visualization studies showed a distinct wake,
symmetric on both sides. No signs of the passing of gas through
the arc as a result of the transverse blowing were detectable. The
arc therefore appeared impervious to the flow. However, free-

convection type movement was observed,
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7. The velocity profiles downstream of the arc showed similar-
ity between the wake growth of the arc and solid bodies. In addition,
a slight widening of the wake occurred in the vertical direction.

8. Incre:;sing the arc current distinctly broadened the wake.
Increasing the transverse blowing velocity had very little effect on
the width of the wake.

| 9.‘ The arc wake was wider than that of a similarly sized
circular or elliptical cylinder, This was probably due to the gas
stream being heated by the arc.

10. The wakes of similarly sized highly heated cylinders more
nearly approximated the arc wake than those of unheated cylindérs.

11. Distinct vortex shedding was observed with frequencies
comparable to those of bluff bodies in a ,simila:u' flow field.

12. High turbulence was present in the vortex shedding region
just inside the wake boundary; the greatest energy flux in the wake
occurred approximately at the position of the wake boundary.

13, The power conveéctively transferred to the transverse gas
stream per unit arc length when in the balanced mode was approxi-
mately equal to the additional iaower input per unit arc length above

b

what was required in the free-burning case. This convective energy

4 -
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. &

transfer was about 19 per cent of the no~-blowing energy input per unit
length for a transverse blowing velocity of 42 ft/sec.

14. The convective power trar;sfer from the arc column was
comparable to that from a solid cylinder having the same surface

temperature,



VII. RECOMMENDATIONS

Considerable room remains for both experimental, as well
as theoretical research on the cross-flow arc phenomena both with
and without external magnetic fields. From the experimental
standpoint, the following steps should be taken to extend the scope
of the present study.

1. Develop an imprdved anode which will permit extending
the range of the cross-flow velocity and external transverse mag-
netic field strength,

2. Attempt to reduce the cathode-jet effect and thereby re-
duce the strength of the axial gradients.

3. Perform experiments with one or two adjacent highly
heated cylinders (boundary temperatures of gfeater than or equal
to 1000 °K) to determine how closely their flow, heat transfer and
drag characteristics a}pproach those of the arc, Pressure measure-
ments on the boundary should also be included. Various degrees
of internal gas injection and cylinder rotation might be required
to simulate the arc behavior,

4. Perform the experiment entirely in a single gas instead
of using diffe.rent gases for cathode protection and transverse

blowing. i
' 170
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5. Extend pressure levels to those of interest in current arc-
heater technology.

6. Use transient probe techniques (e, g., Hall probe) to make
measurements inside the arc region.

7. Use appropriate spectroscopic techniques to determine
internal arc temperature and property distributions.

8. Perform an experiment using a vertical free-falling
mercury column to simulate the arc, A direct current could be
passed through the column and then the external fields applied. (The
possibility of using a magnetic fluid also exist:s.) With the column in
the balanced mode, platinum particles could be placed on the fo:;'ward
surface and their paths traced with microscopic observations. This
may determine the possible existence of the postulated double-vortex
internal circulation. In addition, simultaneous two-view photos could
be made of the column to determine whether a cross-sectional area

distortion takes place,



2.

3.

4..
\

10,

11,

12,

VIII. REFERENCES CITED

Schoenherr, OQ » " » " ETZ"A -2-2-' 138 (1909)!
Kirschstein, G. and Koppelmann, F., " The Electric Arc in High

Velocity Gas, "' ASTIA NCL 1344/1+ 2 (August, 1937).

Headquarters, Arnold Engineering Development Center, Tenn.,
Air Force Contract 40(600)-1034 (1966).

Personal Communications with Mr, Erich E. Soehngen, Director,
Thermo-Mechanics Research Laboratory, Aerospace Research
Laboratories, Wright-Patterson AFB, Ohio.

Stine, H. and Watson, V,, '"The Theoretical Enthalpy Distri-
bution of Air in Steady Flow Along the Axis of a Direct Current
Electric Arc, " NASA TN-D-1331 (1962).

Westinghouse Electric Corporation, Arc Heater Project, Trafford,
Pennsylvania, Air Force Contract AF 33(615)-2975 (1966).

Lord, W. and Broadbent, E., "An Electric Arc Across an Air
Stream, '"" RAE Tech Report No. 65055 (1965).

Buechner, G., '"Verlangern von Lichtbogen Mit Hilfe Magnetischer
Felder Zum Unterbreuchen von Wechselstromen, "' ETZ-A,
80-3 (1959). S

Hesse, D., "Uber den Einfluss des Laufschienen'feldes auf die
Ausbildung und Bewegung von Lichtbogefusspunkten, " Archiv,
fur Electrotechnik XLV -3 (1960).

Maecker, H., "On the Motion of Arcs, " Proceedings of VIIth
International Symposium on Ionization Phenomena in Gases,
Belgrade (1965).

Guile, A, and Blix, E., '"Column Control in the Magnetic Deflec-
tion of a Short Arc, " Brit. Journal of Appl. Phys., 16, (1965).

Guile, A, and Spink, H., '"The Movement of High Current Arcs in
Transverse External and Seli-Magnetic Fields in Air at Atmos-
pheric Pressure," A.R.C. Rpt. 25930 (May, 1964).

' 172" \



) 13.

14.

15.

16.
17.
18.
19.
20.
. 21.

22.

23.

24.
25.
26.

27.

Saha, M. N., "_ /' Phil, Mag. 40, (1920)

Refer to Retrograde List in Appendxx F.

_Sommerv111e. J., " The Electric Arc, " Methuen and Co., Ltd., .

John Wiley and Sons Inc. (1959).

Finkelnburg, W. and Maecker, H., '"Elektrische Bogen und -
Thermisches Plasma, " Handbuch der Physik, XXII, Springer-
Verlag, Berlin (1956).

Cobine, J., "Gaseous Conductors. " Dover Pubhcatmns, Inc., "
- N. Y. (1950).

Personal Comrﬁunications' with Mr, Paul W; Schreiber, Reseérch
Scientist, Aerospace Research Laboratories, Wright-Patterson
AFB, Ohio.

’I‘hiéne, P. G., "Flexure of a Two-Dimensional Arc Under Forced A
Convection, '" AFOSR TN 59-947 (August, 1959).

Kuhnert, E., "Uber die Lichtbogenwanderung in Engen Isolier- -
stoffspalt bei Stromen Bis 200 KA, " ETZ-A 81, (May, 1960).

von Engel, A, and Steenbeck, M., "Elektrische Gasentladungen. "
Vol. 2, Springer-Verlag, Berlin, pg. 151 (1934).

Angelopoulos, M., "Uber magnetisch Schnell fortbeWegte Gleich-
strom-Lichtbogen, " ETZ-A 79-16, 572 (1958).

ng, L. A, " 'I'heoretma.l Calculation of Arc 'I‘emperatures in
Difféerent Gases, " Colloquium Spectroscopicum International
- VI, Amsterdam Pergamon Press Ltd., London (1956).

_Cambel, A., "Plasma Physics and Magnetofluidmechanics, "

. McGraw-Hill Book Company, Inc., New York (1963).

Blix, E. and Guile, A., "Column Control in the Magnetic Deflec-
tion of a Short Arc, ' Brit., J.A.P. lé_, 857 (1965).

Maecker, H., ''Plasmastromungen in Lichtbogen Infolge Eigen-
magnetischer Kompression, "' Zeitschrift fur Physik 141 (1955).

Fechant, M., ''Vitesses de ‘;iepla.cement d'arcs electriques dans
1'air, " Revue General de L'Electricite, §_§-9. 519 (1959).

]

..;. ' . . " '1;753 -: o -‘:: },



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.-

39.

40.

174 .
Weizel, W, and Rompe, R., '"'Theorie Elektrischer Lichtbogen
and Funken, "' (Text) Leipzig (1949).

Smith, H. and Early, H., ''Investigation of Heating an Air Stream
in a Wind Tunnel by Means of an Electrical Discharge, "
Army Ordnance Contract DA-20-018, University of
Michigan (1954),

Rother, H., '"Uber den Einfluss der Konvektion auf Einen Licht-
bogen, " Ann., der Phys., (Leipzig), 20, 230 (1957).

Thiene, P., et al., "An Experimental Investigation of the Be=
havior of an Arc Positive Column in Presence of Forced
Convection, "' Plasmadyne Corporation Report 682 (1961).

Serdyuk, G., '""Calculating a Welding Arc in a Transverse Mag-
netic Field, " Avtomaticheskaya Svarka 11-92, 31 (1960).

Chen, M., " Theory for a Positive Column Subjected to a Trans-
verse Gas Flow, " AVCO-RAD Memo G-305 (1961).

Sherman, C. and Yos, J., "Scaling Laws for Electric Arcs
Subject to Forced Convection, " J. of Appl. Physics 32-4,
744 (1961).

Lord, W., "Some Magnetofluiddynamic Problems Involving
Electric Arcs, " R.A.E. Tech., Note 2909 (1963).

Alferov, V. and Bushmin, A,, "Electrical Discharge in a Super-
sonic Air Flow, " Soviet Phys, J.E.T.P. 17-6, 1190 (1963).

Kalachev, B., "Investigation of a Pulsed Discharge in a High-
Velocity Air Stream, " Soviet Physics, J.E. T.P, 18-1,
59 (1964).

‘Fay, J., '""Comments on Convective Flexure of a Plasma Con-

ductor, " Phys. of Fluids 7-4, 621 (1964).

Bond, C., '""The Magnetic Stabilization of an Electric Arc in
Supersonic Flow, "' Ph.D, Dissertation, University of
Michigan (1964).

Hogan, W,, "Experimental and Analytical Study of the Funda-
mental Interaction and Energy Exchange Process Between
Electric Arc Discharges and Cross-Flow of Pre-Jonized
Gases With and Without the Presence of Transverse Magnetic

Fieéd)s, " AF Contract 33(657)-11310, AVCO-RAD Corporation
(1964). .

U



3

175

41, Malliaris, A., '"Gas Acceleration Through Interaction of Elec~
trical Discharges With Pre-lonized Gases and Magnetic
Fields, " AF Contract 33(657)-11310, AVCO-RAD Corpora-
tion (1965),

42. Baranov, V. and Va.silfava, I., "An Electric Arc in a Flow of
Argon, "' Teplofizika Vysokikh Temperatur 2, 609 (1964).

43, loxrd, W., "Effects of a Radiative Heat Sink on Arc Voltage«-
Current Characteristics, "' Agardograph 84, Pt. 2, 673(1964).

44, -Anderson, J., '""Hall Effect and Electron Drift Velocities in the
Plasma of the Positive Column, "' Physics of Fluids 7-9,
1517 (1964).

" 45, Ecker, G. and Kanne, H., "Cylindrical Plasma Column in a
Transverse Magnetic Field, " Phys. of Fluids, 3_-11, 1834
(1964).

46, Broadbent, E., "A Theoretical Exploration of the Flow About-
an Electric Arc Transverse to an Airstream Using Potential
Flow Methods, " R.A.E. Tech. Report No. 65056 (March
(March, 1965).

47, Lord, W, and Broadbent, E., ""An Electric Arc Across an Air-
stream, " R.A.E. Tech. Report 65055 (1965).

48. Adams, V. W., "The Influence of Gas Streams and Magnetic
Fields on Electric Discharges, " Aeronautical Research
Council Current Paper 743 (1964).

49, Olsen, H., '"Investigation of the Interaction of a Pre-Ionized
. Gas With an Electric Arc,!" AF Contract 33(615)-1105,
Northrop Space Labs., (1965).

50, Broadbent, E., "Electric Arcs in Cross-Flow, " R.A.E, Tech.
Memo Aero. 897 (July, 1965).

51. Noeske, H., "Interaction of an Electrical Discharge With a
Cross-Flow, " AF Contract 33(657)-11310, AVCO-RAD -
Corporation (1965).

52. Myers, T., et al.,, '""Experimental Investigation of a Magneti~
cally Balanced Arc in a Transverse Argon Flow, " J. of
Eng. for Power 88-1, 27 (1966).




53.

54,

55,

56,

57.

58.

59.

60,

61.

62.

63.

64.

65,

\

A7.6
Kookekov, G., '""Mechanism of Heat Transfer in Transverse

Blown Arcs," Engr. and Physics J'Ourna.l_?_(1965) (in
Russian). )

Schrade, H., '"On Arc Pumping and the Motion of Electric Arcs
in a Transverse Magnetic Field, "' ARL Tech, Report
65-178 (1965). .

Benenson, D., '"Investigation of the Effects of Forced Convec-
tion Upon the Steady-State Characteristics of Electric Arcs, "
AF Contract 33(615)-1797, The New York State University
' at Buffalo (1965).

Fischer, E., "DC Arcs in Transverse Force Fields, " AF
Contract 61(052)-805, Technical University of Aachen (1965).

Han, I.., '"Study of the Convective Heat Transfer and Arc
Curvature in Cross-Flow, " AF Contract 33(615)-3205, The '
Ohio State University (1965).

Schlichting, H., '"Boundary Layer Theory, " McGraw-Hill Book
Co., Inc., New York (1960).

Mason, B., '""The Physics of Clouds, "' Clarendon Press,
Oxford (1957).

King, L., "The Voltage Gradient of the Free Burning Arc in Ainr
or Nitrogen, " Electrical Research Association Report
G/XT 172 (1959).

Delany, N. and Sorensen, N., ' Low-Speed Drag of Cylinders of
Various Shapes, '' NACA TN 3038 (November, 1953).

Eckert, E. and Soehngen, E., '""Heated Cylinder in Crossed Con-
vective Flow, !'" Trans. of ASME (1952).

Schmidt, E. and Wenner, K., '"Warmeabgabe Uber den Umiang
Eines Angeblasenen Geheizten Zylinder, "' Forschung auf
dem Gebiete des Ingenienrwesens 12-2 (1941).

Jedlicka, J., '"The Shape of a Magnetically Rotated Electric Arc
Column in an Annular Gap, " NASA TN D-2155 (1964).

Wienecke, R., "Uber das Geschwindigkeitsfeld der Hochstrom-
kohlebogensaule, "' Zeitschrift fur Physik 143 (1955).




(4

Lo 177
66. Rohloff, E., Zeitschrift fur Physik 126 (1949).

67. Suits, C., "High Pressure Arcs in Common Gases in Free Con-
vection, "' Physical Review 55 (March, 1939).

68. Adams, V,, '"The Influence of Gas Streams and Magnetic Fields
on Electric Discharges, Part I: Arcs at Atmospheric Pres-
sure in Annular Gaps, ' R.A,E, Tech. Note Aero 2896
(June, 1963).

69. McAdams, W;:, '"Heat Transmission, "' McGraw-Hill Book Company,
Inc., New York (1954).



APPENDIX A

SURVEY OF PUBLISHED LITERATURE

178 :



THEORETICAL ANALYSES OF THE STATIONARY ARC

Transverse Blowing Only

Weizel and Rompe (28) primarily concerned themselves with
the problem of why an arc discharge channel straightens itself if
it had accidentally assumed a curved form. This straightening occurs
as soon as the arc channel is no longer subject to any disturbing in-
fluence such as free or forced convection or external magnetic fields.
The straightening tendency has occasionally been interpreted as ten-
sile stress in the longitudinal direction. In contrast to this, h'owever,.
is the experimentally verified fact that the electrodes are being re-
pelled, instead of being attracted, by the discharge. If one blows
continuously on an arc with a cross-flow, the arc is displaced byihis
blowing. If this cross-flow velocity is below the magnitude required
to extinguish the arc, an equilibrium state may be established where-
by the arc remains in a curved configuration. The tendency of the
arc to straighten out is balanced by the flow forces, For a horizontal
arc, this cross-flow is induced by the buoyancy effect of the highly
heated gas of the arc, Because of gravitational forces the hot gas
rises and is replaced by cold gas flowing in from below. The highegt

flow velocity should therefore exist in the center of the column. Thus,

a continuous stream of gas flows through the arc column vertically.

\]
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Since the electric current prefers to pass through the highest con-

ducting area, the c.olumn distorts upward until a stable condit;ion is
reached. Thus, assuming the arc does not extinguish, an equilib-
rium may be established between restoring forces (which increase
with arc curvature) and the upward displacement of the arc. In this
manner the free convection, horizontal arc acts like a pump. Cold
gas being sucked in from below and hot gas being ejected above. A
certain similarity exists between the deflected arc due to cross-flow
and a deflected arc due to a transverse external magnetic field. In
both cases an equilibrium state results in which the tendency of the
arc to straighten itself and the influence of the external field ba',la.nce
each other.

The calculations of Weizel and Rompe were based on the differ-

ential energy equation relating ohmic heating, radiation, heat con-

_vection, diffusion, and conduction losses:

o v2 v
E-j-8= ﬁ(pch+P——z ) +V - [V(pcv'n £ )]

(9)
+ VP V+ V « (kVT),

]

The terms on the left side of the equation are the ohmic heating and
radiation; the terms on the right side are the total energy density of
the gas, change of energy density of the flow, energy deformation
and heat conduction, respectively. The results indicated that the

velocity with which a curved element of arc moves toward its curva-

ture center increases with the power per unit length and with the
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cross=-sectional area of the channel and decreases with radius of -

2LR® -
up

where Lb = power per unit length, R = arc channel radius, u =

curvature and internal energy per unit length, Thus, V=

energy per unit length, g = arc radius of curvature. This is in
partial agreement with some experimental obser;ratio;xs, especially
with regard to cross-sectional area of the arc channel. Discharges
" with small cross-sectional areas are much more susceptible to
bending through convective flexure'thén those with a large cross~
sectional area. The velocity which the horizontal arc channel
g.chie(res due to its own buoyancy was equated to the velocity paj.lcu-
lated for the curved arc channel moving toward its curvature center
at the equilil:;rium condition to yield a parameter which indicated the
range of stabili;cy of the arc. Exceeding this calculated parameter
value indicated that the arc would blow out and would not be capable

of straightening itself. This parameter A was found to be equal to
4FU2R2 n

K

where K = a constant based on geometrical shape
S = gas.density
T, = maximum arc temperature
u = energy/unit length

d = electrode gap

electrical conductivity

a H
n

discharge voltage
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arc channel radius, and

n viscosity.

Weizel and Rompe gave no consideration to the arc's self-magnetic
field influence, the possibility that the arc may not actually assume
a sector of a circle for its shape, electrode region effeqts and the
PV+V term in the energy equation.

Rother's analysis (30), like that of Weizel and Ron;pe, pri- .
marily considered the curvature and range of stability of a horizontal -
arc perpendicuzlar to a gas flow, The arc was found to bend to the
point where the unsymmetrical cooling of the column due to convection
was exactly compensated by the unsymmetrical heating on the concave
side due to the curvature and increased electric field. The Heller-
Elenbaas differential energy equation was used together with an assumed
radial temperature distribution in the arc of the form T = T4 -(a)

2), where T, is the centerline arc temperature and a is a con-

(=% + y
stant, By initially assuming a2 uniform velocity field whic;h was not
affected by the arc, the resultant decouplec} approximate energy equa-
tion.was solved assuming constant conductivities by finding the approp-
riate Green's function. Whereas Weizel and Rompe assumed that the
constant a in the radial temperature distribution could be determined
from the radius at 1/2 of the maximum temperature, which led to the

result that the radius of curvature was proportional to the power input,

Rother claimed this to be erroneous.and that there is no connection
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between a and radius. The relation obtained by Rother was of the

1__\[ Cp So
form = 7 _Iq— (1 - -rc-’),

radius of curvature

where p

V = convection velocity

So= radiation in middle of arc

. Cp= specific heat

‘ Ko= heat conduction coefficient

L,= power density in middle of arec.
That is, the radius of curvature is practically independent of the
power. The theory of Rother predicts the dependence of arc curva-
ture on the arc pressure and arc power and was said to agree quite .
well with his experimental results for carbon arcs in air and argon
arcs. However, no description of the experimental conditions,
measurement techniques, or range of parameters was given. Again,
like Weizel and Rompe, no consideration was giv'en to the effects of
the self-magnetic field or electrode region effects.

The main difficulty which occurs in any simple theory for pre-
dicting the flexure of an electric arc column under forced convection
is how to account for the flow field around and through the column,
Thiene (31) investigated this using the same configuration as Weizel,
Rompe, zad Rother. By assuming that the flow through the column

was essentially two-dimensional,a qualitative'analogy was made be-

tween the convection-loaded arc and the flexure of a structural beam
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under a distributed load. The simple assumption was made that the

curvature at any point, x (y), where the y axis is the original unde-~
flected column and the x-axis is perpendicular to the y-axis in the
plane of flexure, was proportional to the mass flux, The constant of
proportionality was defined as the ''flexural rigidity'" of the arc col-
umn, Thiene's analysis included the energy balance, 'equa.tion of mo-
tion, continuity equation, Maxwell's equations, and entropy changes.
It was assumed that the 'isotherms within the arc were parallel to the
electric field lines, Thiene justified this assumption by stating that
under steady state conditions, conservation of charge and Ohm's law
require that

Vej= E+«Vo+ oV'*E= 0, where ¢ = electrical conductivity,
(10)

In addition, Poisson's equation and charge neutrality require that
V-E= 47e(n; -ng) = 0, (11)

Therefore, E - Vg = 0 or the isotherms (lines of constant conduc-

tivity) are parallel to the electric field and current lines, This

?.ssumption has been shown to be not necedsarily valid (38.). -
The temperature distribution in the zone of ohmic heating was

derived by assuming the following linear conductivity variation

o = a(T-T,) with T > T,, where T, is the maximum arc tempera-

ture. All other properties were assumed independent of T. Because
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of Thiene's low blowing velocities, the stagnation enthalpy was as-
sumg’:d equal to the free-stream enthalpy. In addition, radiation and
viscous losses were neglected, .

Thiene's results indi\cated that the flexural rigidity of the column
should decrease with the specific heat of the gas and increase with
the thermal conductivity, radiation, and ambipolar diffusion. Thiene's
analysis omitted boundary conditions at the electrodes, electrode
effects, and no consideration was given to the possibility that the
mass flux through the column may differ from the free-stream mass
flux upstream of the column. (Account was taken for the change in
mass flux within the column due to its change in curvature,)

Fay (38) offered a comment on Thiene's assumption that the
electric field is divergence-free because the plasma is exactly neu-
tral, Fay pointed out that although V xj is perpendicular to both
V T and j, it cannot be c‘.sncluded that the latter two vectors are nec-
essarily mutually perpendicular. Therefore, the current does not
necessarily flow in the isothermal surfaces, as Thiene had assumed,
but since the current always has a tendenc’y to flow through regions
of the highest electrical condu;:tivity, it.may approximately fallow
such a path,

Since the many different processes occurring in the arc positive
column are each affected differently by changes in arc dimensions,

pressures, velocities, etc,, a study of arc scaling laws may furnish
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a powerful tool for establishing which of the processes are most im-

portant in determining arc operating characteristics, Sherman and
Yos (34) dealt with a dimensional analysis of scaling laws for electric
arcs subject to forced convection., The important processes consid-
ered for viscous, compressible flow were héat conduction and con-
vection, ohmic heating, and radiative heat transfer, The effects of
natural convection, non-equilibrium, electrodes, and external and

self-magnetic fields were excluded.. The resultant scaling expression

T esr R EER) ()

This equation includes the effect of the electrical conductivity, o;

pressure, P; density,‘p; velocity, V; viscosity, u; specific heat, CP
thermal conductivity, k; enthalpy, h; power radiated per unit volume,
qp 2; and a typical length, L; on the arc column voltage, §. Even
though some effects which apply to many of the most important pro-
cesses in the arc column-flow interaction are excluded, scaling laws
do inczlude ai number of effects which may be important in the inter-
a.'gtion mechanism of the arc column with external flow. It should be
noted, however, that if natural convection, non-equilibrium, electrode,
external and self-magnetic fields, or induced current effects are
important, or if other effects not considered in the analysis are im-

portant, then the scaling law will not hold.
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Chen (33) applied the steady state enﬂrgy equatzon to a pos;twe R

| column subjected to a transverse gae ﬂow to: show that the arc ma.y
be‘ stable or unstable., The following assumptions ﬁrerg made:
- 1) lMHD effeci:s were neglec'ted.

2) ,‘ Pres.sure-wa.s uniform éverywhere;

‘3} ChemicalAand fhermal equilibriufn exists evérywh’ere in the' : o
arc column. (‘The important cons'eqﬁencle of this aesufnption is that
for a given pressure, thé p:hysicval. propeitiea. and éompositi_oz} are
£1;.n<:t_i°ns of'temp‘era.ture Onlyr‘.) : | |

4) Radiation was neglected. (Tiﬁé assﬁmption may‘r not be
valid, especially at .lfxigher pressures. ) |

35) The gas is ihcompressi‘ble.

A temperature perturbation wé,s introduced ana a stability criterioﬁ -
derived. This estimated the arc‘ diameter to be D = n/Er g__&__ .

~ . The conductive heat loss equation for a hot cylindrical rod w:sT '
_applied'to vdetermine thé,t 97% of the energy transfer frofn the arc
column is Ey ‘means of conducf;on through the arc boﬁndary layer,
(\Theréfore little flow, if any, .'goea throuéh the arc.) The numerical
res.ulté indicated the column t‘emperatuz"‘e' is not greatly increased with |
pressure. Since radiation was neglected, the pressure effect may be
éxaggérated since the significar;tly increased radiat;iop 1c1>sses at

"~ higher p‘ressure may result 'in lower téﬁmperatures than those pre-

| dicted.
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Broadbent {(46) applied the energy, continuity, and momentum
equations together with the assumption that pressure variations are
small to explore the flow about an electric arc., Outside the arc the
flow was assumed inviscid and incompressible. A circular cross-
section was assumed for the arc, which acted as the heat source in
the potential flow. An iteration procedure was required to obtain
the complete solution of the equations. This led to the result that
the; stream tubes which pass through the arc column change density,
whereas those that pass around the arc column remain incompress-
ible, This method involved guessing a velocity.and de~nsity distri-
bution within the arc. The model is somewhat unrealistic, since it
results in a negative érc drag, as long as the flow field is deduced
solely by potential methods. In the actual case of viscous flow, a
wake originates that induces vortices and leads to a positive drag.
Mathematically, Broadbent obtained a positive drag by introducing
ﬁa velocity discontinuity and a heat sink in the downstream flow. The
heat source and the heat sink were made of equal magnitude. The
models used were somewhat questionable, since they gave unreal-
istic temperature distributions., A more reasonable temperature
distribution could be realized by introducing an inner region defined

by an impenetrable boundary which would act as a line heat source

for the external convection,



P S, T ke AT =S ST ——

Benenson (55) is currently developing an analytical method for
determining the local intensity distribution from experimental meas-
urements of integrated intensity. In this method, the local intensity
is expressed in terms of a polynomial expansion in x and y. A set of
equations are obtained describing the integrated intensity in terms of
the unknown coefficients of the polynomial expansion. For the case
of the circularly symmetric arc, the analytical method has been found
so far to be in good agreement with the exact Olsen method (49). The
next step will be to apply the method to the asymmetrical arc case,

It is also contemplated to determine the temperature based on abso-
lute intensity measurements of the continuum radiation.,

\Noeske (51) ané.lytically derived the amount of mass flux which
actually crosses the arc boundary by using a current-sheet model
and making the following assumptions:

1) Electrode regions are excluded,

2) no conduction or radiation in the direction perpendicular to
the current and the flow, |

3) the current lines are concentric circles (with tt%e model only
valid for bending up to a half-circle),

4) incompressible and inviscid flow,

5) the electrical conductivity was definedas: ¢ = 0 T < T,
og=0 (T-Ty) T>T,

6) estimated average value of Cp and k.,
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where n’xm initial flow mass flux

m_ = mass flux actually crossing arc column

H
n

temperature outside arc

T. = maximum arc temperature.
The derived equations represented relations between the voltage,
current, curvature and thickness of the current-sheet, the thermo«
dyné.mic properties, the mass flux of the fluid which penetrates the
boundaries, and the temperature distribution within the discharge,
The temperature field in the vicinity of an arc in cross-flow was
compared with the temperature field of a heated solid cylinder, and
a horizontal free-burning arc subject to natural convection. The
plots of a.rc' characteristics and the effect of current and cross-flow
blox.;ving on arc diameter indicate: the arc voltage increases with
mass flow rate and decreases with increasing initial gas temperature;
the arc diameter increases with increasing current, decreasing flow
rate, and increasing initial gas temperature. A stability criteria
was developed on the basis of two assumptions:

| 1) The maximum temperature in the column must be upstream

of the arc center,

2) dq/diy = 0,

where q = heat flux and iy = arc column current,
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Compared to previous investigations, this was the first to consider
the difference between the mass flux through the column compared
to the mass flux upstream of the column.

Han (57) is analytically studying the convective heat transfer
and arc curvature in cross-flow. The first phase of the investigation
deals vyith establishing the model for the growth of the arc column
radius in a vertical orientation. The analysis is not valid at the elec-
trode because of a strong singularity existing there. Three basic
models of the arc column are being considered for numerical solu-
tion:

1) A solid cylinder with internal heat generation, (Conduction
is the primary mode of heat transfer within cylinder, radiation is
being neglected. )

2) A solid cylinder surrounded by an annulus of ionized gas.
(Conduction and radiation are the primary modes of heat transfer,)

3) A completely fluid cylinder with internal heat generation.
(Conduction, convection, and radiation are the primary modes of

heat transfer. It is planned to determine the convection-originated
flexure by analyzing the 'fringe-shift'' of the isotherms due to the

asymmetrical cooling of the arc column.)

Transverse Magnetic Field Only

The investigations of Anderson (44) and Ecker and Kanne (45)

concerning transverse magnetic field effects on the plasma column
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deal with the very low pressure, low current regime {electron temp-~
erature > > neutral gas temperature). The discussions are limited
to very low magnetic fields, which allow introduction of linear per-
turbation theory. Therefore, the results are not directly applicable
to this investigation and will not be discussed further.

Fischer(56) analytically determined the influence of a trans-
verse force field for two types of arcs: (1) A wall-stabilized arc
where the force is caused by a uniform weak external transverse
magnetic field and, (2) a free-burning arc where the force is caused
by an external transverse gas flow. The energy, momentum, and
continuity equations were applied. For case (1) a double-vortex type
flow a.i:pea.rs with the arc core displaced in the J x B direction. The
calculations yielded the temperature distribution, electrical conduc-
tivity, and the flow field. For case (2) the arc column sl:xifted into
the direction of the flow., It was assumed that the electric field and
isotherms were parallel and heat conduction along the arc axis was
negligible. A perfect gas relation, a radially symmetric arc profile

. T, -T
o

with temperature distribution of the form T = T, + £ =
) - (1+ r2/x?)

(necessary to determine the flow field), and a small dynamic pres-

sure, compared to the static pressure were the additional assump-
tions made. In this equation Tp is the arc centerline temperature,
T, is the gas temperature, r, is the radius of thhe arc boundary, and

& is a constant. The flow field was calculated from the momentum

-
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equation, continuity equation, and equation of state, The results

were only valid in the upstre‘am half of the column and not in the wake
region, because here the temperature profile is no longer radially
symmetric and the inertial forces become impc;rtant. The results
indicated the per cent of flow going through the arc increases with
increasing gas temperature and decreasing arc temperature, in agree-
ment v‘vith Noeske (51).

Schrade (54) conducted an analytical investigation of the trans-
verse forces which act on an arbitrarily curved current-carrying
plasma channel in a transverse magnetic field. This stﬁdy was
primarily m;Jtiva.ted by the arc retrograde motion problem and. deals
with low current arcs at low pressure (< 1 atm.). The transverse.
forces consist of the Lorentz force in the Amperian direction and an
electro-magnetically induced gas-dynamic thrust in the retrograde
direction. This gas-dynamic thrust is due to the gas being expelled
from the low pressure side of the arc, and being replaced by gas
drawn in from the side where the magnetically-induced p;essure is
greatest, The balance of the forces and, .therefore, the motion of
the arc was found to depend 01.1 the relations between the outer mag-
netic field, the self-magnetic field and the curvature of the discharge
axis. When the discharge channel moves relative to the outer cold

gas, an additional transverse force corresponding to the drag of a

heat source in a flow field must also be considered. The balance of
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these forces lead to an equation which, in general, permitted the cal-

culation of the curvature behavior of the discharge channel,

Transverse Blowing and Transverse
Magnetic Field

Thiene's (31) analytical investigation was predicated on the
assumption that an external transverse magnetic field applied to the
arc column so as to oppose the convective force would give rise to an
internal double-vortex flow pattern due to the J x B body force acting
on the arc plasma. A stagnation point was assumed to exist within
the column in order for the arc to be stationary in the transverse gas
flow. The steady-state momentum equation was applied, neglecting
the viscous forces. Thiene assumed that along the external flow ax'is
within the column, some fraction of the T x B force was balanced by
the pressure gradient. It was also assumed that outside the column,
the pressure gradient was balanced primarily by the inertia effect.
Integrating the equations along a streamline to the stagnation point
gave the same result that would be obtained by equating the magnetic
force to the aerodynamic force on a condu;:ting cylinder (i.e., Bl =

(1/2) pcpvin,

Lord (35) analytically treated the convected arc held at rest by

an applied transverse magnetic field, The following assumptions

were made:

1) No effects on the arc from the external circuit,
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2) The electrodes were in the same plane as the jet sides.
3) Uniform flow existed upstream of the arc.
4) The external magnetic field is applied such that a perfect

balance is achieved at each arc segment,

5) The arc center is a straight line perpendicular to the
electrodes.

6-) Outside the arc column ¢ = 0, and k, p, V, and CP are
constant and equal to the value of the free stream condition.

7) Inside the arc column ¢, k, p, Cp, V are constant and
equal to the value at the temperature and pressure of the arc center,
Only the unif;)rm column portion of the arc was considered; thelre-
fore, the following additional assumptions were made:

8) The arc periphery is circular in cross-section.,

9) The column radius varies with the velocity of imposed flow.

10) The arc periphery is non-porous.

11) Partial matching of the various properties at the arc
periphery is permissible. o

12) No convection occurs within the arc.

13) The arc periphery can withstand tangential stress.

14) The total magnetic field is the sum of the induced plus
internal magnetic field.

15) The pressure distribution inside the arc is the sum of the

static pressure plus magnetic pressure.

”
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16) The heat flux and temperature distribution are the same as
for the corresponding static arc.
The momentum and energy equations, Ampere's and Ohm's law and
BI = (1/ Z)p CDVZD were applied to the arc with the following quantities
continuous at the arc periphery: The pressure at the forward stagna-
tion point, the total force, the temperature, and the total heat trans-
fer. Thus, P, T, B,, Bg and j, were obtained inside and P and T
on the periphery. The arc characteristics were also obtained in non-
dimensional form. The following general conclusions were reached,
The major effects of increasing the current at constant magnetic £ie1_d
are to decrease the voltage gradient and to increase the size of the
arc. The relative velocity of the arc and the flow, and the tempera-
ture of the arc, are only slightly affected by increasing the current.
The major effect of increasing the magnetic field at constant current
is to increase the relative velocity of the arc and the flow; the voltage
gradient, the size of the arc, and the temperature of the arc, are
affected to a lesser extent.

Lord (43) analytically derived equations for the arc character-
istics and the fraction of input power lost by radiation using a radia-
tive heat sink model., The following assumptions were made:

1) Radial symmetry (circular arc boundary),

'2) thermal equilibrium,

3) no conveciion inside arc,.and

4) constant conductivity inside arc.



[ 3 t

¢
3

The effects of the applied extern;l' magnetic field, particularlyl_yggi
on the conductivity, were not considered although tl;e magnetic field
was used to stabilize the arc., The theoretical results were derived by
means of an analogy with a wall-stabilized static arc combined with the
Nusselt-Reynolds relationship for convective heat transfer. The re-
sults indicated that the fraction of the input power lost due to radiation
decrea;es as flow velocity is increased or as pressure is increased.
This latter conclusion is reached because the arc décreases ir} size as
the pressure increases. Therefore, even though radiation loss per
unit volume does increase with pressure, the decrease in cross-sec~
tional area with incréase of pressure is such that the radiation ioss. .
per unit length of column also decreases with increasing pressure, '

Lord and Broadbent (47) semi-empirically analyzed an electric
arc in a transverse subsonic air stream held stationary by an external
magnetic field. . A simple model was put forth by making an analogy
with an equivalent arc of circular cross-section which carried the

B

same current, but was free from convection within the column. The

-

follpwing assumptions were made:
| 1) Charge neutrality exists in the plasma column; ; N
2) The gas inside the arc is in thermal equilibrium.

3) A definite boundary exists outside of which .the electric

current is zero,

4) No variation of properties along the column axis,
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5) Steady two-dimensional flow exists.

6) The arc boundary is of circular cross-section.

7) The electrical conductivity inside the arc is constant corres-
ponding to the centerline temperature.

8) No convection is present inside the arc.

9.) The radiated power density is constant.

The energy equation, Ohm's law, momentum equation and Maxwell's

T

equations were applied to obtain expressions for the heat flux and
arc radius as a function of the E, I, and arc properties., The results
were compared with the annular gap, traveling arc experimental data
of Adams (48). Lord and Broadbent concluded that a model ba.:;ed on
a heated solid cylinder analogy is not valid. One may indicate possible
sources of discrepancy:
1) The boundary layer difference with regard to laminar and
turbulent flow between solid cylinders and arcs.-
2) The extrapolations necessary due to lack of experimental
data for cross-flow on very highly heated cylinders.
3) The application of the rotating a.:;'c results to a stationary
balanced arc condition (the eféects of small electrode gaps, effect
of induced swirl in the wake of the arc due to vortices, departures
of the arc shape from uniform cylinder, stream velocity and power
supply fluctuations, electrode jet effects, and contamination of arc

by electrode vaporization are neglected).



’ . 199

Broadbent (50) semi-empirically analyzed the behavior of a
magnetically driven electric arc in cross-flow, The assumptions
were that -~

1) A uniform column exists where electrode effects are not
important.

?T) The drag law BI =PCDV21'O is valid. Broadbent compared
his data with the exper{mental annular gap traveling arc experiment
of Adams. The heat transfer was compared with that for a heated
solid cylinder. The results indicated that at comparable Reynolds
numbers, the arc Nusselt number was greater than ten times that
for the heated solid cylinder. The Nusselt number was calculated,
from experimentally measured arc properties. To verify the ob-
served heat transfer, future spectroscopic temperature measure-
ments throughout the arc were planned. Broadbent also derived
similarity laws which indicated that the parameters EI, BI/V, and
V21/E (E = voltage gradient, I = current and V = velocity) are -

quite important in describing the stationary arc behavior.

-



EXPERIMENTAL ANALYSES OF THE STATIONARY ARC

Transverse blowing only

Thiene (31) reported experimental measurements of the deflec-
tion of-a small horizontal electric arc between co-linear tungsten
electrodes in the presence of subsonic, laminar forced convection,
Studies were conducted for arc currents from 2 to 6 amps, arc
voltages between 30 to 50 volts, electrode gaps from 4 to 8 mm and
blowing velocities up to 200 cmm/sec. Argon gas was used at atmos -
pheric pressure and the tunnel test section was 1-3/4" square.
Photographs of the deflected column as functions of various para-
meters were taken and analyzed. The effect of the cathode jet was
noticed,and numerous attempts were made to eliminate or reduce it.
Although the occurrence of such a jet was not unexpected, it was
presumed that at sufficiently low arc currents, the cathode jet effect
would be negligible, The compromise design finally adopted was a
pointéd thoriated tungsten rod surrounded by an electrically floating
tungsten sleeve. The sleeve provided the necessary boundary condi-
tion and appeared to significantly reduce the jet effect. An interest-
ing observation made by Thiene was that as the flow velocity was
increased beyond the maximum value used for recording data, the

column became increasingly '""horseshoe! shaped and pulsated
- 200
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' .uplstrearn and downstream at severa'l'cycles per second. | I£ the blé;'wf ,
ing velocity was’ further increased, arc blowout resulted. This pul~
sation may have been due to the interaction of the electrodg-tip
A\vrortices. The stiffening effect on the column exerted 1'->y the-ele_c:trode
sleeves was observed from the pho,tographs. Thiene postulated that
- the increased electric kfield on the concave side of the cc.:lumn‘ when
in the_.convection-bowed shape contributed to the fiexural rigidity.
Numerous effect_:s were neglected by Thiene in the experimér;t#l evalua-
tion'which may have had a significant influence:

1) The d_iifference‘ between a hbrizonta.lly burning é.rc exposed
to natural convéctic;n and an -arc_ in a forced cross-flow, |

A'Z) The difference of né;ass flux through the arc column Eom-
pared to free-stream mass flux of the undisturbed flow,

3) The ”horse_shoe" shape effect compared with small arc
cc_ieflection. (This severely deflected arc case actually consists of two |
separate problems with regard to flow pattern. One de;ling with
axial flow and the other dealing pz".im'arily with true éross-flqw.) _ |

Alferov andrBushmin (36) studied _a,;:c discharges drawn across
the e;:it of a clésed wind tunn;al convergent;divergént nozzle. The
air flow Mach.numblers investigated were 0, 0,5, 1.5, 3. 0‘ and 4. 5,..
W'hicl'{ were obtaine& by using interchangeable nozzles. The stagna-
" tion temperature was ma.inté.ined constant at ;Ifo = 283 °K,. and the
static preséure was va.r_iedj(in the,nra,ng‘e' of 15 to ;330 m Hg. )‘ in o
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order to have the same gas density at the various Mach numbers.

The electrodes were solid molybdenum, 5 mm in diameter, which
extended into the tunnel. They were surrounded by a teflon sheath,
and were variable to gaps of 10, 15, 20, and 25 mm. The discharge’
was investigated using two electric circuit variants:

1) A stabilizing ballast resistor and,

2) a shunted ballast resistor.

Photographs were taken of the form and behavior of the dis-
charge. In the first variant, the discharge was in the form of a
series of flashes in the absence of gas flow, but in the presence of
gas flow the discharge exhibited high stability which increased.with
increase of flow velocity, The discharge had a falling current-
voltage characteristic, indicative of a stable arc discharge. Voltages
of approximately 8 KV and currents of 0,5 to 3 amperes were typical.
Comparison of the current both with and without air flow shovs;ed that
the gas flow considerably reduced the duration of the current pulses.
In the second variant, the discharge was similar to the breakdown of
a discharge gap and was characterized by' a pre-breakdown glow and
an increase of the breakdown ‘volta.ge with increase of the Mach
number of the gas flow, other conditions being equal. Paschen curves
were obtained for the various Mach numbers.

Baranov and Vasiléva (42) experimentally investigated a low

current arc drawn across a high velocity flow of argon. The arc

{
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currents varied from 0.4 to 20 amperes, gas pressure ranged from

0.1 to 60 mm Hg. and flow speeds from 102 to 10% em/sec. A closed
circuit system was used in which a J x B arc accelerator upstream of

the 4 cm. diameter glass tube test section provided the flow, Steel
or covar anodes were used together with oxide cathodes (indirectly
heated). The electr.odes were approximately 2.5 cm in diameter and
mounted flush with the tube walls., High-speed photography was used
for the diagnostics, The velocity was measured by the transverse
displacement of a spark. The gas pressure, flow speed and arc
current all affected the shape and displacement of the arc, A critical
flow speed (approximately 3 x 103 cm/sec) was determined, wh.ich.
increased with current, When the flow speeds were below this criti-
cal value, the luminous region followed the curved contour of the
laminar Poiseuille flow in the tube, thereby causing the arc to tend
to follow the walls of the tube. When the flow speeds were greater
than or equal to the critical value, luminous streaks extended across
chords between the electrodes of the curved contour. This indicated
that an ionized path had been formed in th’e flow near the front of the
arc where the electric field sérength was highest. It was noted that
low frequency voltage fluctuations accompanied the breakdown., At
higher speeds, the entire arc region became diffuse. It appeared to
e made up of a series of breakdowns whose frequency increased

with flow speed.
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Kalachev (37) experimentally studied a pulsed discharge in a°*
high velocity air stream. The apparatus was identical to that used by
Alferov and Bushmin., The same air flow Mach numbers were used,
but the static pressures were limited to the range of 15 to 252 mm Hg.
The discharge, produced by a capacitor bank discharge, was investi-
gated using high-speed photography, oscillograms of the discharge
current and voltage, and conventional photography. The results indi-
cated that luminescence precedes the breakdown followed by an initi-
ally straight discharge which drifts downstream. A comparison of the
photographs of the luminescence with the flow pattern of the electrodes
obtained by Alferov and Bushmin showed shock waves on the back-
ground of the lumineécence. It was concluded that the high-velocif;y
air flow has a significant effect on pre-breakdown phenomena in the
discharge gap; in particular, it modifies the shape of the discharge
ghannel. However, the electrical characteristics such as the time
dependence of the current and voltages are not significantly affected
by the air stream.

Benenson (55) is presently investig'ating the effects of low
velocity forced convection upon the-steady-state characteristics of
electric arcs. The objective is to determine the arc characteristic
shape, temperature distribution within the arc (asymmetrical) and
the yoltage gradient as a function of the arc cu:.:rent, gas velocity,

and electrode gap. The experimental apparatus consists of a 15 to
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100 ampere electric arc established across a 1-3/4'" square test

section of a small wind tumél. Argon gas blowing velocities in the

0 to 5 ft/sec range are used,and the pressure is a.pproﬁ:im‘ately atmos-
pheric. The electrode gap can be varied between 1/16'" and 1-1/4",
A 0, 040" diameter tantalum cathode electrode and a 0, 187" diameter
copper anode electrode are used. The electrodes (both unshielded)
are co-linear with the gravitational field, with the convective blowing
oriented in the horizontal plane. The test facility may be rotated so

- that the influence of gravity (which may have a significant effect at
the low blowing velocity, low arc current, and large gap- regime) may
be determined. A vertical, relatively stable arc has been ach:1ev§d.
Gross instabilities (both visually and in the arc current and volta.gé
output) were found to exist in the initial experimentation, but these
were significantly reduced by using a cylindrical, tantalum cathode
together with a cylindrical copper anode. Two stable modes have
1;esu1ted with accompanying voltage ripple < 2%. For 1 <20 amps a
bow-shaped arc results. For I > 20 amps a cusp-shaped arc re-
sults. Both shapes are convex in the dov;nstream direction, and
bot.h‘ occur in the presence of.forced convection, Both modes were
found with the same electrode arrangement, and therefore are

as so‘ciated with the cathode electrode material, its properties, its
shape, and the jet effect. At the low current range, local melting of
the cathode tip occurs forming a spherically shaped tip. A diffuse

spot attachment appears to occur; therefore, a reduced current
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density and correspondingly a reduced electrode jet effect. At the

higher current operating range, a transition occurs wherein the
cathode attachment spot region appears to be more highly localized
at a point, thus promoting the jet effect., The jet effect then results
in the cusp-shaped formation. The experimental technique being
devised to determine the arc's characteristic dimensions and local
integra..ted intensity of arc radiation will consist of small mirrors
l.oca.ted along one side of the wind tunnel test section at different
azimuthal locations. The images of the arc will be reflected from
these primary mirrors to a sec;ndary set of mirroxrs which then
reflect the light to two cameras, KEach camera is simultaneou;sly .
triggered and contains a different narrow band interf.erenge filter,
From the data obtained, the arc characteristic' dimensions may be

determined together with details on the arc radiation intensity using

a 2-line or absolute intensity method.

Transverse External Magnetic Field Only

Serdyuk (32) investigated a welding arc under the influence of °
an external transverse uniform magnetic field, Two cases were
considered: An arc with magnetic deflection (i.e., shifting of anode
and cathode spots together with the column),and an arc with magnetic
deformation (i, e., stationary cathode spot, movement of anode spot
and deformation of the column). The latter was much more difficult

to obtain experimentall'y. The first case was empirically described

i
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by B = 4Cp v ..\i’i (where C = dimensionless coefficient for arc .
currents 0f.100 to 1000 amperes). The influences of electrode mater-
ial, electrode jets, self-magnetic field and configuration effects were
not included. The second case was investigated using a 310 ampere
carbon arc of 15 mm length in a uniform external transverse magnetic
field with the aid of a high-speed camera, The high-speed pictures
showed that the cathode remained fixed while the arc column and
anode spot were free to move. An increased deflection at increasing
distance from the cathode was observed. The' nature of the deforma-
tion was explained by the effect of the forced gas flow of the arc col-
umn, directed under normal conditions from the cathode to the anqde.
Consequently, deformation began at the cathode and increased on its
way toward the anode depending upon the rate of motion of the arc
column plasma. Such a phenomenon was also observed during the
application of a variable external transverse magnetic field. In this
case, the arc column was continuously deformed by the time changing
magnetic field. A delay was noted, and a:ttributed to the resistance

of the medium to the movement of the arc column., An interesting
phenomenon was observed in the case of employing a copper anode.
As the arc column was being deformed by the transverse magnetic
field, the gas ;stream (i. e., cathode jet) from the cathode to the

anode changed its direction relative to the surface of the anode

accompanied by a decrease in its component rate in the direction of



the anode. Thié facilitated the‘conditildns for fhe origination of a E
visible stream of gases from the anode spot (an anode jet), au'ppresa.ed‘
under ordinary conditions i)y the slower initial rate of its formation
and the cathodé stréam.. The observations showed that- the ma.ximum '
: :Eole was played by the vapors coming from the copper anode as cém-"
pared jcd other tests using aluminum or iron anodes. These dafa are
in agreement with 'l;he evé.pora.tion energy values of the particula.’zl-b
metallic materials, An equation of dynamic equilibrium was. applied )
to the deflected arc column. This included tht;, inertia £orce; ‘resis- e
tive force of the medium, elastic (i, e., ‘restoring) force, and -the’
magnetic dx;iving force. A non-linear differential equation was fo_r;néd |
frbn;.the force balance and analyzed by creatipg approximate éxpres_..
s}_ons for the iﬂdividual members, The equgtion could not be solved
m general form through elementary functions, however, a solution |
,I\'wa's obtained f_o:": thé simplest case of an arc in a constant uniform
exte;:nal transverse magnetic field. The obtained formulae couid be
used for calculating the stability limit of the arc in a‘ transverse
external magnetic fieid in é.ddition to the magnitude of the deforma-;
. tion due to the magnetic field.

Olsen (49) is presently investigating the interaction of an exter-
nal transverse magnetic field with an electric arc. (He is also in-
vestiga?:ing the‘interac‘tion of a transverse pre-ionized gas flow w1th

an electric arc.) The apparatus consists of a free-burning, 1.1
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atmosphere, 400 ampere argon arc drawn between a 1/8! diameter

thoriated tungsten rod cathode and a copper plate anode. The elec-
trode separation is varied from 5 to 15 mm, with the cathode always
the top electrode. Enclosing the arc is an octagonal aluminum
housing with eight ports for viewing or probe insertion. During the
portion of the investigation concerned with the transverse pre-ion-
ized gas interaction with the vertical free-burning arc, an F-40
Thermal Dynamics plasma arc torch is mounted in one of the ports.
Contamination level, which is extremely important for maintaining
free-burning arc stability and minimum electrode erosion, is care-
fully monitored and held to an extreme minimum. This invest.igat_ion
is part of a long-range research effort directed at a fundamental
understanding of interacting plasmas in an external magnetic field.
Two stumbling blocks for such a basic research effort have been the
unavailability of plasmas with independently well-known properties,
and the lack of a method for making detailed local measurements of
internal properties of the asymmetrical plasma produced by the inter-
action. During 1965 Olsen succeeded in éeveloping a series repre-
sentation méthod for preciselir inverting externally measured asym-
metrical spectral intensity distributions to true radial distributions
of the emission coefficients for optically thin sources. Themethod

has been successfully applied to experimental and analytical data

under the condition of an assumed mirror plané of symmetry., The
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inversion method has been tested on numerous assumed models
(formed of both symmetric and displaced distributions) with greater
than 0. 1% accuracy. Olsen's free~burning argon arc has been oper-
ated in an external magnetic field of up to 100 gauss. Photographs
were taken of the distorted arc at angular positions of 0°, 45°, and |
90° wi!;h respect to the mirror plane of symmetry in the plasma.
Erom these photographs the asymmetrical plane of symmetry was
confirmed. A cross-flow induced by the field interaction was also
noted. With a maximum external magnetic field for which stable
operation can be maintained (approximately 100 gauss) the plasma
was deflected from the cathode with a radius of curvature such that
the gas stream developed a component in the reverse direction to that
of the cathode jet., This observation was also made by Serdyuk (32).
Work is presently proceeding in the direction of verifying the inver-
sion method for a magnetically distorted plasma,

Transverse Blowing and Transverse External
Magnetic Field (Pre-ionized Flow)

As part of a long-range Air Force ;ponsored research program,
Hogan (40} initiated an experi;-nental investigation of the fundamental
interactior; and energy exchange process between electric arc dis-
charges and cross-flow fields of pre-ionized gases with and without
the presence of transverse magnetic fields, The objective was to

examine the phenomena taking plage in the J x B region and obtain
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information on the appearance and behavior of the discharge. The
diagnostics included hiéh-speed photography of the diach;rge,
measurement of the electrical characteristics, and measureme;nt of
the heat transfer to the electrodes. The experimental apparatus con-
sisted of a rectangular 2" x 4" test section, The source of the pre-
ionized flow of nitrogen was a 3/4" diameter unconfined plasma jet
with an enthalpy of appi:oximately 5000 BTU/lb,,. The pressure
range was 3 to 760 mm Hg, currents used were 500 and 1000 amperes,
the external magnetic field was 1000 gauss and the electrode gap was
1/2", Five different electrode configurations were tried, varying
irom flat to semi-cylindrical to conical., The results indicated that
a stable discharge was not obtained over the above range of test
conditions. A filament type discharge repetitively moved down-
stream over the electrodes., Ma.lliaris (41) is presently doing a
continuation study of the phenomena taking placé within the JTxB
;egion. This new effort includes studies of the radiation emitted by
the discharge, current distribution within the TxB region, principal
mode of energy transport fro;'n the discha.lrge to the gas, effect of the
applied externa:l magnetic fie-ld on the discharge and effect of varying
the incidex:xt flow parameters. The experimental conditions are
approximately the same with the exception that the external magnetic
field is varied from 0 to + 5000 g;uss. An approximate theor.y is

being developed which when correlated with the data is only partially

satisfactory, So far the main conclusions reached were these -=-
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1) The electrical discharge had arc-like characteristics,

2) the column occupied a small fraction of the cross-sectilonal
area in the flow,

3} the fraction of the input power used for acceleration was
small,

4) the predominant mode of energy transport from the dis-
.cha,rge was by convection,

5) conduction and radiation were negligible, and

6) the input power increased in the presence of the magnetic
field, but the electrical conductivity was independent of the magnetic
field up to 5000 gauss. '
The increase of power is thought to be a result of the increased co;n-
vection through the arc by electromagnetic pumping rather than a
result of plasma acceleration or decrease of the eiectrical conduc-
tivity in the presence of the applied magnetic field.

Transverse Blowing and Transverse External
Magnetic Field (Cold Flow)

Smith and Early (29) conducted an t'axperimental feasibility
study of heating an air str eax:n in a wind tunnel by an electrical dis-
charge. The experimental apparatus consisted of a small, 1" x 1"
cross-section, approximately four second run-time, blow-down wind
tunnel., Both dry nitrogen and air in the Mach number range of

3 to 5 were used, The static pressure was approximately 5 mm Hg,
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the arc current was less than or equal to 15 amperes, and the exter-

nally applied transverse magnetic field varied from 0 to 6000 gauss.
The anode and cathode electrodes formed the divergent portion of a
wedge nozzle. Various other geometries were used including horn=-
shaped and pin-type electrodes. Up to 5 kw of electrical power were
dissipated., One of the more important observations was that the axc
showe;i a strong tendency to concentrate in the tunnel boundary layer
region near the walls i.e,, away from the higher velocity free stream,
and thereby filled only approximately 1/2 of the tunnel cross-section.
Two possible reasons for the arc's strong preference for the bound-
ary layer are the reduced density in the boundary layer and th;a re-
duced cooling there (due to the lower veloci.ty). In addition, the arc
assumed a skewed orientation (a slant angle of 20 to 70°), with the °
cathode spot always downstream of the anode spot, The arc was

also observed to be 3 to 4 times as great in the dimension parallel

to the flow as in the transverse direction. Numerous unsuccessful
attempts were.performed in trying to eliminate the arc slanting. It
was also noted that slight changes in the {:hickness of the top or
bottom boundary layer or in fhe orientation of the magnetic field
made the dischalrge jump all the way from one dielectric tunnel wall
to the other. These rapid fluctuations in the arc location were
observed with high-speed motion pictures (7000 frames/sec).

Pulsed discharge experiments of up to 1500 amps were also con-

ducted, but the arc still concentrated near the boundary layer, The
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arc was also observed to become more diffuse as the external mag-
netic fieid increased. Smith and Early concluded that the arc slant-
ing did not necessarily depend upon phenomena occurring at the
electrode sites; but was more a result of the momentum transfer
mechanism in the arc column itself. It is extremely interestir;g to
note that when the flow went subsonic, the arc immediately localized
on the tips of the horn electrodes and located itself in the center of
the tunnel away from the boundaries, However, it still maintained
the characteristic "S'" shape with the anode a..tta:chment again up-
stream. Possible areas of uncertainty were the following -- .

1) Non-uniform flow condition in the .boundary layer,

2) flow separé.tion,

3) strength and fringe effect of the magnetic field for the
various geometries used,a

" 4) amount of non-uniform heating into the tunnel walls and

electrodes,

5) distinguishment between electrode spot and column inter-
action phenomena,
, 6) true equilibrium being reached in the approximate 4-second
run time,

7) turbulence level in the flow, and

8) after-glow radiation persisting in the flow downstream.

Thiene (31) conducted some exploratory investigations with a

weak external magnetic field applied to the blowing apparatus
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previously discussed under the transverse blowing only section. A
magnetic field of up to 1.4 gauss was applied transverse to the col-
umn s0 as to oppose the forced convection effect. Thiene postulated
that this magnetic field would give rise to a circulatory convection
due to the J x —ﬁ body force acting on the arc plasma. A stagnation
point was assumed to exist within the arc boundary. The arc current
used was 4 amperes and the blowing velocities reached a maximum
of 5 ft/sec, The momentum equation (neglecting viscous forces)

was applied in an analysis of the phenomena. 'Thiene assumed that
within the column, some fraction of the J x B force was balanced by
the pressure gradient. The equation was integrated along a stream-
line from a free-stream position to the stagnation point, Outside

the column, it was assumed that some fraction of the pressure
gradient was balanced principally by the inertial reaction. Because
of the low blowing velocities used, it was assumed that P, was
approximately equal to P

.

relationship that would have been obtained by equating the aerodynam-

static® The resulting equation was the same
ic drag force to the magnetic restoring ft;rce ii. e., Bl = (1/2)
p CpVeD. |

The following conclusions were reached by Thiene:

1) The magnetic field required to balance the arc was directly
proportional to Vz.

!

2) The deflection force due to the self-field was of the same

order of magnitude as the externally applied force.
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3) The contribution of the maénetic field to the enthalpy ﬂx;,x
due to ambipolar diffusion was negligible.

4) The effect of the magnetic field on the current density was
negligible. |

5) The contribution of the magnetic field to the rate of energy
production term [(E + V x B) * j] was negligible,

.6) The use of scalar transport coefficients was justified,
'since the cyclotron frequency was.small compared with collision
rates.

Some possible sources for error were --

1) Effect of earth's magnetic field,

2) effect of stray fields from electrode leads,

3) effect of ferromagnetic materials in the vicinity of the
test section,

4) determination of the voltage gradient and power in the
positive column,

5) neglect of radiation,

6) tunnel wall effect at the low blo‘}v'mg' velocities (super-
imposed effect of free convedtion), and

7} effect of electrodes protruding into tunnel test section.

Bpnd's (39) dissertation, paralleling the research effort of
Smith and Early (29), dealt with the experimental investigation of
magnetically stabilizing an electric.arc in a supersonic flow, The

experimental setup consisted of two parallel cylindrical uncooled



' o 217

rail electrodes mounted in a supersonic blow-down wind tunnel and
orierited with the electrode axes parallel to the tunnel flow direction,
The electrode gaps used varied from 0,6 to 1.1 inches., The arc

was initiated by exploding a wire at the upstream end of the electrodes.
Electrode materials of carbon, brass, steel, copper and oxygen-free
high-c.onductivity copper were used. The average tunnel run time
was 0.8 seconds during which time the data were obtained. Through-
out the majority of the tests the Mach number was 2.5, (correspond-
ing to V = 1800 ft/sec), Pstag = 20, 2 in. Hg.'. and arc currents of
300 to 1000 amperes, External field coils provided a non-uniform
transverse magnetic field in the range of approximately 1000 1;0 4000
gauss. The magnetic field was oriented such that the magnetic field
increased in the flow direction. This helped to stabilize the arc from
streamwise displacements. Typical values of magnetic field were
1300 gauss at the anode root and 4300 gauss at the cathode root, The
following observations were obtained:

1) The cathode root was always located dpwnstream of the
anode root (also noted by Smith and Earl;.r (29}).

2) The positive columr; assumed a slanted orientation with
respect to the electrode axis (angle of approximately 60 to 70°
measured fzfom the vertical). No change was observed in the slant
angle with different electrode materials or shapes. Therefore it is

doubtful that slant was primarily due to an electrode phenomena.

(Also noted by Smith and Early (29).)
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3) The angle of slant did not vary with current (within the
range 130 to 1000 amperes) or Pstag (within the range 10 to 24 in, Hg.),
but changed sign with electrode polarity reversal.

4) The slant angle was in the correct direction for the Hall
angle, but it did not show dependence on B or I which would be ex-
pected if slant was primarily due to the Hall effect.

5) The slant angle was approximately equal to the Mach angle
(lines along which infinitesimal pressure disturbances must propa-
gate) at Mach numbers of 2 and 2. 5.

6) The slanting took place at approximately the angle where

E, /P * was a maximum. (P ¥ = gtagnation point pressure
11 stag g

stag
of a solid slanted cylinder, and E 11 is the component of the electric
field parallel to the column. )

7) The aerodynamic force increased with increasing arc current,
Bond therefore assumed the arc diameter increa.shed with current,
(High-speed photographs, 7000 frames/sec, indicated this to be
approximately true.)

8) The arc had a characteristic cu'rve with a negative slope.

9) The average transv;erse magnetic field required to balance
the arc was independent of I,,. (over the range 150 to 700 amperes),

but increased from approximately 2000 gauss at P 10 in. Hg.

stag =
to approximately 3500 gauss at Pgtag = 25 in. Hg.

It was found that the arc could be held stationary in two modes.

In the first the arc was confined to the downstream portion of the
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electrodes., It had considerable curvature and occurred at weak ex~
ternal magnetic fields. This mode was postulated to be due to the
arc curvatu:ie and fringing electric field. In the second mode the arc
was confined to the cylindrical portion of the electrodes, The arc
was skewed but relatively stable, This mode was postulated to be
due to column fluid-mechanical interaction mechanisms.

T:Ising the length of the slanted column, the voltage gradient E
\;vas estimated to be 14 volts/cm at M = 2.5 and Pgtag = 20 in. Hg.
It was independent of arc current from 200 to 700 ampere;. The
electrical conductivity ¢ was also estimated to be 10 mho/cm. For
the arc in the balanced mode at M = 2.5and I .. = 300 a.mpezzes,
Bond obtained the empirical relationship

i _ 1/2
Bext = 0.829 (Pstag) .

For supersonic flow Pgtag «p (assuming Tgtag = constant), there-
fore B« (p)llz. Comparing this to BI =" (1/2) P CDVZD for sub-
sonic flow one would expect Ba&p. This difference may be explained
due to differences between subsonic and supersonic flow regimes.
Questionable aspects of the experiment were ==

1) The short run times‘ (question of true equilibrium being

/

reached),

2) flow separation effects,

3) effects of non-uniform heating into electrodes and tunnel

walls,
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4) electrode region and column coupling interaction phenomena,

5) after-glow radiation persisting in the downstream direction,

6) data taken at one Mach number, thereby not explicitly re-
lating external magnetic field and velocity, and

7) large external magnetic field gradient along column,

Myers (52) investigated a magnetically balanced electric arc in
a tra.n.sverse subsonic gas flow of argon. The objective was to extend
;:he range investigated by Thiene £r<;m the very low velocity and mag-
netic field range to higher velocities and extremely high magnetic
fields. The possibility. of significantly increasing the electrical con-
ductivity by heating the electrons to a significantly higher temioera-
ture than that of the positive ions and atoms was also investigated.
The experimental apparatus consisted of a small blow-down type wind
tunnel of a one and one-fourth inch by three-fourths inch rectangular
test section. Argon gas was used at static pressures of approximately
1. 3 atmospheres and velocities of 0 to 300 ft/sec. The arc current
ranged from 20 to 100 amperes and the external magnetic field from
2000 to 28, 500 gauss. Myers used unshielded electrodes similar to
Benenson (55); (Thiene (31) on the other hand, used shielded elec-
trodes) composed of 3/32" diameter 2% thoriated tungsten rods.
(Ground flat at the tip as compared to Benenson's conical shaped
tips.) The electrode gap was varied from 5/32" to 7/8". The aver-
age run time was approximately 5 seconds. The convective force on

the arc was found to be quite similar to the aerodynamic force of a
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subsonic gas flow on a solid cylinder. The assumption that the arc

could be replaced by a solid cylinder with a diameter varying directly
as the current satisfactorily explained the relation between the gas
flow velocity and the external magnetic field required for balancing.
The balancing was found to be proportional to the velocity squared and
independent of the arc current. The arc characteristic curves were
found to‘ be typically negative with the arc voltage increasing as the
mlagnetic field was increased. An analysis was made to predict the
dependence of the column voltage gradient on the magnetic field. This
compared favorably with the experimental data points. The results
indicated that the column voltage gradient increased nearly line;rly
with increasing external magnetic field (constant arc current), An‘
analysis similar to that of Thiene's was applied to give an estimation
of the electric arc cross-sectional area., (Thiene's Cp value was
used to obtain the arc diameter.) Because of the positionment of the
electromagnet and tunnel configuration used, no high-speed pictures
were possible; however, the discharge was visually observed to
pulsate intermittently in the stream direction (simila.r to Smith and
Early (29D. From the assumed arc cross-sectional area, the
theories of non-equilibrium conductivity were applied to estimate the
dependenge of the arc's average electrical conductivity on the magnetic

field in addition to an estimate of the electron temperature,
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The data obtained experimentally best fit the equation op 1 =

L g
ol
1+ pz
where B = wT,
w = electron cyclotron frequency,
T = electron collision time,
o-é = electrical conductivity perpendicular to the magnetic field,
4
0, = electrical conductivity before the external B field is applied.

Therefore, the conductivity decreased by a factor of 1 + pz upon
applying the external ti‘ansverse magnetic field. Questionable aspects
of the experiment were --

1) Applicability of conductivity equations,

2) electrode effects combined with magnetic field effects in the
electrode region,

3) temperatures assumed for heat transfer and energy calcu-

-

lations,

*

4) neglect of heat loss to electrodes (especially for such short

test times),

5) estimation of positi{re column voltage gradient and electrode

dro;;s, and

6) arc shape, stability, and behavior during test data measure-
ment. |

Kookekov (53) studied the motion of an electric arc with trans=-

’
.

verse blowing under the influence of an external, transverse magnetic
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field, The objective was to obtain experimental data on the arc cur-
rent, voltage gradient, and velocity relationships. No description of
the experimental setup, measurement techniques, or range of para-
meters was reported. A semi-empirical analysis was made based
on the conservation of energy, Ohm's law, and the minimum principle
to obt?.in the relation E = A\E;V 2/ I, where A was found from the
-experimental data. By assuming that the energy input to the arc was
equal to the convective heat transfer losses, along with independence
of p, h, 0, and r on I and V, the relation EI/V = A (IZIV) was ob-
tained. This, combined with empirical data, led to the final result

v = 0. 595}/B/M Y Ilp Z. (M was undefined.) From the expe.ri-
mental results and the fact that the ionized particle density was found
to be 4 to 5 orders of magnitude lower than the values for an isolated
arc led Kookekov to the conclusion that there is turbulence in the
transverse blown arc. Questionable aspects of the investigation
were these --

1) Neglect of radiation and conduction heat transfer, and

2) independence of p, h, 0, and ronland V.
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Item:

Type:
Rating:

Make:
Model:

Item:
Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:;

Item:
Type:
Rating:
Make:
Model:

Item; -
Type:
Rating:
Make:

: Model:

Item:
Type:

Rating:
Make:
Model:

235,

electromagnetic

iron core - low impedance - open yoke design

4' diameter pole caps, 4" air gap, 0-3800 gauss,
3/8"view hole through pole caps, uniformity

of field over test section + 3%, wt.- 500 lbs.

"Varian Associates, Inc., Palo Alto, California

V-4005S

electromagnet power supply

D.C. Varicell

0-15 amperes, 0-30 volts

Superior Electric Company, Bristol, Connecticut
13015 ‘

gaussmeter

Hall element

0-30,000 gauss range

Bell Laboratories, Inc., Columbus, Ohio
110 '

electric arc power supply

3-phase transformer type rectifier

500 volts open circuit, 125 k. w. .

A. O. Smith Corporation, Elkhorn, Wisconsin
A-5000 .

ammeter

D.C.

0-500 amperes
Weston Company
FS 50M

voltmeter

D.C.

0-500 volts

Assembly Products Inc.
4

barometer

direct read-out barometric pressure with altitude
compensation '

28-31 inches of mercury

Air Force Supply

MS 24134-1 .




8.

10.

11.:

12,

13.

14.

15,

Item:
Type:

Rating: °

Make:
Model:

Item:
Type:
Rating:
Make:
Model:

.Item:

Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:
l

Item:
Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:

Item:

Type:
Rating:
Make:
Model;

Item:
Type:
Rating:
Make:
Model:

water pump e 236
positive displacement

68 gpm - 530 psig

Worthington Corporation, Harrison, New Jersey
No. 2P747

electric motor power supply for water pump
3-phase

25 hp

Fairbanks-Moorse Inc., Chicago, Illinois
F-145305

water flowmeters

float !

0-6 gpm of water

Fischer and Porter, Hatboro, Pennsylvania
B521-10/27

high pressure water valves
positive shut~off

0-1000 psig

Jamesbury Corporation
A-SS

water filter

cartridge

0-125 psi

Cuno - Aquapure, Meriden, Connecticut
P-10

water pressure gauge
high pressure

0-600 psig

Ashcraft

1JA41565

cathode injection gas heater bath and coiled
capillary flowmeter

coil heater

constant temperature 78°F, 0-2 lb,,/hr Argon
Air Force Inventory

No. 5016

pressure gauge for sonic nozzle system
Bourdon

0-1000 psi

Heise, Newton, “Connecticut

H29589



16.

17.

18.

19.

20.

21.

22.

23,

Item:

Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:

Model:

Item:

" Type:

Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:

Item:

Type:
Rating:

Make: .

Model:

Item:’
Type:
Rating:
Make:

- Model:

Item:
Type:
Rating:
Make:
Model:

(4

237
pressure gauge for-cathode chamber and.pitot~

static tube
micromanometer
0-2 inches water
RGI

G 1500

pressure transducer for sonic nozzle system
strain gauge Lt

0-1000 psig

Computran, Division of International Resistance
70-2201-CN

regulator valve for sonic nozzle system
reducing and relief regulator

0-1000 psi

Grove Company

15-LH6

control valves for sonic nozzle system
needle valve .
0-2000 psi

Hoke Company

RB-273

temperature gauge for sonic nozzle system
pyrometer

75-225°F

Simplytrol, Chesterland, Ohio

351 :

pitot-static probe

United Sensor

0.059 O.D. standard L shape
Air Force Inventory ’
66605 30112

hot wire anemometer

dual element direct read-out
0-150 ft/sec

Flow Corporation, Massachusetts
B

particle injector gas supply flowmeter
dual range float

5-25 SCFH Argon’

Air Reduction Corporation, New York
805-1601



24.

25,

26.

27.

28,

29'

30.

31.

Item:
Type:
Rating:
Make:

Model: -

Item:
Type:
Rating:
Make:
Model:

“Item:
Type:

Rating:
Make:

Model:

Item:
Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model;

Item:
Type:
Rating:
Make:
Model:

Item: -

Type:
Rating:

Make:

Model:

Item:
Type:
Rating:
Make:

v
. - 238,
anode electrode and locator actuator -
linear ,
0-6 inch stroke
Lear Inc., Piqua, Ohio
400A

electromagnetic positioning actuator
linear
0-6 inch stroke

. Lear Inc., Piqua, Ohio

4230

power supply for linear actuators

D.C.

0-10 amps D. C.

Labpack, Model Rectifier Corporation, Brooklyn,
New York

S-28-10-F

unislide traversing mechanism

screw drive - 3-dimensional scan

0. 025" traverse per 1 revolution of dial
Tropel Inc., Fairport, New York
6-1/40

oscilloscope

dual beam

D.C. -~ .10 megacycles
Tektronix

555

dynograph

8-channel recorder - individual strip read-out
0-100 cps sensitivity to 5 # volts

Offner Electronics Inc.

R

electronic potentiometer recorder
12-channel stepping recorder

0-2 mv

Minneapolis-Honeywell Corporation - Brown
Electronic

Y-153X62

électronic potentiometer recorder
2-channel continuous read-out recorder
0-8 mv and 0-2 mv
Minneapolis-Honeywell Corporation



32.

.330

34.

35,

36.

37.

Item:
Type:
Rating:
Make:
Model:
Model:

Item:
Type: a)
b)

Rating: a)
b)
Make:

L4

calorimetric probe- 239
single-jacketed probe using ''tare' measurement
1 atm - 10, 000°K - 10, 000 BTU/1b

Greyrad Corporation, Princeton, New Jersey
G-1-7 1/16" O.D. 30° angle probe

G-1-8 1/8" O.D. straight and 90° angle probe

auxiliary equipment for Greyrad probes

closed cycle high pressure coolant system

sonic orifice pressure and temperature recording
system

coolant system: 0-1000 psi

P: 0-30 in. Hg; T: 32-120°F

Greyrad Corporation, Princeton, New Jersey

" Model: a) G4 coolant system

b) GS5A recording system

Item:

Type:
Rating:

Make:
Model:

Item:
Type: a)
b)
Rating: a)
b)

Make:
Model: a)
b)

Item:
Type:
Rating:
Make:
Model:

Item:
"]'I'ype:
Rating:
Make:

hot wire heat flux sensor

cooled, miniaturized 0. 006" O.D. by 0. 08" long
5000°F environment, atmospheric pressure,
velocities to 200 ft/sec. :
Thermo-Systems Inc.,, Minneapolis, Minnesota
HF-21

heat flux system

high pressure coolant system

power and bridge circuitry system

coolant: 1000 psi - 0,019 gallons/min sensor
power: 15 watts to sensor; frequency response
20 kilocycles

Thermo-Systems Inc., Minneapolis, Minnesota
sensor water supply 1120

power and bridge circuitry 1000A unit 6

high speed camera

° Fastax - film Ansco color type 231

16 mm - 7000 frames/sec
Wollensak
W-163269

high speed camera

Dynafax

16 mm - 5000-26, 000 frames/sec
Beckman-Whitley -



38.

39.

40.

41,

42.

Item:
Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:

- Item:

Type:
Rating:
Make:
Model:

Item:
Type:
Rating:
Make:
Model:

Item:

Type:
Rating:

Make:
Model:

press camera  ..¢ 240
Linhof 4" x 5"

1: 8/90 Super-Angulon lens

Linhof, West Germany

77370

polaroid camera

Graphic 4" x 5" positive plate or 8 exposure roll
3000 speed film, type 47

Polaroid Land Corporation, Cambridge, Mass,

B 49093

spectrograph

grating

16 A/mm resolution

Cenco .

Cat. No. 87102 Serial No. 462

thermopile

2 mm diameteyr sensor

17.24 volts /4 watt v
Scwartz

FT17

nanovoltmeter

Z

full-scale center-zero ranges of + 0.1 volt to
+ 100. 0 millivolts D.C; accuracy + 3% at full
scale on all ranges -

Astrodata

TDA-121
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An importdnt step in any exploratory type of experimental
research program is to determine the range of satisfactory experi-
mental conditions in which reproducible data may be obtained. Pre-
vious experimental investigations with electric arc devices have
demonstrated that within different operating ranges of parameters
such as current, pressure, magnetic field strength, electrode mate-
rial, configuration and gap, severe limitations and both upper and
lower operating bounds-exist. In an effort to determine the permis-
sible and safe operating range of the experimental apparatus conceived
for this investigation, some preliminary feasibility and optimization
studies were conducted. Since this appears to be the first experi-
mental investigation utilizing the unconfined cross-flow configuration
the importance of the optimization studies for future parallel research
efforts merits their inclusion. Of paramount concern was the be-
havior of the anode and cathode regions under the influence of a
transverse external magnetic field. All previous experimenters
located the cathode and anode electrodes within the test section and
consequently were unable to eliminate the obscuring electrode effects
from the main positive arc column. The subject of the anode will
be briefly discussed first.

The problem was to design an anode capable of long time

operation under high heat loads and external transverse magnetic
249
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field effects. The first approach taken was to try and locate the

anode electrode as far from the column test section region as possible.
With this configu.ration the fringing external magnetic field would have
decayed to a minimum level and hopefully would not have adversely
affected the anode behavior. It was experimentally determined that
instability aspects rapidly became a significant contributor to anode
operation in this configuration., In addition, the portion of the arc
wlflxich connected the anode spot rc;gion to the main column was acted
upon by a non-uniform external, transverse magnetic field and con-
sequently was deflected into several water-cooled collimating ring
sections which were used to c}{annel the arc column upward to the
dista.r;t anode electrode. Severe erosion occurred at the edges of the
ring sections and subsequently contaminated the anode region. In-
stabilities, both in the column and in the anode spot region were
detected.

An unfortunate aspect incurred when conducting a cross-flow
arc experiment with an electromagnet is that a fringing transverse i
magnetic field will always be present. The cross-flow blowing nozzle
and associated baffling, on the other hand, may restrict the aero-
dynamic flow field to only the positive column test section. This.
immediately opens up the alternate possibility of using some type of

secondary flow scheme within the fringing magnetic field region in
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an effort to balance the column. This approach requires much trial

and error and imposes the adc;litional requirement °£. a secondary
blowing system, ducting, and elaborate cooling requirements. The '
difficu'lties involved did not warrant a continued effort in this direction.

A simple plug type anode electrode was tried, but a strong jet
effect was noted together with the characteristic cusped-shaped arc.
These factors along with the rapid anode material erosion (sinc‘:e the
anode spot remained essentially fixed) eliminated this approach,

Some preliminary work was done with hollow, water-cooled,
copper anodes employing a variety of gas injection schemes in hopes
of inducing the required anode spot motion. The over-all results
were not completely satisfactory. It appeared that the.ma.gnitudes
of flow fields required to insure proper anode spot motion were far
in excess of those capable of being supplied with the existing equip-
ment.

The two éemaining alternatives were to design an anode which
would use the fringing magnetic field to its advantage (i.e., to help
move the anode spots rapidly over the elect.rode s;zrface) or try to
shield the anode spot and connecting column region from the inﬂugnce .
of the external magnetic field. In the former case, numerous unsuc-
cessful attempts were made with various anode designs in an effort
to promote rapid anode spot movement. The majority of these de-

signs did not provide sufficient anode spot movement. This induced

local melting followed by rapid electrode failure.
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Effort was therefore concentrated on designing an anode elec-

.

trode which would provide the necessary cooling for the anode spot
by rapidly moving the attachment spots over the surface and at the
same time provide a’reasonably stable operation which would not

be detrimentally affected by the transverse fringing external mag-
netic field. The anode used in the present study was the result of
these many optimization studies, The basic idea was to use an anode
composed of coiled copper tubing such that the interaction of the arc
column with the self-generated magnetic field would provide the
necessary high-speed motion of the anode spots. Simultaneous exist-
ence of multiple spots was shown to exist from analysis of high-speed
motion pictures. (Figure 70.) The anode spot rotation speeds ob-
tained from 26, 000 frames/sec high-speed photography indicated
maximum values of 3000 rev/sec. By surrounding the anode region
with a cylindrical water-cooled mu metal shield, the external mag-
netic field influence was reduced to a tolerable level.

Originally, currents from 200 to 1000 amperes were to be in-
vestigated. In an attempt to achieve 0pera1;ion in the upper current
regime, a technique was developed whereby the anode current was
split into three separate paths. Three identical coiled anodes were
positioned one above the other and separated by an air gap. (Both
convergent and divergent shaped anodes were alternately tested.)

By connecting each of these anodes to a separate variable resistor,
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it was possible to split the anode current up into any desired ratio
while still maintaining adequa;:e movement of the attachment spots.
However, erratic behavior and some unpredictable column stability
effectsL in the anode region were noted which reduced the reliability
aspects of this technique.

A single coiled anode without the influence of the fringing ex-
ternal transverse magnetic field allowed current levels of up t? 600
amperes to be achieved. This was reduced to appr‘oximately 450
amperes when the fringing external magnetic field effects, combine
with aerodynamic and stability aspects, were present, At current
ievels slightly above this value, unusual anode behavior resulted e.
the anode spot region had a strong tendency to be driven downward
out of the coiled anode and would randomly oscillate in the vertical
plane, Severe oscillations in noise level accompanied’'this peculiar
behavior. A stable, reproducible, safe upper l.imit of 400 amperes
was, therefore, selected for the cross-flow external magnetic field

experiment based on the anode criteria,

The cathode had to be designed so as to meet the following
requirements;
1) a minimum of electrode material erosion and subsequent

contamination of the column,

2) sustained operation throughout the 100-500 ampere range,

254
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3) stable cathode spot attachment (particularly under the
influence of an external transverse magnetic field),

4) minimum cathode jet effect.

Based on the previous electric arc investigations conducted at
the Aerospace Research Laboratories, a hollow, well-type cathode
design was selected. The incorporation of a two per cent thoriated
tupgsten cathode dictated the exclusion of oxidizing gases from the
cathode region, Both argon or nitrogen gas were used but experience
showed that bathing the tungsten cathode in argon gas resulted in less
erosion and somewhat more stable arc spot behavior. In addition,
the thermodynamic property data available for the monatomic gas is
somewhat simpler to interpret. The final design reached was a com-’
promise between one which provided a minimum cathode jet, signi-
ficant erosion, and some instabilities, and another of a relatively
strong cathode jet, negligible erosion, and relatively stable operation.
Reducing the cooling water flow rate to the tungsten cathode element
allowed the cathode tip temperature to rise, thereby somewhat _
reducing the current density while corresp;)ndingly reducing the
strength of the jet. The jet, however, was not significantly reduced
because of the hazard of local melting of the cathode tip and contam-
ination of the column.

One questionable aspect worthy of investigation was the static

pressure within the cathode chamber, This links closely to the
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problem of gas entrainment or ingestion into a chamber as a result
of a possible pressure differential. A small static pressure tap was
installed within the cathode chamber flush with the walls and connected
to a micromanometer, A cursory investigation was made to deter-
mine the effect of arc current level, non-oxidizing gas injection rate,
cathode electrode and chamber shape, and locator hole size on the
static pressure within the chamber. The results indicated that the
static pressure within the chamber remained within + 0. 02 in." water
of atmospheric pressure for the 200 to 400 ampere range, gas injec-
tion rates over the available range and a 1/4 in. i.d. locator hole
size. Therefore, the possibility of ambient air being ingested into
the chamber was remote. -

The sizing of the hole in the bottom locator was based on the
requirement that minimum pinching of the arc column should exist.
From past experience, an arc column which is accompanied by a
rapid flare-out above and below a circular hollow disc through which
it is drawn indicates magnetic compression and pumping of some of
the surrounding ambient air into the column. This effect vs;as checked
with high-speed cameras as a function of arc current and gas injection
rate. No flare-out was detected.

Some optimization experimentation was directed toward
establishing the ideal cathode tip shape and method of protective gas
injection, The choice was a cylindrical plug cathode with a hemis-

pherical tip, (See Appendix D, Figure 65.) For gas injection,
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straight radial inflow, slight vortex flow injectiorn, and tangential

injection schemes were tried .in order to promote a cathode spot which
was well established and stable at the cathode tip and relatively un-
affected by the fringing transverse external magnetic field. A vortex
injection technique appeared to behave the best. The requirement for
keeping the cathode spot at the electrode tip and the arc vertically
aligned was quite important since as soon as the cathode jet becomes
misaligned, some ‘;)a.ck-flow and flare-out may occur.

The final diameter of the top locator hole was a result of con-
ducting tests with the arc under the influence of both the aerodynamic
and external magnetic fields. Using a hole in the top locator the same
diameter as used in the bottom locator introduced a slight flare-out
under the top locator. This was attributed to the free convection
growth of the column along the 2 in. gap from the bottom locato‘r to
the top locator. The boundary layer effect of the transverse flow
along the underside of the upper locator was also an influencing
factor, but difficult to eliminate. When high transverse blowing
velocities and balancing magnetic fie‘lds were applied, small "tongues"
randomly appeared below ~the top locator and slight instabilities were
noted in the anode region. This undesirable effect was eliminated to
a degree by increasing the hole diameter of the top locator and exer-
cising extreme care in balancing the arc exactly in the vertical plane.
This effect was the primary reason_for the limitation in the velocity

and magnetic field range used.
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A final aspect of the optimization studies dealt with a spectro-

graphic survey examination of the positive column region. The ob-
jective was to confirm the presence of argon in the column and mini-
mum contamination due to other elements (confirmation that air in-
gestion was minimized). A grating spectrograph which had been
previously calibrated with a mercury vapor lamp was used to. obtain
photographs of the arc spectrum at three equa;.lly spaced élevations
between the locators., The entire extent of the spectrum from approxi-
mately 2500 to 8000 angstroms was photographed with a single ex-
posure, A linear comparator (readings to 1 micron) was used to—
measure the distance between the spectral lines on the film. The
principal lines were identified using M.I. T. wavelength tables. The -
assumption that the column was predominantly argon (4000 to 5000
angstrom range) with minute impurities due to slight erosion of the
tungsten cathode, copper locators, and boron nitride inserts was con-
firmed, A few strong lines of Helium were also detected and attri-
buted to impurities within the Argon bottle source.

The most predominant secondary effé:ct was_' the cathode jet,
In 'order to better estimate this effect, a quartz window was installed
in the cathode assembly, (Figure 71). This permitted high-speed
coior pﬂétographs (7000 frames/sec) to be taken c;f the cathode spot
and the relative column growth in the near vicinity of the cathode

electrode. The hemispherical tip of the cathode electrode is visible

" in the top photograph of Figure 71. The bottom photograph is a
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representative frame taken from the film. By measuring the effective

cathode spot diameter (approximately 0.381 cm); a calculation was
made to determine the maximum axial velocity expected in the cathode
region. A typical value of current density reported in the literature
(17) for a one atmosphere argon arc in the range of 300 amperes and
burning on a thoriated tungsten cathode is approximately 104 amps/ cmz.
The current density in the present investigation was calculated to be
2.. 632 x 103 amps/cmz. Using this value together with the de::'ived
Maecker equations (Figure 7) yielded a maximum axial velocity of

247 m/sec in the cathode region. Maecker ;:alculated a maximum
axial velocity of 350 m/sec for a 200 ampere arc burning on a carbon
cathode in atmospheric air. One would expect this velocity to de-
crease quite rapidly in the axial direction because of frictional dissi-
pation to the neighboring volume elements, Wienecke (65} experi~
mentally measured the axial velocity along the arc's centerline and
along the arc's boundary, A pulsed technique was used to determine
the inner core veloci;:y, whereas small carbon particles were injected
into the outer boundary region near the cathode to indicate the veloc-
ities in that region. In order to correlate his data with that of
Maecker, Wienecke also used a 200 ampere carbon arc burning in
atmospheric air. The electrode gap was approximately five cm.
Through the use of a Thyratron the arc was interrupted and upon re-
ignition, a high-speed camera was ,synchronized to photograph the

propagation of the luminous core, The '""snow-plow' effect which
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occurs during re-ignition when the hot plasma travels into the relat-

ively cold gas may have causéd somie error in the jet velocity meas-
urements, Therefore, the results photographed may show too gi-eat
an axi'al drop in velocity, If Wienecke's ;lata are extrapolated, a
maximum axial velocity of 340 m/sec is obtained. The velocity de-
termination from the ground carbon particles injected into the outer
boundary are also subject to some error. A mean velocity of approxi-
m.a.tely 20 m/sec was measured using the carbon particle tra.ces.

This velocity was only applicable outside the arc core. For similar
conditions, Rohloff (66) computed a mean velocity of approximately

40 m/sec from the force exerted on the anode,

\An extrapolation to the present experiment is questionable due
to the different electrode configuration, injection system, and gas.
However, one would anticipate the axial velocity of the argon arc to
be somewhat less than the air arc due to the wider core. As a result
of high-speed photographs taken of the 300 ampere argon arc in a
pulsed mode, the average axial velocity was approximately 30 m/sec
at the elevation mid-way between the locators (i. e., approximately
two in. from the cathode tip). As an alternate check, the arc was
operated with widely varying argon gas injection rates simultaneously
with varying only the external transverse magnetic field, (no
transverse blowing), By first operating the arc with reduced argon

mass flow and then applying the external transverse magnetic field,
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a pronounced arc curvature resulted, The argon injection rate was

then increased until the arc was brought back to the vertical position,
Using the experimental data obtained together with the equation of
motion allowed a rough estimate to be made of the mean axial velocity.
The value calculated was 160 m/sec, Unfortunately, no information
could be obtained on the axial velocity gradient. For the particular
test range investigated, the outer boundary axial velocity was esti-
m-ated to be approximately 10 m/scc. |

A further experimental indication that a strong axial velocity
gradient existed within the core was the existence of a relatively
bright luminous cone with its apex approximately 1/2 in. below the
mid-elevation between the locators,

Other secondary effects present were:

1) The third dimensional flow due to secondary cool air
entrainment from below and downstream of the bottom locator.

2) The superpositionment of the self- and external magnetic

fields (both of the same order of magnitude).
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