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I. INTRODUCTION AND BACKGROUND 

Throughout the last 60 years electric a rc phenomena have be-

come 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 

res t r ic ted to low current and low pressure . Stemming from this 

came studies of the mysterious phenomena of " re t rograde 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 electr ical propert ies of the electr ic 

a rc discharge. 

At first glance, the seemingly novel technique of employing a 

high current electr ic a r c as a gas heater or plasma generator appears 

as a relatively new development. Surprisingly however, the energy 

exchange processes in electr ic a rc discharges have been utilized 

since 1904. At that time the first arc heater of high power level was 

used in the chemical industry for producing ni tr ic oxides by d isso­

ciating air at very high temperatures (1). Simultaneous with the 

chemical industr ies ' use of the electr ic a rc discharge was the switch-

gear industry 's interest in extremely high current switches. The 

1 
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pr imary application was the design of circuit b reakers whereby an arc 

is rapidly extinguished by moving it with respect to the electrodes(2). 

An electr ic a rc may be considered as an electric heating e le­

ment of nearly unlimited temperature range. Through interaction 

with gas flows and magnetic fields, the a rc discharge not only con­

ver t s electr ical energy into thermal energy; it also produces plasma 

jets of high kinetic energy. The latter a re generated by self-magnetic 

field interaction. The electr ic a rc energy exchange processes a r e 

difficult to explain or predict theoretically, consequently a major 

portion of the resea rch efforts has been experimental. The fact that 

the number of parameters upon which these energy exchange p r o ­

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 

a re measured . Although more than 60 years of r esea rch in plasma 

physics have greatly advanced knowledge of the electr ic a rc discharge, 

under standing of the basic energy exchange and conversion processes 

between electric a r c s , gas flows, electrodes, and external magnetic 

fields is not sufficient to permi t the design of arc heating devices 

compatible with the requirements of modern aerospace technology. 

The design of these devices is s t i l l based on empirical techniques 

ra ther than on fundamental scientific knowledge. This involves t ime-

consuming costly t r ia l and e r r o r procedures and is more an " a r t " 

than a science. 
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Specifically, it is not possible to extrapolate the research r e ­

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 governmental 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 

exceeding 200 atmospheres (3). 

According to a recent Air Force survey (4), during the last 

five years, more than 50 million dollars have been spent by the 

United States Government Agencies for the development and utiliza­

tion of electric ax*c devices for aerospace applications. Most of the 

efforts are concerned with the utilization of arc heaters for material 

testing (e. g. , the electric arc thermal plasma jet) and re-entry 

simulation. Th.e 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 into the aerodynamic and heat transfer areas . 



Considerable efforts a r e also being devoted to the development of 

electr ic a rc devices for space propulsion. Some examples are the 

magnetic-propulsion-device (MPD) engines, thermal a rc thrus tors , 

and pulsed plasma th rus tors . Another a rea receiving much attention 

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

belong such devices as the Faraday and Hall magnetofluiddynamic 

generators . Closely re la ted to these generators but with different 

objectives a re the magnetofluiddynamic accelera tors currently under 

investigation. The above a reas represent the majority of the effort. . 

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

intensity light sources , radiation heat sources for solar radiation 

simulation, high temperature r e sea rch specimen work, plasmagun 

flame spraying of mater ia l s , and combustion flame augmentation. 

A relatively small effort appears to be concerned with basic 

resea rch . ' This is due, in par t , to the fact that the development of 

the present e lectr ic a r c technology for aerospace application has 

mainly been generated by the need of the sponsoring governmental 

agencies to obtain usable physical facilities in the minimum possible 

t ime. In some cases , applied r e sea rch is conducted as exploratory 

development, usually as a f i rs t stage toward development of a finished 

product. 

The preceding discussion i l lustrates that fundamental and basic 

r e sea r ch in the problem a r ea s of e lectr ic a rc interactions with 
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aerodynamic and magnetic fields is very necessary. In order to 

improve this overall situation, an integrated electr ic a rc technology 

resea rch 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 

electric a r c discharge. One 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 

a rc - - gas flow - - magnetic field interaction configurations. This was 

to be accomplished through analyses of the underlying energy exchange 

processes . As a par t of the first phase of this program, an analysis 

was made of the simplest possible interaction model: an electric a r c 

column in a co-axial gas flow. In this model the amount of energy , 

t ransferred from the a rc column to the gas to be heated was limited 

by its equilibrium temperature distribution. The temperature of the 

a rc column and the temperature of the cooled outer walls of the con­

fining cylinder determined the boundary conditions. Fo r this reason, 

the final mean tempera ture 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 a rc heaters presently being developed for the 

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

\ 

I 
i 



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 specifically 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 cross-flow model, coupled with the external or self-mag­

netic field interaction which takes place in many of the large high-
< 

pressure magnetofluiddynamic accelerators and power generators, 

has become of increasing interest to the aerospace technology. This 

is because the most efficient way in which a continuously flowing cold 

gas 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 utilizing 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 directly 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, e lec­

trode surface cooling, insulation techniques, arc stability and external 

field interaction phenomena. Work is presently being done by the Air 

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

problems (3). 



Another area requiring more basic research is that of high 

temperature transport properties of electric a rc plasma. The lack 

of data on these thermo-physical propert ies and the large disagree- ' 

ment (as great as 50% difference) between the several reported 

sources questions the validity of the interpretation and assessment of 

the experiments already performed and reported. 

Numerous experiments have been performed by the switchgear 

industry on extremely high current electric a r c s moving between ra i l 

electrodes (8). The application is the development of extremely high 

current switches for a rc 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 a r c s driven along 

ra i l electrodes by an external t ransverse 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 a rc and 

gas flow relative to the a rc . Figure 1 is a sequence of high-speed 

photographs, taken by the author, of a high current atmospheric 

p ressu re electr ic a rc magnetically driven along parallel ra i l e lec­

trodes by an external t ransverse magnetic field. The electrodes were 

water-cooled copper. The a rc was initiated at one end of the ra i l 
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electrodes by exploding a tungsten wire. The small white spots seen 

in the individual photographs were the resul t of the exploding s tar ter 

wire. These photographs clearly showed the very drast ic shape 

change which takes place in the order of microseconds. Detailed 

evaluations of the cathode and anode spot behavior indicated an i r r e g ­

ular jumping pat tern with random sticking. This example of the cross-

flow moving arc indicates the extreme difficulty involved in trying to 

analyze moving a r c s due to the unknown influence of the moving elec­

trode spot effects. Although the ra i l type and circular annular gap 

rotating a rc devices a re of more pertinent interest from the imme­

diate applications standpoint, detailed diagnostics can only be done 

on relatively stationary a r c columns. 

Attempts have been made to t rea t the cross-flow arc as a 

solid "d rag body" moving through a stationary cold gas (9). Others 

tended toward considering the arc as a moving state i. e. , a " t emper ­

ature hil l" progressing through a stationary cold gas (10). Other 

experimental studies of a r c movement due to an external t ransverse 

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 p re s su re (> 1 a tm.) 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 transit ion occurs , and finally the positive col­

umn dominated regime. Results of some of the more recent experi-

ments (12) in the latter regime indicated reasonably good agreement 

with theoretical predictions of the arc column in a t ransverse mag­

netic field. However, numerous simplifying assumptions had to be 

made concerning phenomena whose effects may be more significant 

than had been assumed. Examples a re 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 a r e difficult to isolate and measure experimentally, 

due pr imar i ly 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 

electr ic a rc 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 a rc column fixed in space instead of moving the 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 a rc under the 



influence of an external magnetic field. In the effort directed toward 

solution of this important problem, experimentation 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 cross-flow interaction and also to p ro­

vide an experimental base upon which tp build a sound analytical 

model, the author investigated this a rea with the following objective: 

To gain information on the basic interaction and energy exchange p ro ­

cesses of e lectr ic a r c s in t r ansverse aerodynamic and magnetic fields 

through detailed measurements of the flux of energy from the a rc to 

the environment under various t ransverse gas flow and external t rans­

ve r se magnetic field conditions. 

The r e sea rch 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 in ter ­

actions and a rc pa rame te r s , a brief review of the nature and charac­

te r i s t ics of the high current a rc discharge together with magnetic 

field and flow field interaction effects was included. 

B. An Extensive Li terature Survey and Crit ical Review of 

Cross-flow Arc Phenomena Both With and Without External 

Magnetic Fie lds . 
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To complete an up-to-date cr i t ical survey of all the available 

l i tera ture is a sizeable task, but by excluding some related a reas 

and breaking the survey down into defined subheadings, a reasonable 

resul t was obtained. The related a reas excluded a re those falling 

into the low p r e s s u r e a r c discharge regime (e.g., , re t rograde motion 

investigations) and into the electr ic arc' ra i l or circular annular gap 

accelerator and switchgear category. Over 75 papers are in existence 

in this f i rs t a r ea alone. Since the author had the privilege of con­

ducting some re sea rch investigations in this a rea , a comprehensive 

chronological reference list is included in Appendix F for complete-

ness . The a r ea of ra i l or circular annular gap accelera tors and 

switchgear investigations also provides close to 100 papers . The 

investigations in this a rea which have direct bearing on the immediate 

study a re included. Because of their relevance to the overal l p rob­

lem, a complete chronological list is included in Appendix F.. 

In addition to the l i tera ture survey a brief his torical develop­

ment section which chronologically reviews the investigations to date 

was included. The l i tera ture 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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c) Combined a) and b) c) Combined a) and b) 
1) non-p re ion ized flow 

2) p re ion ized flow 

C. Deta i led E x p e r i m e n t a l Inves t iga t ion of the Bas i c I n t e r ­

ac t ion Phenomena and E n e r g y Exchange P r o c e s s e s of a High C u r r e n t 

E l e c t r i c A r c Under the Influence of E x t e r n a l Mutually Or thogonal 

A e r o d y n a m i c and Magnet ic F i e l d s . 

The e s s e n c e of the e x p e r i m e n t a l work under P h a s e C was the 

d e t e r m i n a t i o n of the loca l e n e r g y ba lance throughout the s y s t e m 

under v a r i o u s ene rgy input and flow condi t ions . This involved the 

m e a s u r e m e n t of the loca l d i s t r ibu t ion of the gas enthalpy and v e l o c ­

ity throughout the flow field in the wake and n e a r to the a r c boundary . 

A m i n i a t u r i z e d c a l o r i m e t r i c type enthalpy and s tagna t ion p r e s s u r e 

p r o b e was u s e d for the m e a s u r e m e n t s . A po r t i on of the i n v e s t i ­

ga t ion included m i c r o n p a r t i c l e flow v i sua l i za t ion s tud ies and photo­

graph ic o b s e r v a t i o n of the a r c co lumn s ize and shape . M e a s u r e m e n t 

of the pos i t ion of the a r c co lumn wake boundary r eg ion and a d e t e r ­

mina t ion of the r e l a t i v e hea t flux and tu rbu lence l eve l d o w n s t r e a m of 

the a r c co lumn and a c r o s s the wake boundary c o m p r i s e d ano ther 

por t ion . A m i n i a t u r i z e d w a t e r - c o o l e d hea t flux s e n s o r was used to 

m e a s u r e the loca l hea t flux and . r m s p e r cent power f luctuat ion 

in the d o w n s t r e a m r eg ion of the a r c . Also included was an o v e r a l l 

power d i s t r ibu t ion a n a l y s i s to d e t e r m i n e power l o s s e s r e l a t i ve to 

the .ohmic power input. These m e a s u r e m e n t s , which could not be 



made in a fast moving a r c , were facilitated by holding the arc col­

umn stationary with respect to the diagnostic instruments to be 

applied. The a rc column was more or less "locked" in place so 

that the t ransverse gas s t r eam could be directed against the a rc 

column. A specially designed external magnetic field provided the 

balancing force necessary to hold the a rc column against the ae ro ­

dynamic drag forces induced by the t ransverse blowing. Such an a rc 

will be designated a "balanced a r c " 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 a rc 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 part icles 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 a re relatively immobile. Therefore, 

a transition must occur from a solid conductor, where the current 

flow is car r ied totally by the electrons, to a gaseous conductor in 

which both electrons and positive ions ca r ry the current flow. 

During an arc discharge there is a spontaneous increase in 

the number of free 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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cathode. These accelerated electrons and positive ions upon colliding 

with neutral gas atoms and molecules combined with mutual collisions 

continually dissipate the energy obtained from the electr ic field. These 

collisions a re so frequent and numerous that the larger percentage of 

average part icle energy consists of random thermal kinetic energy, 

and causes an increase in the thermal energy of the plasma. The total 

motion of the charged par t ic les can, therefore, be thought of as a 

combination of positive ion and electron drift toward the respective 

electrodes superimposed upon the random thermal motion. This in­

c rease in thermal energy and corresponding tempera ture r i s e causes 

an increase in ionization. Figure 2 (lit) depicts a typical relationship 

between the number density of the various par t ic les 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, pos i ­

tive ions, and neutral atoms increases . When the temperature < «. 

increases to the point where the ra te 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 s tar ts to decrease while that 

for positive ions, and electrons continues to rapidly increase . As 

the temperature reaches sti l l higher values, in the ideal case the atom 

density curve would decay to zero and the positive ion and electron 

curves would increase 'd i rect ly proportional to the temperature . 
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This would indicate a state of complete ionization. At even higher 

absolute tempera tures , more complex occurrences , such as double 

and tr iple ionization may take place. 

On the basis of thermodynamic reasoning, Saha (13) analyzed 

thermal ionization by assuming the ionization process to be com­

pletely revers ible . 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 relationship: when n is the 

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

fraction of ionized atoms is x = n^/n = n e / n . 

_*L- P = 3. 16 (10f7 T2' 5 exp f - l - i | (1) 
1 - x2 \ k*T 

where x = degree of thermal ionization 

P = total p re s su re in atmospheres 

T = gas temperature in °K 

eV- - ionization energy of the gas atoms in ergs 

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

• lo?10 i-^-z A - ' 5°5
T°Vi + *. 5 !»,,„ T - 6. 5 (2) 

I1 " x / 
Figure 2 i l lustrates thi-s-latter relationship between the degree of 

ionization and the absolute gas temperature for nitrogen. It is 

important to real ize that numerous assumptions e. g. , thermal 

equilibrium, no turbulence, and a homogeneous gas were made in 

arriving at these ideal relationships and, therefore, actual condi-

tions may deviate from this idealized concept. 

The thermal motion of the electrons, positive ions, and 

neutral part icles 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 par t ic le when a collision 

occurs . The thermal energy of the plasma will increase until the 

heat losses become equal to the energy input and then a steady state 

condition i s reached. The gas volume within this discharge has then 

attained the state of a quasi-neutral plasma i. e. , containing equal 

numbers of charged part icles of both signs. It may also contain 

some neutral par t ic les . If the kinetic energy of the electrons, posi ­

tive ions, and neutral part icles is the same, they a re in a state of 

thermal equilibrium. 



Previous investigations have shown that the following factors 

establ ish the conditions for a discharge: 

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

b) separation distance between the e lectrodes , 

c) mean speed of the free part ic les between co l l i s ions , 

d) the e lectr ica l potential between the e lectrodes . 

Direct current gas d ischarges of a s teady-state nature are 

categorized into either glow discharges or arc d ischarges . The glow 

discharge i s character ized by high terminal voltage, low current 

density, and low gas pres sure . The arc discharge general ly operates 

at low terminal voltage, re lat ively high current dens i t ies , and r e l a ­

t ively high p r e s s u r e s . There are severa l other types of e l ec tr i c 

d i scharges , however, only the e lectr ic arc discharge i s of per t i ­

nence in this study and wil l be d i scussed here . 

Bas ic Energy Exchange Phenomena 

Since the underlying physical principles of the e lectr ic arc 

discharge are independent of its application, the basic energy e x ­

change phenomena and fundamentals of the e lectr ic arc wil l be 

briefly reviewed. The e lectr ic arc may be defined as a gaseous d i s ­

charge capable of pass ing large e lectr ic currents at re lat ively low 

voltage. F igure 3 depicts a typical direct current e lectr ic arc d i s ­

charge between two e lec trodes . Ohmic heat i s produced by means 

of the e lec tr ica l current flowing from the cathode to the anode 
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through an e lectr ical ly conducting gas, the arc plasma. One may-

distinguish the three distinct regions of the e lectric 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 region 

in the order of l e s s than or equal to several mean free path lengths. 

Region c) 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 portion 

of Figure 3. Another distinguishing characterist ic of the drop regions 

i s the thermal boundary conditions at the e lectrode-gas interface. 

The anode and cathode drop regions represent transition boundary 

regions between extremely hot gaseous plasma and relatively cool 

solid e lectrodes . This causes 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 e lectrodes and decreases to much lower magnitudes as one 

proceeds away from the e lectrodes . 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 {"£,). 
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The electric arc is by no means a simple heating element, but 

rather an extremely complex one. This is 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 the 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 decreases 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. 

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 

simplified 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 (H) have put forth 

electrode emission theories; however, no single theory is generally 



15 

accepted. In fact, the cathode mechanism is st i l l considered an 

open problem in arc physics. For example, the controlling mech­

anism of electron emission at the cathode, for copper electrodes 

(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 

a r e electrostatically 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 part icles and positive ions of the gas in the column. This 

process generates ohmic heat, which the column dissipates to its 

environment by the various t ransport p rocesses . In the anode fall 

space, the electrons a r e again accelerated to high velocities by the 

strong electr ic field existing in the anode drop region. By means of 

high-speed collisions with neutral gas atoms in this region, ioniza-

tion occurs . This process produces the positive ions necessary for 

maintaining electr ical neutrality in the positive column. It is worth­

while to note that the energy dissipation at the anode is usually much 

greater than at the cathode even though the current density may be 

less . This is because a large amount of thermal energy c o r r e s ­

ponding to the work function is removed from the cathode surface 

by electron evaporation during the emission process . At the anode, 
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this equivalent energy appears as heat of condensation (,17). There­

fore, the electrons which bombard the anode surface give r i se to a 

large heat increase both from the heat of condensation and the kinetic 

energy of the impinging par t ic les . 

A similar process occurs with the positive ions which a re p ro­

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 tempera tures . In the positive col­

umn, approximately 95% of the total current is t ransported by the 

drift of the free electrons. This is due to their lighter mass and much 

greater mobility. 

External Field Effects 

Because the mechanism of a rc discharges is so complex,and 

available information on the various physical processes and phenomena 
t 

is not self-consistent, it becomes extremely difficult to predict the 

effects of the superposition of external fields (aerodynamic and/or 

magnetic) on the a rc discharge. Changes in both the basic collision 

phenomena and the temperature , velocity, and current density d i s t r i ­

butions within the discharge proper can be expected due to the 
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interaction with the external fields. For example, certain propert ies 

such as the electr ical conductivity may become tensors . In the p r e s ­

ent investigation, only those phenomena occurring in the high p ressure 

regime will be discussed i. e. , > 1 atmosphere. 

When a uniform external magnetic field is applied t ransverse to 

the current flow in an electric a r c discharge, a vector force is exerted 

on the arc column. The magnitude and direction of this force is r e ­

lated by F u m t i e n f i th ~ "^ x ** ^ *s t i i e C u r r e n t a n d 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 t r a n s ­

ve r se blowing. The interaction effect of the columns' self-magnetic 

field with the externally imposed t ransverse magnetic field must also 

be considered. This is thought to be the p r imary cause of the d i s ­

torted shapes and instabilit ies observed in the high-speed pictures 

taken of a moving a rc column. A kink-type instability has also been 

repor ted (16). Thiene ( 19) postulated that when an external magnetic 

field is applied perpendicular to an electric a rc column, a circulatory 

convection (double-vortex) occurs within the column due to the mag­

netic body force on the a rc plasma. For a paral lel ra i l electrode type 

apparatus, (or circular annular ring electrode type), a sufficiently 

strong external t r ansverse magnetic field may cause the a rc discharge 

to travel at very high speeds. Speeds up to 12, 000 f t /sec have been 



reported (20). If the discharge is magnetically driven along paral lel 

ra i l 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 a r c , 

therefore, moves through a cold gas. This gas does not reach temp-

era tures sufficient for thermal equilibrium. 

When a uniform external gas flow is applied t ransverse to the 

current flow in an electr ic a rc discharge, 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 a rc columns' perviousness to external t ransverse flow, and 

this is sti l l an open problem in plasma physics. 

For the combined interaction of both t ransverse , external ae ro ­

dynamic and magnetic fields, the previously discussed effects now 

become superimposed. For the steady-state balanced mode, some 

simplification may result , in part icular when the a rc column curva­

ture is eliminated as was done in the present experiment. Because 

the two opposing forces a r e simultaneously present and the a rc is in 

2 
the balanced mode, the relationship BI = ( l / 2 ) p CpV D defines the 

force balance. 

/ 

c 
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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 generated by ohmic heat­

ing within the column must be dissipated to the environment by the 

various t ransport p rocesses e. g. , thermal conduction, convection, 

diffusion, and radiation. These processes constitute an extremely 

complex energy exchange system which can be solved analytically only 

for the very simple cases . A further complication is that the dominat­

ing gas propert ies a re strong functions of the temperature which itself 

varies ac ross the arc column diameter. 

The gas in the positive column of an electr ic a rc is never in true 

thermodynamic equilibrium i. e. , the electron temperature must a l ­

ways slightly exceed the gas temperature (-16). Exact determination 

of the equilibrium state of the electr ic a rc 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 i l lustrates some of the difficulties by the examples 

of two property variations of a nitrogen arc , free-burning in an a tmos­

pheric quiescent environment (23). Figure 5 i l lustrates the same two 

property variations for the case of an argon a rc (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. , 

k e is the classical conductivity due to the drift motions of the e lec­

t rons, k^ is the conductivity due to the diffusion of molecules and 
+ + + 

associated atoms, and k^ and k^ a r e 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 gas over 

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 n i t ro­

gen plasma actually consists of a mixture of various gases . The peaks 

of the k versus temperature curve indicate the completion of each 

dissociation or ionization process with its associated energy absorp­

tion. The electr ical conductivity or ve r sus 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 electr ical conductivity with temp­

era ture above approximately 10, 000 °K is mainly due to the influence 

of the large collision c ross -sec t ion of the positive ions (and subse­

quent reduction in the mean free path of the electrons). 
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In Figure 5 the thermal conductivity k and electr ical conductivity 

cr for an argon a rc free-burning in an atmospheric quiescent environ­

ment is shown. By comparison with nitrogen (diatomic) the main d is ­

tinguishing difference is the absence of dissociation. 

The energy balance equation of the a rc column 

crE2 + V • (kVT) - p ( | Y ) V • V T + U - p fej j v V P - R » 0 

(3) 

designated the Heller-Elenbaas equation, expresses the balance be- ' 

tween the generated joule heat and the heat dissipated by various means. 

By neglecting p ressu re changes, this equation reduces to 

CTE2 + V« (kVT) - p C p V « V T - R = 0 (4) 

The f i rs t t e rm is the generated joule heat, the remaining t e rms a re • 

the heat conduction, heat convection, and radiation, 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 investi­

gators have assumed that the generated heat is dissipated only by 

radial conduction to the a rc environment; therefore, the equation 

becomes 

crE2+ V • (kVT)= 0 (5) 

Fur ther , if cylindrical symmetry is assumed, the equation may be 

written as 
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The gas propert ies , a and k, must be known as functions of the temp­

era ture for solving the Heller-Elenbaas energy equation. The con­

siderable mathematical difficulties in finding analytical solutions be­

come .more apparent when the radial temperature distributions a re 

taken into consideration. A typical set of these radial temperature 

profiles for a nitrogen a rc a re shown in the middle of Figure 4. They 

span a cur ren t range from 10 to 2000 amperes . 

Fo r this simple form of the energy equation (Eq. 6), the radial 

temperature distribution and the temperature gradient along the posi­

tive column a re functions of the heat dissipation. Therefore, inc reas ­

ing the radial heat t ransfer will resul t in increased peak temperatures 

and higher voltage requirements ( i . e . , higher power consumption/unit 

a r c length). Therefore, any mechanism which improves the heat 

t ransfer from the arc to its boundaries will resul t in higher power 

density of the a rc and higher peak temperatures for any given current 

input. This occurs if an a rc column is confined and constricted within 

cooled cylinder walls or is acted upon by axial forced convection, 

axial vortex flow, or t ransverse forced convection. The wall con­

stricted, axial forced convection, or axial vortex method of confine­

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

many of today's electr ic a r c devices. 

The theoretical t reatment of the a rc column confined and stabi­

lized in a forced convection flow field is considerably more difficult 

than that of the free-burning case or the a rc within cooled solid 

cylindrical walls. 
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By r e f e r r i n g again to F i g u r e 3 and the tabulat ion of a r c data, 

one notes the cons ide rab le range of vol tage g rad ien t s and energy den­

s i t i e s which have been exper imenta l ly r e p o r t e d for the a r c column. 

The lower l imi t s co r r e spond to a r c s in the f ree -burn ing c a s e ; the 

upper l imi t s w e r e obtained under t r a n s i e n t condit ions for a r c columns 

in a v e r y high veloci ty p a r a l l e l gas flow field (.2 ). 

E l e c t r i c a l C h a r a c t e r i s t i c s 

Another impor tan t a s p e c t to cons ider i s that the e l ec t r i c a r c , 

bes ides being an e l e c t r i c a l gaseous heat ing e lement , i s a l so a c u r r e n t 

c a r r y i n g conductor with a definite v o l t a g e - c u r r e n t charac ter is t ic - . 

The e l e c t r i c a r c in s t e a d y - s t a t e ope ra t ion i s r ecognized by the fami l ­

i a r non- l inea r vol tage v e r s u s c u r r e n t c h a r a c t e r i s t i c cu rve . A typical 

cu rve is shown in F i g u r e 6. This curve is appl icable to cons tant 

ambient condit ions which m a y extend over a r easonab ly wide r ange . 

An immedia t e consequence of the negat ive c h a r a c t e r i s t i c cu rve is 

that a s t e a d y - s t a t e a r c r e q u i r e s a s tabi l iz ing s e r i e s r e s i s t a n c e for 

opera t ion in a constant e l e c t r o - m o t i v e - f o r c e c i r cu i t . 

Typical ly, the ex t e rna l c h a r a c t e r i s t i c c i r cu i t curve (see a lso 

Appendix B , F i g u r e 6'3) wil l i n t e r s e c t the a r c c h a r a c t e r i s t i c curve 

a t two points , shown a s (1) and (Z) in F i g u r e 6. S t eady- s t a t e a r c 

condit ions can exis t only at the i n t e r s ec t i on point (2), which is a 

s tab le equ i l ib r ium point. At point (2) a sudden pe r tu rba t i on in the 

c u r r e n t wil l give r i s e to a vol tage unbalance tending to r e s t o r e 

t / 
« 
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equ i l ib r ium. The a r c c i r c u i t s tab i l i ty i s v e r y much dependent upon 

the s ta t i c c h a r a c t e r i s t i c behavior which in t u r n depends s t rongly upon 

the ene rgy t r a n s f e r f rom the a r c co lumn (affected by such fac to r s a s : 

convect ive veloci ty , ambien t t e m p e r a t u r e , ambien t p r e s s u r e , e x t e r ­

na l m a g n e t i c f ie lds , e l e c t r o d e j e t effects , co lumn conf inement effects , 

and mot ion of the a r c r e l a t i v e to the su r round ings ) . Thus , the t h e r m a l 

and e l e c t r i c a l c h a r a c t e r i s t i c s of e l e c t r i c a r c s a r e d i r e c t l y dependent 

on one a n o t h e r , both being s t rong functions of the m e c h a n i s m of e n e r g y 

t r a n s f e r to the s u r r o u n d i n g s . 

Sel f -Magnet ic F i e l d Effects 

Since the a r c i s a c u r r e n t - c a r r y i n g conductor it wi l l g e n e r a t e 
t 

magne t i c f ie lds ,and wi l l be subject to the effects of e x t e r n a l magne t i c 

f i e lds . As a s t r a igh t cy l ind r i ca l conduc tor , the a r c g e n e r a t e s a 

" s e l f - m a g n e t i c " field whose field l ines a r e concen t r i c c i r c l e s a round 

the a r c co lumn c e n t e r l ine . Two conduc to r s c a r r y i n g c u r r e n t in the 

s a m e d i r e c t i o n wi l l a t t r a c t each o t h e r . Thus , if the a r c co lumn is 

c o n s i d e r e d s imply a s a co l lec t ion of p a r a l l e l c u r r e n t f i l amen t s , the 

a t t r a c t i o n fo r ce s be tween the se individual f i laments wi l l r e s u l t in a 

r a d i a l - c o m p r e s s i o n of the a r c co lumn. This i s known as the " p i n c h -

effect" and b e c o m e s a p p r e c i a b l e a t c u r r e n t l eve l s of > 1000 a m p e r e s 

(26). At t h e s e high leve ls of c u r r e n t , a r a d i a l p r e s s u r e d i s t r ibu t ion 

is p roduced within the co lumn p r o p o r t i o n a l to the p roduc t of the 

c u r r e n t and the c u r r e n t dens i ty . 
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I • • r2 I2 

P{radial) = T ^ " "T*) P(axial) = ~~~2 ( 7 ) 

c rQ Ac 

w h e r e P == p r e s s u r e 

I = a r c c u r r e n t 

j = a r c c u r r e n t dens i ty 

A = a r c c r o s s - s e c t i o n a l a r e a 

r = a r c r a d i u s 

c = constant = 3 x 10 m / s e c 

The r e a d e r is r e f e r r e d to Maecker (26) for a de ta i l ed d i s c u s s i o n and 

der iva t ion of t h e s e j e t effects . F r o m these equat ions i t can be s e e n 

tha t a t a given c u r r e n t , the g e n e r a t e d p r e s s u r e depends on c u r r e n t 

densi ty , t he r e fo r e , a t a r eg ion of cons t r i c t ion (e. g. , e l e c t rode spot 

region) the i n t e rna l p r e s s u r e wi l l i n c r e a s e accord ing ly . The p r e s s u r e 

is h ighes t whe re the c u r r e n t dens i ty i s h ighes t and, t h e r e f o r e , a s one 

p r o c e e d s away f r o m a cons t r i c t ion the c u r r e n t dens i ty fal ls and 

co r re spond ing ly the magne t i c p r e s s u r e . This dif ference of i n t e r n a l 

p r e s s u r e a t v a r i o u s a r c d i a m e t e r s m a y r e s u l t in an ax i a l flow of 

p l a s m a in a d i r ec t ion away f rom the cons t r i c t ion and toward the 

l a r g e r d i a m e t e r . This i s s c h e m a t i c a l l y shown in F i g u r e 7. The ion­

ized gas p a r t i c l e s moving away f rom the cons t r i c t ed reg ion sweep 

along n e u t r a l gas p a r t i c l e s which a r e r ad ia l ly en t r a ined inward f rom 

the s u r r o u n d i n g s . They become ionized, a r e magne t i ca l ly t r a n s ­

p o r t e d toward the a r c column cen t e r , and then a c c e l e r a t e d 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 along the a rc column. The 

maximum velocities obtainable were found to be related by 

-» 1/2 m 1/2 

( a x i a l ) m a x 
I P 
p axial 

= c[pAj (8) 

Velocities as high as 30, 500 f t /sec have been obtained in extremely 

high current a rc s (£6). If the electrode surface mel ts , some of the 

metal vapor is entrained by the incoming neutral gas par t ic les and 

magnetically pumped along the a rc axis. This metal vapor contam­

inates the a rc 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 je t s definitely affect the 

voltage gradient (cause it to r ise) , 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 a rc 

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 mater ia l 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 je ts 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 a re present to a 

certain degree in all electr ic a rc devices, their elimination is imposs-

ible and assessment of their relative magnitude 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 t ransverse aerodynamic flow velocities a re far too 

low for any appreciable effects to be noted. 



IH. HISTORICAL DEVELOPMENT OF STATIONARY ARC 

LITERATURE 

Over the past 17 years many valuable and interesting investi- »>'•. 

gations have been conducted related to the interaction of an electr ic 

a r c with t ransverse aerodynamic and/or magnetic fields. The f irst 

related cross-flow investigation was done in Leipzig, Germany, 

and reported in 1949 in the c lass ic ar t ic le by Weizel and Rompe (28). 

This theoretical investigation, however, was directed pr imar i ly at 

the effects of free convection on a free-burning horizontal e lectr ic 

a r c . The possibility of balancing a convective velocity on an a r c with 

a magnetic field in order to cause it to remain a straight body was 

mentioned. 

Little if any work was reported during the next five years until 

a repor t was published in 1954 by Smith and Ear ly (29). This was an 

experimental investigation to determine the feasibility of heating an , 

a i r s t ream in a wind tunnel by means of an electr ic a rc . This was 

the first reported experimental study where an external magnetic 

field was used to oppose the aerodynamic forces of a supersonic flow 

on the a rc column. An unusual character is t ic slant angle of the * 

column, with respect to the electrodes, was observed. 

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

to a horizontal electric a rc subject to an upward convection to gain 

information on a rc curvature and temperature distribution. This was 

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 a rc under forced con-

vection. An analogy was made between the convected a rc and the 

distributed load on a s t ructural beam. An energy balance provided, 

a rc curvature, temperature distribution, a so-called flexural r igid­

ity, and blowout cr i ter ia . This investigation set the pattern both 

theoretically and experimentally for much of the work that followed. 

A Russian art icle by Serdyuk (32) concerned with a welding a rc 

in a t ransverse magnetic field appeared in I960. This was comprised 

of both an experimental and an analytical portion. A force balance 

was applied to a deflected a rc column,and this was used to calculate 

the stability limit of the a rc and the magnitude of the bowing due to 

the external magnetic field. 

In 1961 some prel iminary work was done by Chen (33) on a 

theory for an arc positive column subjected to a t ransverse 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 a rc may 

be stable or unstable depending on the perturbation introduced. At 

this same time, Sherman and Yos (34) conducted an analysis of 
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scaling laws for electric a rcs subject to forced convection. Numerous 

assumptions were made and the analysis was tested experimentally. . 

The resul ts indicated the importance of certain parameters in the 

forced convection a r c . 

F rom 1961 until the latter par t of 1963 little was reported until 

Lord (35) in England published a theoretical investigation of some 

magnetofluiddynamic problems involving electric a r c s . A portion of 

this report included a magnetically balanced a rc in cross-flow. A 

solid body analogy was made and by applying conservation equations, 

Ampere 's law, and Ohm's law, the arc character is t ics were obtained 

in non-dimensional form. 

Toward the end of 1963 two Russian scientists , Alferov and 

Bushmin (36), conducted an experimental investigation of an a rc d i s ­

charge across the exit, of a convergent-divergent nozzle at both sub­

sonic and supersonic flows. The resul ts included photographs of the 

form of the discharge as well as current and voltage character is t ics . 

By 1964 keen interest had been aroused and focused on the 

electric a r c interacting with both aerodynamic and magnetic fields. 

This was pr imari ly motivated by the immediate aerospace applica­

tions as discussed previously in Section I. The f i rs t reported r e ­

search in 1964 was that of Kalachev (37) in Russia. His investigation 

was an extension of the work of Alferov and Bushmin with the same 

apparatus being used. This was again mainly a photographic study 

of a pulsed a rc discharge. 
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Fay (38) published a short note as a comment on the previously 

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 speculative,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. 

They suggested application to a non-equilibrium magnetohydroxlynam-

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

characteristics were experimentally measured by high-speed photo­

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

of a radiative heat sink on a rc voltage-current character is t ics of a 

cross-flow a rc stabilized by an external magnetic field. The charac­

te r i s t i cs were expressed in a non-dimensional form which showed the 

importance of different pa ramete r s . Numerical examples, based on 

some published magnetically-driven a r c rai l - type experiments 

showed the heat loss from the a r c 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 t ransverse magnetic field. 

The a rc column was confined within a cylindrical tube in which probes 

were used to measure the Hall voltage and column gradient. 

Following Anderson was a purely theoretical investigation by 

Ecker and Kanne (45), in Germany, of a cylindrical plasma con­

ductor in a t ransverse 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 s ta r t of 1965 there appeared to be on an average of 

almost one publication every few months treating the cross-flow 

a r c 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 compared with experimental annular gap traveling arc data of 

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 spectral 

intensity distributions to true radial distribution of the emission co­

efficients for optically thin sources. The method was successfully 

applied to both analytical and experimental 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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setupj but the analysis of heat transfer aspects and comparison with 

the solid cylinder analogy links the results closely to the cross-f low 

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-f low was examined 

as a function of temperature and properties of the gas. Temperature 

fields were compared with 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 an 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. 
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The resul ts indicated that by excluding radiation and heat conduc­

tivity, the energy transfer is pr imar i ly by means of turbulence i. e, , 

there is turbulence within the t ransverse blown a r c . 

Schrade (54) presented a paper on a rc pumping and the motion 

of electr ic a r c s in a t ransverse magnetic field. This was a theoret i ­

cal study concerned with calculating the t ransverse forces which act 

on an arbi t rar i ly curved current -car ry ing conductor in a t ransverse 

magnetic field. The a rc 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 his tor ical development of the 

investigations up to 1966, three other studies, which a r e currently 

being conducted, shall be included. Benenson (55) is investigating 

the effects of low velocity forced convection upon the steady-state 

charac ter i s t ics of electr ic a r c s . He is pr imar i ly interested in the 

a r c shape, curvature, voltage gradient, and tempera ture distribution 

(asymmetrical) within the a r c . An experimental technique is being 

employed to determine the a rc shape and local integrated intensity 

of the a rc radiation. Following this phase will be an analytical 

determination of the asymmetr ica l temperature distribution within 

the arc column using information gained from the experimental phase. 

F ischer (56), in Germany, is investigating interactions of an 

electr ic a rc with t ransverse magnetic and gas flow fields. This is * 
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an analytical study of the arc discharge cross-sect ion, temperature 

distribution and mass flow distribution, which occurs in t ransverse 

external fields. Work to date has been on a confined arc in a t r ans ­

verse magnetic field and an arc under t ransverse convection. P r e - ' 

l iminary calculations have provided temperature distributions and 

flow fields. 

Han (57) is investigating the convective heat transfer and a rc 

curvature in c ross flow. This is ah analytical study directed between 

the two asymptotic cases of a solid cylinder (no penetration) and a 

completely porous cylinder (full penetration). The first portion of 

the study deals with establishing the asymptotic size of the vert ical 

a rc core based on a heat dissipation viewpoint. The convective heat 

transfer correlations are solved using a numerical integral method. 

One portion of the study is concerned with establishing the radiation 

loss from the a rc column. Another portion considers an approximate 

analysis of the asymptotic column growth for turbulent flow. 

t 



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 

stationary arc in supersonic flow have generated more questions than 

they have answered. For instance, why does the arc assume a 

characteristic slant and why does it show the strong preference for 

the boundary layer of a supersonic tunnel? Little progress has been 

made toward understanding the nature of the stationary arc's inter-

action with the supersonic flow. No localized property1 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 tojB. 

Thus, the analogy of the conducting cylinder with aerodynamic drag 

appears to be the best model for the stationary 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 a rc and flow to show the energy exchange mech­

anisms or inside the arc to determine its internal s t ructure . 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 p re s su re 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 t r ansverse mag­

netic fields) which any generally acceptable complete theory should 

explain for the high p re s su re case a re listed below. In some pa ra ­

me te r ranges , several of these effects may be neglected. (It should 

be re-emphasized that the cross-flow a rc interaction phenomena, 

both with or without external t r ansverse magnetic fields, which have 

been reported in the l i te ra ture were determined with a variety of 

electrode and external field configurations and also under vastly 

different parameter ranges . Therefore, any correlat ion between 

the many different investigations is extremely difficult.) 

Cross-flow only 

1) Arc curvature (including blow-out cr i te r ia) , 

2) a r c c r o s s - s e c t i o n a l shape , 
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3) electrode mater ia l effect, 

4) electrode shape and arrangement effect, 

5)- electrode jet effects (with corresponding induced axial 

gradients), 

6) free-convection effect, 

7) drag effects, 

8) heat t ransfer effects, 

9) temperature distribution; 

10) property variations as a function of tempera ture , 

11) effect of enclosing the a rc with channels of different 

geometry. 

Cross-flow with external t r ansverse 
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 a reas : 

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

two), 

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

at boundary), 



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

column), and 

4) mechanism of heat t ransfer inside the a r c , through the 

boundary, and to the external flow. 



IV. DESCRIPTION OF EXPERIMENTAL 
APPARATUS 

The cross-flow a rc tes t facility was designed by the author 

and fabricated by personnel within the Aerospace Research Labora­

to r ies . An exception was the i ron-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 resul t s of this investigation, it will be included. 

The description of the experimental apparatus was divided into three 

p a r t s : 

A. P r i m a r y Components. 

B. Instrumentation and Support Equipment. 

C. Diagnostic Equipment. 

A schematic drawing of the overall experimental apparatus 

arrangement is shown in Figure 8. A photograph of this a r r ange ­

ment is shown in Figure 9. 

A. The pr imary components consisted'of the following sub­

systems : 

1. Electrode Assembly and Star ter . 

2. Magnet. 

3. Blowing Nozzle Assembly. 
$5 
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FIGURE 9, PHOTOGRAPH OF EXPERIMENTAL APPARATUS 



Each of these subsystems will now be discussed in some detail. 

1. Electrode Assembly and Star ter . 

Figure 10 is a full-scale drawing showing the electrode 

assembly. The cathode was the lower electrode in al l t es t s . The 

cathode was a l /4- inch diameter , two per cent thoriated tungsten 

cylinder with a hemispherical t ip. This 1/2-inch long tungsten slug 

was recessed and silver soldered into a water-cooled copper base 

mount. (See Appendix D, Figure 6'5. ) Surrounding the cathode was 

a gas injector made of b rass with four equally spaced, 0. 013-inch, 

diameter, injection ports bored through it. (See Appendix^ , 

Figures,66' and £7.} This injector provided a small quantity (approxi­

mately 1 lb/hr) of non-oxidizing argon gas necessary to prevent rapid 

oxidation of the tungsten cathode. The injector disc was insulated 

from adjoining par ts with boron nitride spacers . The cathode gas 

injection flow system is shown schematically in Figure 11. The gas 

flow from the high p r e s s u r e supply was controlled by a p r e s su re 

regulator and a check valve. Closing the check valve permitted 

changing the gas bottles at the high p re s su re manifold without losing 

p re s su re and gas in the low pressure rese rvo i r . The low p res su re 

rese rvo i r , used to ensure a large, constant p r e s su re gas supply, 

was a stainless steel tank of three cubic feet capacity. The reservoi r 

was kept at a p re s su re of 30 psig and monitored by an attached p r e s ­

sure gage. The rese rvo i r was tested to 75 psig, and a safety valve 
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was installed to blow at 60 psig. F rom the reservoir the gas flowed 

to a coiled capillary flowmeter, which was kept in a constant temp­

era ture bath. The p ressure 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 p r e s su re 

differential reading is included in Appendix B, Figure 5 5. The con­

stant temperature bath consisted of a heavy galvanized can. The 

tempera ture 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 

calor imeter segments. (See Appendix D, Figure &&.) These were 

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 JD, Figure .69.) Its 

purpose was three-fold; it provided a transit ion section between the 

gas within the cathode chamber and the external environment, helped 

in locating the a rc 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 

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

minimized the erosion o.f the upper- and lower edges- directly exposed 

» 
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to the a r c . The hole d i a m e t e r of 1/4 inch w a s chosen to r e d u c e 

pinching or r e s t r i c t i n g the .effective a r c co lumn d i a m e t e r . The en­

t i r e cathode a s s e m b l y was c l amped toge ther and sea l ed a s shown in 

F i g u r e 10. Pos i t ioned two inches above the f i r s t loca to r was a second 

loca to r ident ica l to the f i r s t wi th the except ion tha t i t had a 1 /2- inch 

d i a m e t e r ho le . This again" s e r v e d the p u r p o s e of provid ing a c e n t e r -

l ine f r a m e of r e f e r e n c e th rough which the a r c co lumn could p a s s on 

i t s pa th to the anode . The r e a s o n for the i n c r e a s e d hole d i a m e t e r in 

the upper l o c a t o r i s d i s c u s s e d i n Appendix E . The f inal de s ign of the 

copper , w a t e r - c o o l e d l o c a t o r s was gove rned by s e v e r a l f a c t o r s : 

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 at tach 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 momentari ly drive the a rc column away from the center pos i ­

tion and might lead to locator burnout. 

The anode assembly used was ar r ived at after many optimi­

zation studies of alternate anode designs (see Appendix Eifor 



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 circumferential! / 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 p re s su re cooling water flowing through the 

anode could effectively 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 7 0). 

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 t ransverse 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 

a rc was drawn upward until it reached the level of the anode. It then 



t rans fe r red from the secondary starting anode to the p r imary coiled 

anode as the starting anode continued upward and was rapidly moved 

away. The s ta r te r actuator was a spring-loaded re t ract ion device 

re leased by a solenoid and synchronized to follow the main a r c power 

initiation. This method proved to be extremely rel iable and elimin­

ated the contamination, which would be given off by an exploding wire 

starting technique. 

2. Magnet 

The i ron-core electromagnet was designed to provide the 

necessary external magnetic field anticipated to balance the a e r o -

dynamic forces on the a rc column. Due to the physical accessibi l i ty 

required for the diagnostic probes and blowing nozzle, the open yoke 

magnet design was selected. F igure 12 shows the magnet and mount­

ing assembly (also see Appendix D, F igure 64). The optimum field 

intensities and homogeneity required, commensurate with the accessi­

bility needed within the tes t section were obtained with a 4-^inch air 

gap and 4-inch diameter cylindrical pole caps . This gap allowed 

blowing nozzle access and sufficient clearance downstream of the tes t 

section for the t ravers ing probes . A 3/8-inch diameter view hole was 

drilled through the magnet pole pieces and caps to pe rmi t viewing of 

the arc column when it was in the balanced ver t ical position. Approp­

r ia te shims were added to compensate for the bore-hole effect on the 

magnetic field uniformity. Low-impedance magnet coils were 

selected which matched the d. c. power supply available. In order to 
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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 a rc could be positioned at any desired location in the tes t 

section, specifically at the centerline of the t ransverse view hole. 

The field intensity within the tes t 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 t r ansve r se 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 per 

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 a r e included in Appendix B (Figures 57, 

J58). Before each tes t the magnet was nulled by revers ing the field. 

A t ravers ing slide was built upon which the entire 500 pound 

magnet assembly could be indexed into place. This provided acces s i ­

bility in replacing components, allowed prel iminary investigations 

on the a rc column to be done without the magnet in place, and p r o ­

tected the magnet from the high heat loads during shake-down tes t s . 

The slide also enabled the ent i re 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 a rc col­

umn. A coating of Fiberfrax (asbes tos-ceramic material) insul­

ation, 1/4-inch thick, covered the major portion of the exposed 

a rea . The two most crit ically exposed a reas were the pole caps 

themselves and the region immediately adjacent to the anode. Spec­

ial water-cooled copper heat shields were fabricated to protect both 

these cr i t ical a r e a s . A thin layer ( l / l 6 - i n c h thick) of Saureisen 

high temperature and high electr ical res is tance paste and Carborun­

dum QF-150 asbes tos-ceramic cement applied to the surface of these 

a reas adequately provided additional heat and e lect r ical insulation. 

The insulated magnet pole faces were located 1-5/8 inches either 

side of the balanced arc center l ine. The cooling water to the magnet 

coils and the heat shields was sufficient to remove the heat generated. 

Thermocouples were located at cr i t ical a reas to monitor the cooling 

water temperature . These tempera tures were regis tered automat­

ically on a recorder and in the event of excessive temperature , 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 6i 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 l / l6 - 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-sect ion of 25 square inches. The nozzle exit a rea was two 

inches square. A baffle plate was positioned slightly downstream of 

the gas inlet. A ser ies 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 

AppendixB {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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Electr ical 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 

tes t position simultaneously with the electromagnet. Figure 13 

shows the test apparatus as it was positioned during a tes t on the 

balanced a rc . When indexed into the test position, the blowing nozzle 

was 1-1/2 inches upstream of the a rc centerline. 

A sonic nozzle gas metering system was used in conjunction 

with the high p ressu re 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 

nozzle system. A ser ies of 5 sonic nozzles, of increasing throat 

size from 0. 024 inches to 0. 102 inches, were arranged in a paral le l 

connection. Each was provided with an individual shut-off valve. 

Stagnation pressure and temperature recorders were located up­

s t ream 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 p ressu re 

supply to the range desired for test operation. The high p ressu re 

gas supply was obtained from the laboratory filtered, compressed 

air supply system. The main supply pressure was maintained at 

approximately 3000 p.si. The calibration plots for the sonic nozzle 
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system and the tes t section velocity as a function of the stagnation 

p r e s su re and temperature a re included in AppendixB (Figures 56, 

62). 

B. The instrumentation and support equipment consisted of the 

following subsystems: 

1. Arc Power Supplies, 

2. Auxiliary Power Supplies, Ventilation System, and 

Shielding, 

3. Cooling Water Supply System, 

4. Recording Equipment, 

5. Cameras . 

1. Arc Power Supplies 

The d. c. a rc power was supplied by two A. O. Smith 

three-phase t ransformer- type power supplies employing a t h ree -

phase silicon bridge. The power supplies were connected in paral le l . 

The cur ren t control was provided by the use of moving-coil type high 

reactance t ransformers with the coil coupling controlled by a gear 

motor dr ive. The units were operated by a remote s ta r t - s top and 

ra ise- lower push button control. Current output was selected by the 

ra ise- lower control which operated the gear motor drive of the mov­

ing p r imary coi ls . 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 charac ter i s t ic curve for this r e c t i ­

fier is included in Appendix B, Figure 63. An inherent property of 
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a moving coil t r a n s f o r m e r type rec t i f i e r i s the r e l a t i v e l y high power 

r ipp le l eve l . In an effort to r educe th i s , a l a r g e w a t e r - c o o l e d coi l of 

3 / 8 - i n c h o . d . copper tubing was wound. This s e r v e d a s a n inductor 

when p laced in s e r i e s wi th the power supp l i e s . The to ta l r e s i s t a n c e 

of the inductor was 0. 2 ohms and the inductance w a s 12 m i l l i h e n r i e s . 

The power r ipp le was r e d u c e d f rom 12 p e r cent to a p p r o x i m a t e l y five 

p e r cen t by th i s inductor . 

2. Auxi l i a ry P o w e r Suppl ies , Vent i la t ion Syatem and Shielding 

The e l ec t romagne t coi ls w e r e e n e r g i z e d by a d. c . V a r i c e l l 

of 0. 5 kw output . The c u r r e n t r egu la t ion was con t ro l l ed by a m a n u a l 

c r a n k s e l e c t o r . 

The e l e c t r o m a g n e t posi t ioning l i nea r ac tua to r was powered by ' 

a 0. 3 kw Labpack d. c . r e c t i f i e r . The c u r r e n t r egu la t ion f rom 0 to 

10 a m p e r e s was se t manua l ly by a s e l e c t o r knob. A s c h e m a t i c d i a ­

g r a m of p r i m a r y and aux i l i a ry power supply s y s t e m s is shown in 

F i g u r e 15. 

A vacuum duct vent i la t ion s y s t e m was u s e d to r e m o v e a l l gas 

emi t t ed in the housing dur ing a r c ope ra t i on . The s y s t e m was r a t e d 

at 900 cfm. 

Due to the amount of s t rong u l t r av io l e t r a d i a t i o n given off by 

the a r c , sufficient safety shielding was pos i t ioned both a t the down­

s t r e a m and s ide view pos i t ions of the a p p a r a t u s to a l low v i s u a l 

o b s e r v a t i o n of the a r c column a t a l l t i m e s . 
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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 main1. 

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 p r e s su re surge inherently present in all positive 

displacement pumps was undesirable from the standpoint of cooling 

cri t ical elements. The employment of both surge tanks reduced the 

p r e s su re surge to a tolerable level. The water pump was driven by 
•r 

a three-phase 25 horsepower electr ic motor . A by-pass line was 

used to regulate the p re s su re head at the exit line. The exit line fed 

into a long high p r e s su re water manifold. Sixteen high p re s su re con­

t ro l valves were spaced at intervals along the manifold. High p r e s ­

sure hose was used to route each line to the part icular element to be 

cooled. The low p re s su re re turn lines were connected to individual 

F isher and Por ter flowmeters, each capable of monitoring flow from 

0 to 6 gpm. The water lines which supplied the electromagnet f i rs t 

passed the water through an aqua-pure cartr idge 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 t empera tures . The temperatures were measured 

by calibrated copper-constantan thermocouples. For a reference, one 

channel recorded the inlet water tempera ture . A schematic diagram 

of the various channels and typical operating values is shown in Figure 

18. The temperature differences together with the known mass flow 

ra tes read on the flowmeters allowed a heat t ransfer calculation to be 

made of the total heat conducted from the arc to the water at each e le­

ment. 

An 8-channel Dynograph individual s t r ip readout recorder was 

used to monitor a rc electr ical charac te r i s t ics , input current to the 

electromagnet, and stagnation p r e s su re upst ream of the sonic nozzle 

system. The two remaining channels were used in connection with the 

calor imetr ic probe. 

A Tektronix oscilloscope was used in conjunction with the wake 

turbulence frequency measurements and the potential probe m e a s u r e ­

ments . 

5. Cameras 

With proper filtering i t 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, high-speed 



FIGURE 17 ELECTRONIC RECORDING"EQUIPMENT" 



] 

Offner 8-channel r eco rde r 

J total a rc voltage 
j voltage 

cathode to top locator 
QQ voltage 

cathode to bottom locator 
total a rc cu r ren t 
cur ren t input to magnet 
g r ey - r ad inlet orifice 

thermocouple 
"fl g r e y - r a d cooled gas sample 

the r mo couple 
"3 p r e s s u r e t r ansducer from sonic 

nozzle sys tem 

0 

El 

typical operating 
values 

Q 190 volts 
8 0 volts 

E| 25 volts 

[H 300 amps 
ET 1.5 amps 

Thermo systems heat-flux 
probe readout console 

Ql heat flux to probe 
0 cooling flow ra te 
3 coolant A t 

F I G U R E 18 SCHEMATIC DIAGRAM O F RECORDING 

12-channel Brown-Honeywell 
stepping r eco rde r 

fTl reference water inlet t empera tu re 
GO tempera ture cathode outlet 
GJ t empera tu re bottom ca lor imete r outlet 
0 3 t empera tu re top ca lor imete r outlet 
CD tempera tu re bottom locator outlet 
1*51 t empera tu re top locator outlet 
CZ2 t empera tu re anode outlet 
C5J t empera tu re magnet coils outlet 
GQ tempera tu re front pole cap outlet 
E 2 t empera tu re r e a r pole cap outlet 
"IT| t empera tu re magnet coil 

r e a r face outlet 
112{ t empera tu re magnet coil 

front face outlet 

typical operating 
valves (°F) 

Q3 48 
03 50 
G l 58 
G3 54 
GO 55 
D3 59 
QJ 72 
GO 52 
GO 51 
E53 52 
EH 120 
0125 

Brown-Honeywell r e c o r d e r 
Grey-Rad probe readout 

QJ At_ coolant t empera ture 

r i s e 
"2J A P impact p r e s s u r e t r ansducer 

PROBE DIAGNOSTIC INSTRUMENTATION J 



ao 

and p re s s cameras were employed. In this way details of the a rc 

column could then be studied and compared by viewing the slow motion 

films and sti l l p ic tures . 

The following types of cameras were used. 

a. 16 m m Wollensak Fas tax framing camera, 

b. Beckman-Whitley Dynafax rotating drum camera , 

c. Linhof p ress camera. 

The 16 mm Wollensak Fas tax framing camera was of the con­

tinuous moving film type with a rotating p r i s m 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 f rames / sec after the first 55 feet of film. The Fas tax 

camera was equipped with an externally activated t imer which p r o ­

vided 1000 cycles /sec timing marks on the edge of the film. The 

Fas tax 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 a rc column in the balanced mode, the a rc 

column behavior without external fields applied, and flow visual iza­

tion by part icle injection. Neutral density fi l ters, Ansco color film 

type 231-D/50 and an f/22 setting provided the best r esu l t s . -

The Dynafax rotating drum camera exposed 224 frames of 

35 m m film in 8. 62 milliseconds, corresponding to a film speed of 

26, 000 f rames / sec . The film was transported on a rotating drum 
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(7, 000 rpm), and an octagonal rotating mi r ro r (97, 500 rpm) was used 

for shuttering. The Dynafax camera was used to produce a slow m o ­

tion color film of the rotational motion of the anode spots. Neutral 

density filters Anscochrome, color film and an £/16 setting provided 

the best resu l t s . > 

The Linhof p re s s 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 s imul­

taneous orthogonal viewing of the a rc 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 a rc , lenses , 

m i r r o r s , and camera for the simultaneous orthogonal viewing. 

Figure 20 is a schematic of the m i r r o r arrangement and camera used 

in photographing the flow visualization by part icle injection. Neutral 

density filtering was used together with camera settings of f/8 and 

1/500 sec. 

C. Diagnostic Equipment 

The diagnostic systems consisted of the following p r imary 

subsystems. • 

1. Flow Visualization by Par t ic le Injection, 
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2. Calorimetric Probe, 

3. Cooled Heat Flux Probe, 

1, Flow Visualization by Particle Injection 

The small particle pressurized injection system for the 

flow visualization studies is shown schematically in Figure 11. It was 

originally intended to use a variety of particles, such as boron ni­

tride, lithium hydride, carbon, aluminum, and aluminum oxide; how­

ever, it was discovered that it was extremely difficult to obtain 

particles of these materials within the size range required from a 

commercial source. Therefore, the particles used throughout the 

majority of the flow visualization portion of the study were aluminum 

particles. The small, spherical, aluminum particles of 2 to 20 

microns diameter were contained in a cylindrical glass, mixing cham­

ber. The chamber was sealed with the exception of two small stain­

less steel tubes entering at the top. One tube acted as the pressuriz­

ing inlet line. It tapered at the tip to a convergent nozzle and extended 

into, the particle supply. By inserting the nozzle of the inlet tube deep 

into the particle pile, good agitation was achieved. This line was fed 

by an upstream gas supply system through a pressure regulator and 

flow meter. The outlet line was positioned with its end at approxi­

mately the mid-height of the mixing chamber. The end was plugged 

and a small exit port was located on the periphery near the plugged 

end. The exit port on the side of the exit tube allowed particles of 



Q 

approximately the same size to be car r ied 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 la rger par t ic les 

which may have entered into the tube. The injection tube was mounted 

on a mechanism which allowed it to be t raversed in the horizontal 

plane. A vernier scale was attached for a reference position indica­

tion. The par t ic les entered the blowing chamber through a s tainless 

tube inserted through one Bide wall of the chamber slightly ups t ream 

of the s ta r t 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 paral le l to the flow streamlines 

of the nozzle exit. The exit plane of the injection tube tip was 1/8 

inch upst ream of the nozzle exit plane. The other portion of the tee 
4 

extended through the back face vert ical wall of the chamber and was 

provided with a bleed valve to further a ss i s t in controlling the par t ic le 

injection r a t e . One of the problems usually encountered with smal l 

part icle injectors is a means for keeping the par t ic les from bunching. 

Various vibration techniques, sifting through fine f i l ters , and other 

approaches have been used with some degree of success . The reason 

for using this system was that the pressur izat ion allowed the par t ic les 

to be injected paral le l 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 

a rc column. 



2. Calorimetr ic Probe 

The basic disadvantage of any probe utilized to measure 

local gas character is t ics is its disturbance on the medium being 

.measured. As a resul t of the recently achieved miniaturization of 

many commercially available probes, the e r r o r introduced can be 

greatly minimized/ The significant dimension of the a rc column va r ­

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 calor imetr ic probe an 

especially suitable device for the measurement of local gas enthalpy 

and velocity. This was part icularly significant in the present investi­

gation due to the imposed accessibili ty limitation. , 

The Greyrad Corporation miniaturized calor imetr ic probe which 

was used is shown schematically in Figure 21. This probe system was 

used with a " t a r e " measurement technique i. e. , the probe was first 

operated with the gas sample flowing, and then operated with the gas 

sample shut off. This ta re measurement technique eliminated the 

e r r o r 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 ra te and temperature r i se together with gas sample 

flow rate and cooled gas temperature at the probe exit and applying 
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the " t a r e " 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 A T ) - (m C A T ) 

n c c c £ c c c n + 
8 lr^ \ PS B f 

(m8)£ 

where subscript f signifies t a re measurement with sample flow and n 

signifies t a re measurement with no gas sample flow. Two d is ­

advantages a re inherently present in this type of t a re measurement 

probe; however, neither were part icular ly cr i t ical for the cross-flow 

a r c investigation. The f i rs t is the requirement for intermittent probe 

operation which necessi tates a steady-state environment of sufficient 

t ime duration (approximately 20 seconds) to permi t the "flow" and 

"no-flow" data point to be obtained. Since the a rc average run t ime 

was 45 minutes, this requirement did not prove to be a problem. The 

second is the c r i t e r ia for the selection of a sufficiently small gas 

sample ra te of flow so that duplication of flow conditions near the 

probe tip a re satisfied during the " t a r e " measurement . This condi­

tion was satisfied by taking the " t a r e " measurement for a part icular 

data point and then repeating the " t a r e " measurement at a few slightly 

greater gas sample flow r a t e s . A point was reached where a large 

e r r o r was noted in the gas stagnation enthalpy calculation indicating 

that the sample flow ra te had increased to the point where the tip-flow 

duplication c r i te r ia was no longer valid. It was, however, desirable 
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to use the greatest e rror - f ree gas sample rate in order to obtain 

maximum probe sensit ivity . 

A three-ax i s translational scanning device was constructed to 

allow accurate positionnxent of the probe in the test region. F igures 

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 sect ion replaced the 90° -bend. 

Figure 24 shows the probe coolant supply and gas sample flow-

rate sys tem. The thermocouple readouts were monitored on e l e c ­

tronic r e c o r d e r s . A calibration curve for the probe used for the 

blowing veloci ty measurements i s included in Appendix £ , F igure 56. 

3. Cooled Heat F lux Probe 

The availability of a Thermo-Systems Incorporated 

miniaturized, internally water-cooled heat flux probe allowed m e a s ­

urements to be taken of the local heat flux, r m s per cent power 

fluctuation and turbulence frequency downstream of the arc . The 

changes in heat flux which the sensor wil l measure depend on t e m p ­

erature, velocity , p r e s s u r e and gas composition. The optimum 

application for a sensor such as this would be in a high temperature 

flow where either the veloci ty or the temperature (together with 

p r e s s u r e and gas composition) i s known to remain essent ia l ly con­

stant. In an environment where pressure , composition, and t emp­

erature are essent ia l ly constant, an exposed sensor g ives a direct 



FIGURE 22 90° BEND CALORIMETRIC PROBE MOUNTED ON 
" TRANSLATIONAL SCANNING DEVICE © 
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indication of velocity. For measuring temperature fluctuations, one 

usually r e so r t s to an aspirating type probe which (by using a sonic 

flow orifice arrangement) 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 s imilar to those used in hot-wire 

anemometry may also be applicable. It is only possible to accura te­

ly obtain ,l quantitative measurements of one of the variables if the 

remaining ones a r e known. Therefore, the resu l t s obtained from the 

sensor used in the presen t investigation will only be useful as a qual­

itative measurement of the heat transfer ra te . The heat flux probe 

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 electr ical bridge which measured 

the instantaneous ra te of heat t ransfer from the a rc wake region to 

the small cylindrical sensor (0. 006 inches o . d . ) . The platinum film, 

cooled by the internal water flow, acted as a res i s to r which the 

associated electronic circuit maintained at a constant res is tance 

(subsequently a constant temperature) . The sensor was coated with 

a thin layer of quartz to electr ically insulate it from the arc region. 

When a fluctuation occurred in the environmental conditions, the 

circuit varied the e lectr ical power into the sensor to maintain a 

constant surface tempera ture . The amount of heat being t ransfer red 



•) FIGURE 25 HEAT FLUX PROBE ASSEMBLY AND MOUNTING : 
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to the internal cooling water was constant due to the constant sensor 

temperature and was determined from previous calibration t e s t s . 

Thus, the instantaneous heat t ransfer ra te 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 relat ive indication of the turbulence in the 

wake. 

D. Test Procedure 

P r i o r to each test run the cross-f low a rc apparatus was 

readied for operation according to the check l is t outlined below: 

1. All electronic recording equipment was turned on one 

hour in advance of testing to allow sufficient t ime for complete wa rm-

up. After warm-up each recording channel zero reference was 

checked. 

2. All gas supply systems were checked for proper valving 

and p r e s s u r e . 

3. The building cooling water was turned on and the e lec­

t rodes and cooling sections checked for leaks at building supply 

p r e s s u r e . 

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. 
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6. The magnet and nozzle assembly were indexed to the 

full-out starting position. 

7. The s ta r te r was placed into position. 

8. The desired sonic nozzle combination was opened and 

the ups t ream stagnation p r e s s u r e read-out channel was zeroed on 

the r ecorde r . 

9. The high p r e s s u r e water pump was turned on, and the 

flowmeters set at the des i red operating range. A spot-check was 

made for component water leaks under the high p r e s s u r e . 

10. All shielding was installed and the front protection 

hood closed. 

11. The cathode gas injection system was turned on and 

adjusted to the proper flow r a t e . 

12. The d. c. rectif ier cooling fans were star ted, and the 

moving coils were set to the starting power range. 

13. The d. c. power supplies were simultaneously energized 

followed by the solenoid s ta r te r activation and a r c ignition. 

14. Temperature read-outs of al l components were made 

after proper stabilization had taken place. All electronic recording 

equipment was checked for proper signal. 

15. A visual check was made of the anode spot striking 

pat tern through an overhead m i r r o r . 

16. The magnet and nozzle assembly were indexed into the 

full-in tes t position. 



17. The blowing ra te and magnetic field strength were 

simultaneously increased in small increments so as to keep the 

a rc balanced in the ver t ical position at al l t imes . A continuous 

visual check was made of centerline alignment through the magnet 

view hole. 

18. After tes t conditions were reached, continual checks 

were made of all temperature and recording equipment read-out . 



V. DISCUSSION OF EXPERIMENTAL RESULTS 

A. Arc Size and Shape 

The instrumentation used for the simultaneous la te ra l and up­

s t r eam viewing of the a rc was discussed previously in Section IV, 

(Figure 19). A Linhof p re s s camera with a shutter speed of 1/500 

sec was used. A calibration procedure was used to account for the 

magnification factor and losses of light over the path through the 

different lenses and m i r r o r s used for projecting the a r c column image 

onto the photographic film. A standard source was employed for this 

calibration of each path. 

The determination of a representat ive a rc diameter is some­

what a r b i t r a r y due to the fact that by using different filter densit ies, 

combined with under- or over-exposing the photographic film, one 

can a r r i v e at a var ie ty of different apparent d iamete rs . The typical 

t empera tu re profiles shown in Figure 4 c lear ly indicate the diffi­

culty in defining a representa t ive a r c diameter corresponding to a 

given boundary t empera tu re . One method to obtain a representa t ive 

a rc diameter would be to take a photograph of the a rc column and 

then use the relat ive density of the photograph negative as measured 

with a densi tometer (maintaining constant film exposure). An a l t e r ­

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

98 
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plot the measured radius as a function of exposure t ime. The resu l t ­

ing curve should have a plateau which would correspond to the radius 

of the current conducting core . Based on pr ior experience gained 

with an electric arc in a s imilar 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 t ime to be 

used in the present experiment. The diameter a rb i t ra r i ly selected 

in this way should represent reasonably well an argon a rc column 

with a boundary temperature of 6000 _+ 1000 °K. Below this range 

the electr ical conductivity drops to a negligibly smal l value (Figure 5). 

The important factor, however, is that once an a rb i t r a ry column 

diameter has been selected and defined through a chosen photographic 

technique, all other measurements with varying pa ramete r s were 

re fe r red to this reference diameter . In this way, the various dia­

meter changes of the a rc column under the influence of the external 

fields were systematically compared. 

Figure 26 graphically represents the resul ts obtained for the 

variation of the representat ive arc column diameter as a function of 

the t ransverse blowing velocity with a rc current as the parameter . 

The increasing curve (approximately linear) for each 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 la teral view through the magnet hole. It 

indicates that the initial circular cross-sect ional shape of the col­

umn changes with increasing flow velocity and magnetic field into a 

shape which may resemble an ellipse, with the major axis t ransverse 

to the flow direction. Because this variation of the cross-sec t ional 

shape (in par t icular , the increase of the a rc width t ransverse to the 

flow direction) was quite unexpected, a ser ies of additional tests 

were made which reconfirmed the initial observations. The question 

is then opened: "What is the true cross-sect ional shape of the a rc 

column when bounded by these two orthogonal dimensions? " If one 

assumes that the a rc columns' boundary may be convex and sym­

metr ica l with respect to the major and minor axes, then an ellipse 

may be a reasonable conclusion. The possibility of the a rc c r o s s -

sectional shape being s imilar 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 t r ansve r se to the external flow, then a shape similar 

to an ellipse dented inward toward the column center line on either 

the upstream or downstream portion is also a possibility. For 

simplicity and until more experimental work can be put forth in this 

a rea , an elliptic cross-sect ional shape was assumed. 

Arc column oscillations and pulsations at high frequenoy either 

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

camera (7000 f rames/sec) . It would be reasonable to expect that a 

very rapidly oscillating column could give the visual appearance of 

having a larger representative diameter than in the non-oscillating 

case. The results showed negligible movement in the direction 

t ransverse to the blowing and a very small amplitude (less than 

0. 04 in.) oscillation (frequency approximately 720 c .p . s.) in the 

streamwise direction. This may indicate that the a r c ' 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 supplie's. 

The arc cross-sect ional a rea was calculated using the two-

view dimension measurements of the major and minor axes of an 

ellipse. Calculations of the arc cross-sect ional area before t r ans ­

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 a rc , before blowing: J a v e approximately 2750 amps/in* 

after 42 f t /sec blowing: J a v e approximately 3200 amps/ in ). How­

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

these data will be within the experimental accuracy. Thus, for 
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practical purposes the cross-sect ional area and average current 

density may be assumed to be unaffected by the t ransverse 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 mi r ro r in the side view optical path. 

It is within the experimental accuracy. 

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 p ressu re conditions. Figure 27 shows the resul ts of 

the present investigation. The a r c ' s major axis is shown as a func­

tion of a rc current with blowing velocity as the parameter . The 

approximate linear increase was confirmed over the range investi­

gated. The major axis of the arc t ransverse to the flow was used as 

the representative arc dimension, D, in this and all subsequent plots 

and in all calculations involving the significant arc dimension from 

the aerodynamic point of view. 

To estimate the influence of the cathode gas injection ra te 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 column 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. 

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, 



then a drag coefficient could be defined in the customary manner, 

and the equation BI => ( l /2^ pCj^V^D could be used to determine an 

effective drag coefficient (where D is the significant a rc dimension 

t ransverse to the f r ee - s t r eam direction). Figure 28 shows the ex­

ternal magnetic field strength as a function of t r ansverse blowing 

velocity with a rc current as a pa ramete r . For comparison, the' l ine 

representing the slope of the quadratic function is also shown. The 

2 

magnetic field strength which was approximately proportional to "V ,̂ 

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 p r o -
2 

portional to V^ relationship would indicate that the a rc current should 

be approximately proportional to C Q D . 

The value of CJJ has been estimated (based on an assumed a rc 

significant dimension) by numerous authors, part icularly those con­

cerned with ra i l accelera tors and with a rcs rotating around circular 

annular gaps. The values reported range from a low of 0. 334 to a 

high of 1071. Because of its importance in the question often raised, 

"Does an a rc column actually behave analogously to a heated solid 

body? " , a brief tabulation of these previous experimental invest i­

gations, the configurations used, parameter ranges, C Q values and 

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

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

a i r . ) 
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INVESTIGATOR CONFIGURATION 
*OMO«M«HI»n 

larc ^ext * 
— (flPP?) (pauss) (n/sec) 

'Steenbeck and Von Parallel rail electrodes 2 10 1 
Ehgel (21) 

CD DETERMINATION 

Angelopolos 
(22 » 

Parallel rail elec- 85-980 0-800 
trodes 

£250 

Blix and Guile Ring electrodes in two 80-400 340-1060 ^200 
(25)! planes 

Fechant (£73 • 

Adams (68) 

Jedlicka (64) 

Hesse (9)' 

Vertical parallel 300-5000 20-5000 <500 
rail electrodes(with 
side walls) 

100-760 60-940 , 5187 
Annular ring electro­
des 

Concentric.cylindrical 
electrodes 

Purely theoretical 
investigation 

Parallel rail 
electrodes 

95-800 none - dri- <130 
ven by self-
magnetic field 

*Thiene (3D' Horizontal opposing 4 <1.4 ^1.55 
Pa? 1 atm. - argon pin electrodes within 

vertical wind tunnel 

Lord and BroadbentConcentric cylindrical 150-700 60-940 
(73 electrodes ^ 

TABLE I C D ESTIMATION BY VARIOUS INVESTIGATORS 

0.4-0.9 

6.7-10.1 

0.63 

1.6-3.5 

1-5 

0.63 

0.344 

6.3 

28-270 0.7-1.5 

from measured arc 
diameter 

Arc diameter was esti­
mated as being the 
same as the side wall 
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Prom photographic 
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Postulated from solid 
rod analogy in turbu­
lent flow regime 

Prom photographic 
pictures of arc column 

From photographically 
measured arc column c 

diameter 

From photographic 
pictures of arc column 

CO 



AC? 

Comparison of the values of the drag coefficient obtained by 

the numerous investigators is extremely difficult when the many 

different configurations, gaps, electrode mater ia ls , wide range of 

test conditions and measurement techniques are taken into considera­

tion. It should be pointed out that the validity of the CJJ determina-

tion from BI = [1/2] p C^V^ D for the case of a moving arc is ques­

tionable from two aspects . F i r s t , 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 a r c . 

Secondly, the equation is str ict ly applicable to bodies which have, 

reached uniform velocity. There is no guarantee in many of the 

paral lel ra i l electrode experiments, in particular those where in ter ­

mittent electrode spot sticking occurred (Figure 1), that this cr i ter ia 

was satisfied. In contrast to this, because of the stable arc column 

behavior obtained in the present experiment,and the indication of a 

relatively impervious arc column to the t ransverse flow, a reason­

able representative value of C-Q was expected. 

To better aid in comparing the C-Q value calculated in the 

present investigation with C Q values of solid bodies of different 

characterist ic shapes, Figure 29 graphically shows the measured 

drag coefficient as a function of Reynolds number. The density was 

calculated on the basis of the f ree-s t ream temperature, and the 
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viscosity was calculated on the basis of the mean film tempera ture 

(average between the a rc boundary tempera ture and the f ree - s t ream 

temperature) . The dashed lines indicate the Cp values of solid bluff 

bodies of the character is t ic shapes shown in the right-hand portion of 

the graph. The C Q values obtained by Lord and Broadbent (47), for 

an a rc traveling in a c i rcular annular gap, [data from Adams (48)] 

a r e also presented for comparison. (Note that the Cj) values of Lord 

and Broadbent were calculated for the Reynolds number based on tho 

film temperature for evaluating the density and the viscosity and a r e 

plotted accordingly.) The agreement with the C-Q values for solid 

bodies was good considering that the values previously repor ted 

differed by grea ter than one order of magnitude. The t rend was for 

the CT-J value to decrease slightly (from 1.2 to 0. 7) as the Reynolds 
2 3 

number was increased ' f rom 4 x 1 0 to 4 x 1 0 . (An increase in the 
Reynolds number was accompanied by a slight increase in D.) This 

2 
is because B was proportional to V^ and p was essentially constant; 

therefore, this verifies the pr ior asser t ion that for a constant 

current , the CTOD product should have remained approximately con­

stant. The curve of Lord and Broadbent, on the other hand, shows 

an increase in C D 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 l imita­

tion in the blowing velocity range excluded verification in the higher 

Reynolds number range where many of today's.rotating a r c 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 all the flux losses through the la tera l control surface. 

(The two-dimensional flow requirement is also not rigorously sa t i s ­

fied. ) If the experiment had been conducted in a closed geometry 

wind tunnel whereby the s treamlines would have closed behind the 

body, this technique may have been feasible. 

The resul t s 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 part icle injection were conducted. 

C. Flow Visualization by Par t ic le Injection 

It was anticipated that the injection of par t ic les both upstream 

of the a rc 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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p e r v i o u s n e s s of the a r c co lumn to the t r a n s v e r s e flow. Spher i ca l 

a l u m i n u m p a r t i c l e s 2 to 20 m i c r o n s in d i a m e t e r w e r e u s e d . It can 

be shown that if the value of the quant i ty 

9̂  / " g a s a r c \ 

' " p a r t i c l e p a r t i c l e gas 

i s much g r e a t e r than one, the p a r t i c l e s t r e a m l i n e s r e p r e s e n t t r u e 

flow s t r e a m l i n e s (59). If the va lue i s l e s s than o r equal to one, the 

p a r t i c l e s wil l p o s s e s s too m u c h m o m e n t u m to be capab le of a c c u r a t e ­

ly t r a c i n g an ac tua l s t r e a m l i n e pa th . This c r i t e r i a i s appl ied to 

so l id p a r t i c l e s , w h e r e a s , in the r e g i o n su r round ing the v e r y hot a r c 

column, vapo r i za t i on of the individual p a r t i c l e s m a y t ake p l a c e . How­

e v e r , i t was hoped tha t s o m e qua l i ta t ive in format ion of va lue would 

be obta ined. 

F i g u r e 30 i s a typ ica l pho tograph (looking u p s t r e a m ) of a 300 

a m p e r e a r c in the ba lanced m o d e . ( F i g u r e 31 shows a s i m i l a r v iew 

without the a r c p r e s e n t to b e t t e r i l l u s t r a t e the conf igura t ion . ) The 

blowing ve loc i ty was 35 f t / s e c . A t the c e n t r a l e leva t ion and on the 

r i gh t boundary of the a r c co lumn. in F i g u r e 30 the p a r t i c l e inject ion 

tube can be s een . It a p p e a r s a s a ho r i zon ta l l ine in the nozz le exi t 

with i t s d i scha rg ing a t t a c hme n t j u s t to the r igh t of the a r c column. 

F o r th i s p a r t i c u l a r t e s t the tube w a s loca ted 3 / 8 in. to the r igh t of 

the c e n t e r l i n e . The shu t t e r speed of the c a m e r a was 1/200 s e c . , 

the a p e r t u r e set t ing was f /64, and a 1. 0 n e u t r a l dens i ty f i l te r w a s 



UPSTREAM VIEW OF 300 AMPERE ARC AND BLOWING NOZZLE 
(Vea= 35 F T / S E C ) WITH 10 p ALUMINUM PARTICLES INJECTED 
3/8 " TO THEJUGHT OF ARC CENTER LINE 

FIGURE]30 
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used. The film was Anscochrome. Numerous attempts were made 

to photograph the part icles in the wake of the arc with a range of 

different filters (including narrow bandpass) , camera settings, and 

film types (including 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 part icles 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 f rames/sec) from both the 

downstream direction and through a bottom mi r ro r (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 vert ical direction looking upward toward the top locator. 

The flow of vaporized par t ic les , when viewed on the high-speed 

motion pictures, indicated a rising flow similar to the free convec­

tion at the boundary of a strongly heated body. There was at no time 

an indication of part icles being sucked into the rearward portion of 

the a r c ' s boundary or being rapidly driven downstream from the r ea r 

boundary as would be the case if some of the t ransverse flow pene­

trated the arc periphery. 



Figures 32 and 33 a re a few typical sequences of flow visual i ­

zation pictures obtained through the bottom mi r ro r looking upward 

along the r ea r surface of the column. The 7000 frames / s ec 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 

exit. 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 

t raversed from one side of the a rc column (3/4 inches from center -

line), through the centerl ine, and on to the equivalent distance on 

the other side. With the injector centered, a verification of wake 

boundary symmetry was obtained. Evaluation of single frame s e ­

quences resulted in clear evidence that vort ices were shedding from 

the inner side of the a rc 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 permi t photographic de­

tection of the vaporized par t i c les . 

D. Downstream Velocity Profi les 

The next experimental phase was directed toward measuring 

the velocity profiles in the downstream region of the a r c . Unless 

otherwise specified, the velocity profiles were taken at an elevation 

midway between the top and bottom locators . To establish the 

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



FIGURE 32 WAKE FLOW VISUALIZATION, PARTICLE INJECTOR ON ARC CENTER LINE 
I = 300 AMPERES, V = 35 F T / S E C RIGHT TO L E F T , 7000 FRAMES/SEC. 
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FIGURE 33 WAKE*FLOW" VISUALIZATION, PARTICLE INJECTOR 3 /8 " O F F ARC CENTER 
LINE, I = 300 AMPERES, VM = 35 F T / S E C L E F T TO RIGHT, 7000 F R A M E S / S E C . 

>£> 



flow tests were conducted. In these tes ts , the a rc was replaced by 

solid bodies of different shapes. The 1/16 inch o.d. enthalpy probe 

was used to measure the stagnation p ressure from which the velocity 

was calculated with the assumption of atmospheric static p r e s su re . 

The probe was mounted on a t raversing mechanism with the output 

of the p re s su re t ransducer electrically read out on the Brown r e ­

corder . Table II gives a key to the stations, used for the downstream 

profile measurements . The velocity profiles in the graphs were 

staggered according to the downstream location of the stations at 

which they were measured (i. e. , the ordinate represents both d i s ­

tance and velocity). The method of determining a representat ive 

wake boundary, part icular ly when no distinct change in the slope of 

the velocity profiles occurs , requires an a rb i t ra ry definition. There­

fore, for comparing the resul ts of the velocity profiles, the location 

of the wake boundary at a specific downstream location was a rb i ­

t ra r i ly defined as that position t r ansverse to the flow where the local 

velocity was half of the maximum velocity occurring at that down-
* * 

s t ream 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 a rc bound­

ary is shown as a dashed rippled line. This line extrapolates the 

wake boundary line to the arc boundary, since probe measurements 

were res t r ic ted 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 

a rc column cross-sect ions . Other bodies with various shapes were 

also tested. The measured wake boundaries fell between the two 

extremes of Figures 34 and 35. 

F i r s t , the symmetry of the flow distribution was verified in a 

ser ies of t raverses across the entire wake. A typical example is 

shown in the far right of Figure 36. For this particular example 

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, straight l / 8 inch 

o. d. probe also permitted checks to be made at these points. 

Figure 37 shows velocity profiles downstream of three bluff 

bodies of varying significant dimension. It was found that with in­

creasing bluntness the wake boundaries became slightly wider and 

more rapidly diverging. Also included in Figure 36 a re 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 profiles were 

compared with'the profiles obtained with the a rc . 
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As a next step, s imilar measurements with the arc in the 

balanced mode were conducted, with the arc current and the blowing 

velocity being varied. Again, f i rs t 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

umn cross-sect ional contour was represented by the dashed line, 

using 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 a rc centerline and flow axis, data for most of the 

tes ts were obtained for only one-half of the a rc wake. 

F igures 39 through 42 i l lustrate the effect 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 a rc was being expelled laterally, causing flow separa ­

tion to occur sooner. 

Figures 43 through 45 show the effect of increasing blowing 

velocity for constant a rc currents . This effect was far less p ro ­

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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resul t 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 a rc experiments the flow must be 

considered three-dimensional due to the vert ical flow components 

within the arc (cathode jet) and the vert ical free-convection boundary 

layer flow. Therefore, t r averses were made with a probe at three 

different vert ical elevations. The results a re 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 vert ical direction (see Figure . 

30), and also of free convection effects. The vert ical velocity 

component near the a rc was determined to be negligible with a 

properly placed enthalpy probe (90°-bend model). Figure 22 shows 

the test set-up. Several t r averses were made in the region directly 

behind the arc column at three different elevations. Only very in­

significant velocities, being lower than 1 f t /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 t ransverse dimension D approximately the same as that of 

the a rc . However, an analogy of an arc to an uhheated 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 l i terature for 

highly heated cylinders, some prel iminary tes ts were performed 

with a heated cylinder positioned similarly to the arc column be­

tween the locators . Surface tempera tures of up to 1600 °C, consid­

erably below those of the a rc , were obtained in these pre l iminary 

t e s t s . The heated cylinder wake boundary width increased up to 

100 per cent over the unheated cylinder wake width and more nearly 

approximated that of the arc wake. However, the a rc wake was 

still wider than any of the heated cylinder data with a D comparable 

to the D of the a r c . 

E. Enthalpy Distributions Downstream of the Arc 

The next phase of experimentation was concerned with the 

measurement of the enthalpy distribution downstream of the a r c . 

This provided definite information on the mechanism of energy d is ­

sipation of an arc in cross-flow and on the local distribution of this 

energy. Figure 47 represents the resul ts of the enthalpy deter ­

minations in the wake of a cross-flow a rc for the 300 ampere case. 

Since the majority of the previous test data (including many r eca l i -

bration and reproducibility check runs) were taken for the 300 

ampere a r c , 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 a r c ' s wake was 

scanned for determining the specific stagnation enthalpy d i s t r i ­

butions. The 1/16 i n c h e d , calor imetr ic probe wa,s operated, as 

I 
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discussed previously in the experimental equipment section, utiliz­

ing the " t a r e " measurement technique. Sufficient time was spsnt 

at each t raverse tes t position to allow the probe to reach equilibrium. 

The temperature profiles shown were calculated from the measured 

stagnation enthalpy values on the basis of the known temperature de­

pendence of the specific heat of a i r . Assuming atmospheric static 

p ressure , the density was obtained from tables of air data. Using 

the wake velocity obtained ear l ier , the energy flux W (KW/unit area) 

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

hV P 

W = " — , where P is the ambient p ressure 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 

should 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 power per unit arc length is noted with 

increasing blowing velocity. Further , a slight decrease from 

station (1) to station (3) in the power carr ied in the wake can be ob­

served. The shape and position of the calculated energy flux p ro­

files show that the maximum heat flux occurs approxima-.sly at the 

wake boundary. 
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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 t imes more heat goes into the wake 

of an arc magnetically held in a cross-flow than from an equivalently 

heated cyl inder" . However, if this were t rue, certainly a large 

amount of flow ought to penetrate the hot a rc boundary or else the 

heat transfer process from the a r c ' 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 cr i t ic ism. 

Under these c i rcumstances , it seemed of importance to have a 

check of the measured power dissipation obtained by another method. 

A way to do so consisted in evaluating the overall power balance 

of the a r c . 

F . Overall Power Distribution 

In order to determine how the power consumed by the arc was 

distributed among the different types of heat losses , an effort was 

concentrated on each part icular heat loss mode. Before proceeding 

with a discussion of this phase, a brief explanation is required on 

the method of determining the power input to the portion of the a rc 

column under test . 

The technique most frequently employed and used in all the 

previous i ivestigations reported in the l i terature was the conven­

tional one in which the voltage gradient was determined through 
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measurements of the total a rc voltage for constant current but 

different a r c lengths. The slope of the curve of the voltage between 

the electrodes as a function of the 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 a rc column. In addition, there is no guarantee that the 

changing of electrode gap does not have an effect on the electrode 

drop region, part icularly when under the influence of external mag­

netic fields. 

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 few mi l l imeters . Measure­

ments of the corresponding periodic change in a rc voltage were used 

to give the voltage gradient. This technique is valid only for low 

current a rc s between relatively large gaps which a re reasonably 

free from the electrode jet effects. 

The technique in the present investigation used the locators 

themselves to measure the potential. There is some error: 



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 resul ts of the voltage gradient measurements as a function 

of blowing velocity, with current as a parameter , a re shown in 

Figure 48. The voltage gradient appears to increase almost l inear­

ly for each part icular 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 l / l 6 - i nch 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 4 8 . Therefore, 

the voltage gradient values from Figure 48 were used for the power 

distribution comparisons. The voltage gradient measured in the 

free-burning case (i. e. , without external t ransverse fields) com­

pared favorably with the values reported by King (60) for f ree-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 magnetic ally-balanced cross-flow arcs when in the 

balanced mode a re 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 , increased 
Vi 

from the no-blowing value of approximately 20. 5 vol t s / in . to a 

maximum of 25 volts/in. corresponding to a blowing velocity of 

55 f t / sec . 

In the overall power distribution analysis, 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 ra te of cooling water through each individual element 

and the temperature difference between the inlet and outlet sections. 

The temperatures were read out automatically on the Brown stepping 

recorder while the water flow ra tes in gallons per minute wore read 
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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 nau metal shield 

shown in Figure 10, and was located directly above it. The calor i ­

meter was mounted directly above the copper shield. The calor i ­

meter was made by winding 1/4-inch o. d. copper tubing into a con­

vergent nozzle configuration. The top of the calorimeter (apex of 

the cone) was sealed off. Each of the individual calorimeter e le ­

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 calorimetr ic probe d is ­

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 cal i­

brated against two standards of total radiation (integrated over 

wavelength). The standards were carbon filament lamps obtained 

from the Bureau of Standards. The following assumptions were 

made in the tes t measurements : the plasma was optically thin, 

the radiation was isotropic, and the la teral distance from the 

thermopile to any volume element within the column was approxi­

mately the same. Knowing the constant of the thermopile (linear 

i 
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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 c o r r e c ­

tion included taking into account the absorptivity of the top and 

bottom locators (Figure 49). 

4. F r e e 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 a rc (i. e. , no external fields applied). The total input 

powers indicated were calculated from the total a r c 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 locators 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 resul ts for the 

free-burning t3sts indicated that only a very small JL =tion of the 



T A B L E III • 
POWER DISTRIBUTION 

FREE-BURNING,NO CROSS-FLOW 

49" 

POVJER MEASURED (K.W.) 

Cathode 

Bottom Calorimeter 

Top Calorimeter 

Bottom Locator 

Top Locator 

Anode 

Metal Shield 

Copper Shield 

Calorimeter Coil 

Radiation 

TOTAL 

Power Input 

Unaccounted For 

0.212 

1.070 

0.657 

2.240 

5.620 

7.600 

1.313 

2.940 

5.220 

1.01 

27.882 

29.80 

1.918 

0.265 

2.500 

1.410 

4.930 

8.500 

13.700 

3.410 

4.270 

5.300 

1.74 

46.025 

47.70 

1.675 

0.370 

3.050 

2.150 

6.050 

12.330 

22.300 

5.520 

4.680 1 stack 
Flosses 

5.960 J 

2.57 

64.980 

67.20 

2.22 

(I = 200A) ,(I = 300A) (I = 400A) 
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total power input goes into the gas surrounding the a rc . Less than 

3. 5 per cent was left unaccounted for in the 300 ampere case. P a r t 

of this may be due to the free-convection heat transfer to the sur ­

rounding a i r . 

In Table IV a re shown resul ts obtained for the power d is t r i ­

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 tes ts 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 r e -

moved. A slight portion of this input power change was due to the 

voltage increase between the locators when the- external fields were 

applied due to a change in the a r c ' s res is tance. 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 was measured in the wake of 

the a rc . Approximately three per cent was left unaccounted for. 

The resul ts appear to confirm the power dissipation measurements 

of the enthalpy probe made in the wake of the a r c . 

The positive column between the two locators was the pr inci ­

pal area under investigation; consequently, a power distribution 
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* TABLE IV 
POWER DISTRIBUTION 
CROSS-PLOW CONDITION 

(V«« = H2 ft/sec) 

POWER MEASURED (K.W.) 

Cathode 

Bottom Calorimeter 

Top Calorimeter 

Bottom Locator 

Top Locator 

Anode 

Magnet Plates 

Pole-Cap Shields 

Metal Shield 

Tunnel Shroud 
f minus "J 

Stack Losses magnet] 
[plates) 

Radiation 

Wake 

TOTAL 

Power Input 

Unaccounted For 

0.289 

1.150 

0.715 

2.680 

6.200 

10.150 

0.941 

0.512 

1.527 

0.205 

7.219 

1.01 

1.90 (est. 

3^.498 

35.4 

0.902 

0.340 

2.610 

1.610 

5.580 

9.100 

16.100 

1.555 

0.740 

3.680 

0.280 

8.010 

1.74 

,) 2.26 

53.605 

55.50 

1.895 

0.423 

3.790 

2.340 

7.740 

13.300 

21.010 ' 

2.194 

1.024 

5.670 

0.512 

8.44 

2.57 

2.6 (est.) 

71.610 

76.6 

4.99 

(I = 200A) (I = 300A) (I a 400A) ) 
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analysis was also made of this section alone before and after ex­

ternal fields were applied. The resul ts a r e 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 d is t r i ­

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 
it 

growth of the arc column and free convection flow below 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 cent, respectively, of 

the total power input between the locators after the external fields 

v/ere applied. A most remarkable resul t shown by Table V was 

that the wake car r ied an amount of heat which was only as much as 
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Bottom Half 
Top Locator 

5.95 

Top Half 
Bottom Locator 

3.01 

Radiation 

'.LOTAL 

1.38 

10.59 

Power Input 11.80 

Unaccounted For 1.21 

Additional Electrical Power Input 
Required by Traisverse Blowing 

2.40 K.W. ^ ~ . -N*^ 

1035 

POWER ffiAS 
(K.W.) 

Bottom Half 
Top Locator 

Top Half 
Bottom Locator 

Radiation 

Wake 

TOTAL 

Power Input 

Unaccounted For 

6.64 

3.41 

1,65 

2.26 

13.96 

14.40 

0.44 3.1? 

TABLE V" TEST SECTION POWER DISTRIBUTION WITH AND WITHOUT EXTERNAL FIELDS (I =~300A) %0 
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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 resul ts of the heat t ransfer 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 resul ts obtained 

by using the upper bound arc boundary temperature of 7000 °K or 

the lower bound temperature of 5000 °K in the a rc heat transfer 

calculations were negligible. Therefore, a mean value of 6000 "K 

was used for the arc boundary temperature in calculating the density 

and viscosity based on the mean film temperature for the a r c . The 

surface a rea of the elliptic cylinder, the temperature difference 

between the arc boundary and the free s t ream, and the increased 

power input as a resul t of the c ross blowing were used to evaluate 

an average heat t ransfer coefficient corresponding to a given blow­

ing velocity. These heat transfer coefficients were then used for 

calculating Nusselt numbers using the a r c ' s significant dimension; 

the coefficient of thermal conductivity was evaluated at the mean 

film tempera ture . 

The curve empirically determined by numerous independent 

' experimental investigations on heated cylinders in t ransvero- flow 

and commonly re fe r red to as Hilpert ' s curve '&<)) (Kilper.t measured 



the hoat transfer over the largest range of Reynolds numbers ),is 

also shown. It is 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). 

F igure 50 shows that there is a reasonably good agreement 

between the Nusselt number of an a rc and of a solid cylinder par t i ­

cularly in the higher current range. The calculations of Lord and 

Broadbent (47) based on Adams' experimental data (48) a re 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 a rcs 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 Lord and Broadbent. 

F rom a review of the l i tera ture , it is immediately evident 

that experimental data on the heat transfer from highly heated 

cylinders in a cross-flow is lacking. However, local distribution 

of heat t ransfer on cylinders with a temperature difference between 

the cylinder surface and the f ree - s t ream temperature of the flow of 

less than or equal to 200 °F is known and leads to some interesting 

comparisons with the a r c . The work of previous i--/estimator s or. 

the nature of fluid flow and on the local distribution of heat transfer 
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on bodies in transverse flow indicated considerable variation of the 

A 

local heat transfer coefficient with azimuthal position. Thus the 

local coefficient of heat transfer wil l be a function of the angular 

position, and of the Reynolds number (assuming the Prandtl number 

remains essent ia l ly constant). The experimental resul ts of Eckert 

andSoehngen (62) on local heat transfer coefficients measured on 

heated cylinders in cross-f low 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 experiments have been experimentally measured by s e v ­

eral authors. Al l the results fall within + 10 per cent of Hilpert's 

curve. However, the temperature difference between the cylinder 

and the f r e e - s t r e a m was two orders of magnitude lower than that 

for a cylinder with a boundary temperature equivalent to that of an 

e lectr ic arc column. 
' o 

When the measurements from the various investigations on 

the local coefficient of heat transfer are plotted v e r s u s ^ ( c i r c u m ­

ferential angle measured from forward stagnation point) for 

Reynolds numbers between 400 and 5000, the resul ts 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 



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 bluff 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, the width of the wake is 

related to the "bluffness11 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, 
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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 — , where f 

is shedding frequency, D is the significant dimension, and V^ is the 

free 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 (6l) . Data 

were only available for a Reynolds number range above 10 . 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 testing 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 



with the calor imetr ic probe due to the shape of the probe (Figure 25). 

Since no reference mater ia l was available on the use of this probe 

near the vicinity of a high-current electr ic a rc discharge, extreme 

caution had to be maintained at all t imes to prevent damage (elec­

t r ica l or thermal) , to the very delicate sensor element. 

F igures 51 through 54 show the resul ts obtained by using the 

heat flux sensor probe. Three a rc currents were investigated. 

Fo r the blowing velocities the same values as in the previous 

investigations were chosen. The stations a r e labeled by the same 

key numbers as used in the velocity profile tes ts (Table II). Un­

fortunately, due to the res t r ic ted t ravel range of the probe t r a n s ­

ve r se to the flow direction, the profile for station 3 extends only 

to approximately the wake boundary. At station 5, it was possible 

to t r averse beyond the wake boundary. Therefore, the resul ts 

pertaining to station 5 give a meaningful indication of the relat ive 

changes of the heat flux to the sensor ac ross the wake boundary. 

The resul ts (Figures 51 through 54), indicate the following t rends. 

In each case the heat flux rapidly increased as the wake boundary 

was approached. A region of peak heat flux was measured at 

station 5. When the wake boundary obtained from previous m e a s ­

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 i s also evi­

dent from the graphs, The resul ts of the rms per cent power 

fluctuation measurements (which a r e an indication of turbulence 

level) a r e also shown in the figures. The upper limit of the f re­

quency range covered by the sensor and instrumentation was 100 

kilocycles. The trend of the profiles was to shift toward the center-

line as higher blowing velocities a re applied. The level of fluctua­

tion decreased considerably 'as the wake boundary was approached 

because of the high viscosity associated with.the high temperature 

present there , and then increased again as the t r ave r se was con­

tinued outward. The distinct vortex shedding observed on the high­

speed films of the flow visualization tend to confirm the finding of 

high turbulence just inside the wake boundary. The frequency of 

the turbulence obtained from the heat flux probe measurements for 

a 300 ampere a rc with blowing velocities of 18.'5, 35, and 51 ft /sec 

resulted in Strouhal numbers of 0. 24, 0. 29» and 0. 30, respectively. 

These Strouhal numbers compare' favorably with the photographic 

resul t s . 



VI. SUMMARY AND CONCLUSIONS 

Stabilization of the electr ic a r c column was possible for cu r ­

rents in the range 200 to 400 amperes , t r ansverse atmospheric p r e s ­

sure air velocities up to 60 f t / sec , and external t r ansverse magnetic 

fields up to 50 gauss for run t imes 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 r ea r , and the influence of a r c current and t r a n s ­

ve r se blowing velocity on the a r c ' s shape was observed. By meanel of 

the balancing magnetic force, the aerodynamic drag of the a r c was 

determined. 'A flow visualization study using aluminum par t ic les and 

high-speed photography was conducted. The velocity profiles down­

s t ream and to within 1/4 inch of the a rc centerline were measured 

with a water-cooled stagnation p re s su re probe. A miniaturized, 

water-cooled heat flux sensor was used to measure the heat flux 

distribution, relat ive turbulence level and turbulence frequency in 

the a rc wake. The enthalpy distribution in the a rc wake was measured 

with a miniaturized water-cooled suction-type calor imetr ic probe. 

Thereby studies of the a rc wake behavior were completed. The voltage 

gradient in the a r c ' s positive column was determined independently of 

the cathode and anode potential. As a check on the power distribution, 
1.66/ 



167 
an overal l energy balance was performed on the arc . Approximately 

95 per cent of the power input was accounted for. 

F r o m these t e s t s , the following conclusions can be drawn: 

1. The arc 's major and minor axes varied l inearly with the 

transverse blowing veloci ty and the arc current. 

2. The arc c r o s s - s e c t i o n widened in the direct ion t ransverse 

to the external flow with increas ing arc current and transverse blowing 

veloci ty . Assuming an el l ipt ical shape, the c r o s s - s e c t i o n a l area r e ­

mained pract ical ly constant. 

3. The c r o s s - s e c t i o n a l area shape change was not due to 

osc i l lat ions; these w e r e observed but were negl igible . Neither was 

it due to the cathode gas injection. 

4. The magnetic field strength required to balance the arc 

was proportional to the blowing veloci ty squared. Therefore a _ 

drag coefficient was defined analogous to that of a cylinder. 

5. The calculated drag coefficient agreed c l o s e l y with that of 

a solid cyl indrical rod. 

6. The flow visual ization studies showed a distinct wake, 

symmetr ic on both s ides . No s igns of the pass ing of gas through 

the arc as a resul t of the t ransverse blowing w e r e detectable. The 

arc therefore appeared impervious to the flow. However, f r e e -

convection type movement was observed. 
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7. The velocity profiles downstream of the a rc showed s imi la r ­

ity between the wake growth of the a rc and solid bodies. In addition, 

a slight widening of the wake occurred in the vert ical direction. 

8. Increasing the arc current distinctly broadened the wake. 

Increasing the t r ansverse blowing velocity had very little effect on 

the width of the wake. 

9* The a rc wake was wider than that of a s imilar ly sized 

circular or elliptical cylinder. This was probably due to the gas 

s t r eam being heated by the a r c . 

10. The wakes of s imilar ly sized highly heated cylinders more 

nearly approximated the arc wake than those of unhealed cylinders. 

11. Distinct vortex shedding was observed with frequencies 

comparable to those of bluff bodies in a s imilar flow field. 

12. High turbulence was present in the vortex shedding region 

just inside the wake boundary; the greates t energy flux in the wake 

occurred approximately at the position of the wake boundary. 

13. The power convectively t ransferred to the t r ansverse gas 

s t ream per unit a rc length when in the balanced mode was approxi­

mately equal to the additional power input per unit a r c length above 

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



t ransfer was about 19 per cent of the no-blowing energy input per unit 

length for a t ransverse blowing velocity of 42 f t / sec . 

14. The convective power transfer from the a rc 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 r e s ea r ch on the cross-f low a rc phenomena both with 

and without external magnetic fields. F r o m the experimental 

standpoint, the following steps should be taken to extend the scope 

of the present study. 

1. Develop an improved anode which will permi t extending 

the range of the cross-flow velocity and external t r ansve r se mag­

netic field strength. 

2. Attempt to reduce the cathode-jet effect and thereby r e ­

duce the strength of the axial gradients . 

3. Pe r fo rm experiments with one or two adjacent highly 

heated cylinders (boundary tempera tures of grea ter than or equal 

to 1000 °K) to determine how closely their flow, heat t ransfer and 

drag charac ter i s t ics approach those of the a r c . P r e s s u r e m e a s u r e ­

ments on the boundary should also be included. Various degrees 

of internal gas injection and cylinder rotation might be required 

to simulate the a rc behavior, 

4. Pe r fo rm the experiment entirely in a single gas instead 

of using different gases for cathode protection and t r ansve r se 

blowing. '• 

L70. 
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5. Extend p ressu re levels to those of interest in current a r c -

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 a rc temperature and property distributions. 

8. Per form an experiment using a vert ical free-falling 

mercury column to simulate the a rc . A direct current could be 

passed through the column and then the external fields applied. (The 

possibility of using a magnetic fluid also exis ts . ) With the column in 

the balanced mode, platinum part icles could be placed on the forward 

surface and their paths t raced 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-sect ional a rea 

distortion takes place. 
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THEORETICAL ANALYSES OF THE STATIONARY ARC 

T r a n s v e r s e Blowing Only 

Weize l and Rompe (28) p r i m a r i l y conce rned t h e m s e l v e s with 

the p r b b l e m of why an a r c d i s c h a r g e channel s t r a i g h t e n s i t se l f if 

i t had acc iden ta l ly a s s u m e d a cu rved fo rm. This s t r a igh ten ing o c c u r s 

a s soon a s the a r c channe l i s no longer sub jec t to any d i s tu rb ing i n ­

f luence such a s f ree or fo rced convect ion o r e x t e r n a l m a g n e t i c f ie lds . 

The s t r a igh ten ing tendency h a s occas iona l ly been i n t e r p r e t e d a s t e n ­

s i l e s t r e s s in the longi tudinal d i r ec t i on . In c o n t r a s t to th i s , however , 

i s the e x p e r i m e n t a l l y ve r i f i ed fact that the e l e c t r o d e s a r e being r e ­

pe l led , i n s t e a d of being a t t r a c t e d , by the d i s c h a r g e . If one blows 

cont inuously on a n a r c with a c r o s s - f l o w , the a r c i s d i sp l aced by th is 

blowing. If th is c r o s s - f l o w ve loc i ty i s below the magni tude r e q u i r e d 

to ex t inguish the a r c , an equ i l i b r ium s ta te m a y be e s t a b l i s h e d w h e r e ­

by the a r c r e m a i n s in a cu rved configurat ion. The tendency of the 

a r c to s t r a i g h t e n out i s ba lanced by the flow f o r c e s . F o r a h o r i z o n t a l 

a r c , th i s c r o s s - f l o w i s induced by the buoyancy effect of the h ighly 

hea ted gas of the a r c . Because of g rav i t a t i ona l fo rces the hot gas 

r i s e s and i s r e p l a c e d by cold gas flowing in f rom below. The h ighes t 

flow ve loc i ty should t h e r e f o r e ex i s t in the cen te r of the column. Thus, 

a cont inuous s t r e a m of gas flows through the a r c co lumn v e r t i c a l l y . 

17*9 
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Since the electr ic current prefers to pass through the highest con­

ducting area , the column distorts upward until a stable condition is 

reached. Thus, assuming the a rc does not extinguish, an equilib­

r ium may be established between restoring forces (which increase 

with arc curvature) and the upward displacement of the a rc . In this 

manner the free convection, horizontal a rc acts like a pump. Cold 

gas being sucked in from below and hot gas being ejected above. A 

certain similari ty exists between the deflected a rc due to cross-flow 

and a deflected a rc due to a t ransverse external magnetic field. In 

both cases an equilibrium state resul ts in which the tendency of the 

a rc to straighten itself and the influence of the external field balance 

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 : 

E- j -s= |T ( pc vT + -fi^-)+y • [v(PcvT+ £|-)] 
(9) 

+ V P • V + V ' (kV T).# 

The t e rms on the left side of the equation a re the ohmic heating and 

radiation; the t e rms on the right side a r e the total energy density of 

the gas, change of energy density of the flow, energy deformation 

and heat conduction, respectively. The resul ts indicated that the 

velocity with which a curved element of a rc moves toward its curva­

ture center increases with the power per unit length and with the 



cross-sect ional a rea of the channel and decreases with radius of ' 

2LR 
curvature and internal energy per unit length. Thus, V = 

up 

where Li = power per unit length, R « a rc channel radius, u = 

energy per unit length, p = a rc radius of curvature. This is in 

par t ia l agreement with some experimental observations, especially 

with regard to cross-sect ional a rea of the a rc channel. Discharges 

with small cross-sect ional a reas a re much more susceptible to 

bending through convective f lexurethan those with a large c r o s s -

sectional a rea . The velocity which the horizontal a rc channel 

achieves due to its own buoyancy was equated to the velocity calcu­

lated for the curved a rc channel moving toward its curvature center 

at the equilibrium condition to yield a parameter which indicated the 

range of stability of the a r c . 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 

K ST0ud3 

4FU 2 R 2 t) 

where K = a constant based on geometr ical shape 

S = gas density 

T = maximum, arc temperature 

u = energy/unit length 

d = electrode gap 

F = electr ical conductivity 

U - discharge voltage 



R a arc channel radius, and 

7] = viscosity. 

Weizel and Rompe gave no consideration to the a r c ' s self-magnetic 

field influence, the possibility that the arc may not actually assume 

a sector of a circle for its shape, electrode region effects and the 

PV* V te rm in the energy equation. 

Rother 's analysis (30), like that of Weizel and Rompe, ,pr i -

mari ly considered the curvature and range of stability of a horizontal 

a rc perpendicular to a gas flow. The a rc 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 = T0 -(a) 

2 2 

(x + y )• where T 0 is the centerline arc temperature and a is a con­

stant. By initially assuming a uniform, velocity field which was not 

affected by the a rc , the resultant decoupled 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 



between a and radius. The relation obtained by Rother was of the 

. 1 V Cp , . SON 
f ° r m p = 4 KT (1 " ^ ' 

where p s radius of curvature 

V = convection velocity 

S0= radiation in middle of arc 

, Cp= specific heat 

K0= heat conduction coefficient 

LQ= power density in middle of a rc . 

That is , the radius of curvature is practically independent of the 

power. The theory of Rother predicts the dependence of a rc curva­

ture on the arc p ressu re and arc power and was said to agree quite 

well with his experimental resul ts for carbon arcs in air and argon 

a r c s . However, no description of the experimental conditions, 

measurement techniques, or range of parameters was given. Again, 

like Weizel and Rompe, no consideration was given to the effects of 

the self-magnetic field or electrode region effects. 

The main difficulty which occurs in any simple theory for p r e ­

dicting the flexure of an electr ic a r c 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, a îd 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 s tructural beam 
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under a distributed load. The s imple assumption was made that the 

curvature at any point, x (y), where the y axis is the original unde­

t e c t e d column and the x -ax i s i s perpendicular to the y -ax i s in the 

plane of f lexure, was proportional to the m a s s flux. The constant of 

proportionality was defined as the "flexural rigidity" of the arc c o l ­

umn. Thiene's analysis included the energy balance, equation of m o ­

tion, continuity equation, Maxwell 's equations, and entropy changes. 

It was a s s u m e d that the i so therms within the arc were paral le l to the 

e lectr ic field l ines . Thiene justif ied this assumption by stating that 

under steady state conditions, conservation of charge and Ohm's law 

require that 

V 1 j 5 E • Vff + c r V * E = 0, where or = e lectr ica l conductivity, 

(10) 

In addition, Po i s son ' s equation and charge neutrality require that 

V - E s 47re(n i - n e) * 0 . (11) 

Therefore, E • Vor = 0 or the i so therms ( l ines of constant conduc­

tivity) are paral le l to the e lectr ic field and current l ines . This 

assumption has been shown to be not n e c e s s a r i l y valid (38). 

The temperature distribution in the zone of ohmic heating was 

derived by assuming the following l inear conductivity variation 

a = a (T-T_) with T > TQ, where TQ i s the maximum arc t empera­

ture. Al l other propert ies were a s sumed independent of T. Because 



m 
of Thiene's low blowing velocities, the stagnation enthalpy was a s ­

sumed equal to the free -s t ream enthalpy. In addition, radiation and 

viscous losses were neglected. , 

Thiene's results indicated 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 f ree-s t ream 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

t ra l . Fay pointed out that although V x j is perpendicular to both 

V T and j , it cannot be concluded that the latter two vectors a re nec­

essari ly mutually perpendicular. Therefore, the current does not 

necessari ly flow in the isothermal surfaces, as Thiene had assumed, 

but since the current always has a tendency to flow through regions 

of the highest electrical conductivity, it may approximately follow 

such a path. 

Since the many different processes occurring in the arc positive 

column are each affected differently by changes in a rc dimensions, 

p ressures , velocities, e tc . , a study of arc scaling laws may furnish 



a powerful tool for establishing which of the p r o c e s s e s are most i m ­

portant in determining arc operating character is t ics . Sherman and 

Yos (34) dealt with a dimensional analysis of scaling laws for e lectr ic 

arcs subject to forced convection. The important p r o c e s s e s cons id­

ered for v i scous , compress ib le flow were heat conduction and con­

vection, ohmic heating, and radiative heat transfer. The effects of 

natural convection, non-equilibrium, e lectrodes , and external and 

sel f -magnet ic fields were excluded.. The resultant scaling express ion 

This equation includes the effect of the e lectr ica l conductivity, or; 

pressure , P; density, p ; velocity, V; v i scos i ty , /x; specif ic heat, C ; 

thermal conductivity, k; enthalpy, h; power radiated per unit volume, 

2 

qp ; and a typical length, L; on the arc column voltage, Q. Even 

though some effects which apply to many of the most important p r o ­

c e s s e s in the arc column-flow interaction are excluded, scaling laws 

do include a number of effects which may be important in the inter­

action mechanism of the arc column with external flow. It should be 

noted, however, that if natural convection, non-equilibrium, electrode, 

external and se l f -magnet ic f ields, or induced current effects are 

important, or. if other effects not considered in the analysis are i m ­

portant, then the scaling law wi l l not hold. 



Chen (33) applied the steady state energy equation to a posi t ive 

column subjected to a transverse gas flow to show that the arc may 

be stable or unstable. The following assumptions were made: 

1) MHD effects were neglected. 

2) P r e s s u r e was uniform everywhere. 

3) Chemical and thermal equilibrium ex i s t s everywhere in the 

arc column. (The important consequence of this assumption i s that 

for a given p r e s s u r e , the physical propert ies and composit ion are 

functions of temperature only.) 

4) Radiation was neglected. (This assumption may not be 

valid, espec ia l ly at higher p r e s s u r e s . ) 

5) The gas is incompress ib le . 

A temperature perturbation was introduced and a stability cr i ter ion 

derived. This est imated the arc diameter to be D a 7T/E I da . 
' dT 

The conductive heat l o s s equation for a hot cyl indrical rod was 

applied to determine that 97% of the energy transfer from the arc 

column i s by means of conduction through the arc boundary layer. 

(Therdfore little flow, if any, goes through the a r c . ) The numerical 

resul ts indicated the column temperature is not greatly increased with 

pres sure . Since radiation was neglected, the pres sure effect may be 

exaggerated s ince the significantly increased radiation l o s s e s at 

higher p r e s s u r e may resul t in lower temperatures than those p r e ­

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 density distri­

bution within the arc. The model is somewhat unrealistic, since it 

results in a negative arc 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 

a 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. 
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Benenson (55) i s c u r r e n t l y developing an ana ly t ica l me thod for 

de t e rmin ing the loca l in tens i ty d i s t r ibu t ion f r o m e x p e r i m e n t a l m e a s ­

u r e m e n t s of i n t eg ra t ed in tens i ty . In th is method , the loca l in tens i ty 

i s e x p r e s s e d in t e r m s of a po lynomia l expans ion in x and y. A s e t of 

equat ions a r e obtained desc r ib ing the i n t eg ra t ed in tens i ty in t e r m s of 

the unknown coefficients of the polynomial expans ion . F o r the c a s e 

of the c i r c u l a r l y s y m m e t r i c a r c , the ana ly t i ca l method has been found 

so far to be in good a g r e e m e n t with the exac t Ol sen me thod (49). The 

next s tep wi l l be to apply the me thod to the a s y m m e t r i c a l a r c c a s e . 

It i s a l so con templa ted to d e t e r m i n e the t e m p e r a t u r e b a s e d on a b s o ­

lute in tens i ty m e a s u r e m e n t s of the cont inuum rad ia t ion . 

Noeske (51) ana ly t i ca l ly de r ived the amount of m a s s flux which 

ac tua l ly c r o s s e s the a r c boundary by using a c u r r e n t - s h e e t mode l 

and making the following a s s u m p t i o n s : 

1) E l e c t r o d e r eg ions a r e excluded, 

2) no conduction or r ad i a t i on in the d i r e c t i o n pe rpend icu l a r to 

the c u r r e n t and the flow, 

3) the c u r r e n t l ines a r e concen t r i c c i r c l e s (with the m o d e l only 

val id for bending up to a h a l f - c i r c l e ) , 

4) i n c o m p r e s s i b l e and inv isc id flow, 

5) the e l e c t r i c a l conduct ivi ty was defined a s : or = 0 T < TQ 

cr = 0 (T - TQ) T > TQ , 

6) e s t i m a t e d a v e r a g e va lue of C p and k. 
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m x - 1 + \ / l + 2(T / T - 1) 
The p e r v i o u s n e s s was given by = v i • y • , 

m * i o '~ 

w h e r e m = in i t ia l flow m a s s flux 
00 

m = m a s s flux ac tua l ly c r o s s i n g a r c co lumn 

T = t e m p e r a t u r e outs ide a r c 

T. = m a x i m u m a r c t e m p e r a t u r e . 

The de r ived equat ions r e p r e s e n t e d r e l a t i o n s be tween the vo l t age , 

c u r r e n t , c u r v a t u r e and th i ckness of the c u r r e n t - s h e e t , the t h e r m o ­

dynamic p r o p e r t i e s , the m a s s flux of the fluid which p e n e t r a t e s the 

bounda r i e s , and the t e m p e r a t u r e d i s t r ibu t ion within the d i s c h a r g e . 

The t e m p e r a t u r e field in the vic ini ty of an a r c in c r o s s - f l o w was 

c o m p a r e d with the t e m p e r a t u r e field of a hea t ed sol id cy l inder , and 

a ho r i zon ta l f r e e - b u r n i n g a r c subject to n a t u r a l convect ion. The 

p lo ts of a r c c h a r a c t e r i s t i c s and the effect of c u r r e n t and c r o s s - f l o w 

blowing on a r c d i a m e t e r ind ica te : the a r c vol tage i n c r e a s e s with 

m a s s flow r a t e and d e c r e a s e s with i n c r e a s i n g in i t ia l gas t e m p e r a t u r e ; 

the a r c d i a m e t e r i n c r e a s e s with i n c r e a s i n g c u r r e n t , d e c r e a s i n g flow 

r a t e , and i n c r e a s i n g in i t ia l gas t e m p e r a t u r e . A s tab i l i ty c r i t e r i a 

was developed on the b a s i s of two a s s u m p t i o n s : 

1) The m a x i m u m t e m p e r a t u r e in the co lumn m u s t be u p s t r e a m 

of the a r c c e n t e r . 

2) d q / d i 0 = 0, 

w h e r e q = hea t flux and i 0 = a r c co lumn c u r r e n t . 



Compared to previous inves t iga t ions , th is was the f i r s t to consider 

.the difference between the .mass flux through the column compared 

to the m a s s flux u p s t r e a m of the column. 

Han (57) is analyt ical ly studying the convective hea t t r ans fe r 

and a r c c u r v a t u r e in c ross - f low. The f i r s t phase of the invest igat ion 

deals with es tabl ishing the model for the growth of the a r c column 

rad ius in a v e r t i c a l or ien ta t ion . The ana lys i s is not val id at the e l e c ­

t rode because of a s t rong s ingula r i ty exist ing t h e r e . T h r e e ba s i c 

mode ls of the a r c column a r e being cons ide red for n u m e r i c a l so lu­

tion: 

1) A solid cylinder with i n t e r n a l heat genera t ion . (Conduction 

is the p r i m a r y mode of hea t t r an s f e r within cyl inder , r ad ia t ion i s 

being neg lec ted . ) 

2) A solid cylinder sur rounded by an annulus of ionized g a s . 

(Conduction and radia t ion a r e the p r i m a r y modes of hea t t r a n s f e r . ) 

3) A complete ly fluid cyl inder with in t e rna l hea t genera t ion . 

(Conduction, convection, and rad ia t ion a r e the p r i m a r y modes of 

hea t t r a n s f e r . It is planned to de t e rmine the convec t ion-or ig ina ted 

f lexure by analyzing the " f r i nge - sh i f t " of the i s o t h e r m s due to the 

a s y m m e t r i c a l cooling of the a r c co lumn. ) 

T r a n s v e r s e Magnetic F i e ld Only 

The invest igat ions of Ander son (44) and Ecke r and Kanne (45) 

concerning t r a n s v e r s e magnet ic field effects on the p l a s m a column 
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deal with the v e r y low p r e s s u r e , low c u r r e n t r e g i m e ( e l e c t r o n t e m p ­

e r a t u r e > > n e u t r a l g a s t e m p e r a t u r e ) . The d i s c u s s i o n s a r e l imi ted 

to v e r y low magne t i c f ie lds , which a l low in t roduc t ion of l i n e a r p e r ­

t u rba t ion t h e o r y . T h e r e f o r e , the r e s u l t s a r e not d i r e c t l y app l i cab le 

to th is inves t iga t ion and wi l l not be d i s c u s s e d f u r t h e r . 

F i s c h e r ( 5 6 ) ana ly t i ca l ly d e t e r m i n e d the inf luence of a t r a n s ­

v e r s e f o r c e field for two types of a r c s : (1) A w a l l - s t a b i l i z e d a r c 

w h e r e the fo rce is c a u s e d by a u n i f o r m weak e x t e r n a l t r a n s v e r s e 

m a g n e t i c field and, (2) a f r e e - b u r n i n g a r c w h e r e the fo rce i s c a u s e d 

by an e x t e r n a l t r a n s v e r s e g a s flow. The ene rgy , m o m e n t u m , and 

cont inui ty equat ions w e r e appl ied . F o r c a s e (1) a doub le -vor tex type 

flow a p p e a r s with the a r c c o r e d i s p l a c e d in the J x B d i r e c t i o n . The 

ca lcu la t ions y ie lded the t e m p e r a t u r e d i s t r ibu t ion , e l e c t r i c a l conduc ­

t ivi ty, and the flow f ield. F o r c a s e (2) the a r c co lumn shifted into 

the d i r e c t i o n of the flow. It was a s s u m e d tha t the e l e c t r i c f ield and 

i s o t h e r m s w e r e p a r a l l e l and h e a t conduc t ion along the a r c a x i s w a s 

negl ig ib le . A p e r f e c t g a s r e l a t i o n , a r a d i a l l y s y m m e t r i c a r c p rof i l e 
T . - T 

A. o 
with t e m p e r a t u r e d i s t r i b u t i o n of the f o r m T = T 0 + JJ-

(1+ r 2 / r 2 ) 

( n e c e s s a r y to d e t e r m i n e the flow f ie ld) , and a s m a l l d y n a m i c p r e s ­

s u r e , c o m p a r e d to the s t a t i c p r e s s u r e w e r e the addi t iona l a s s u m p ­

t ions m a d e . In th i s equat ion T ^ i s the a r c c e n t e r l i n e t e m p e r a t u r e , 

TQ is the g a s t e m p e r a t u r e , r Q i s t he r a d i u s of the a r c boundary , and 

cc i s a cons tan t . The flow field was- c a l cu l a t ed f r o m the m o m e n t u m 
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equation, continuity equation, and equation of state. The results 

were only valid in the upstream 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 important. The results 

indicated the per cent of flow going through the arc increases with 

increasing gas temperature and decreasing arc temperature, in agree­

ment with Noeske (51). 

Schrade (54) conducted an analytical investigation of the t rans­

verse forces which act on an arbitrarily curved current-carrying 

plasma channel in a transverse magnetic field. This study was 

primarily motivated 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-magnetic ally 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 pressure is 

greatest. The balance of the forces and, therefore, the motion of 

the arc was found to depend on 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 fo rces l ead to an equation which, in g e n e r a l , p e r m i t t e d the c a l ­

cula t ion of the c u r v a t u r e behavior of the d i s c h a r g e channe l . 

T r a n s v e r s e Blowing and T r a n s v e r s e 
Magnet ic F i e l d 

T h i e n e ' s (31) ana ly t ica l inves t iga t ion was p r e d i c a t e d on the 

a s s u m p t i o n tha t an ex t e rna l t r a n s v e r s e magne t i c field appl ied to the 

a r c co lumn so a s to oppose the convect ive fo rce would give r i s e to an 

i n t e r n a l doub le -vo r t ex flow p a t t e r n due to the J x B body fo rce ac t ing 

on the a r c p l a s m a . A s tagnat ion point was a s s u m e d to ex i s t within 

the co lumn in o r d e r for the a r c to be s t a t i ona ry in the t r a n s v e r s e gas 

flow. The s t e a d y - s t a t e m o m e n t u m equat ion was applied, neglec t ing 

the v i s cous f o r c e s . Thiene a s s u m e d tha t along the e x t e r n a l flow axis 

wi th in the co lumn, some f rac t ion of the I x B fo rce was ba l anced by 

the p r e s s u r e g rad i en t . It was a l so a s s u m e d tha t outs ide the column, 

the p r e s s u r e g rad ien t was ba lanced p r i m a r i l y by the i n e r t i a effect. 

In tegra t ing the equat ions along a s t r e a m l i n e to the s tagna t ion point 

gave the s a m e r e s u l t tha t would be obta ined by equating the m a g n e t i c 

fo rce to the a e r o d y n a m i c fo rce on a conducting cy l inder ( i . e . , BI = 

( l /2 ) p C D V 2 D ) . 

Lo rd (35) ana ly t ica l ly t r e a t e d the convected a r c held a t r e s t by 

an appl ied t r a n s v e r s e . m a g n e t i c field. The following a s s u m p t i o n s 

w e r e m a d e : 

1) No effects on the a r c f rom the ex t e rna l c i r c u i t . 
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2) The e l e c t r o d e s w e r e in the s a m e plane a s the j e t s i d e s . 

3) Uniform flow ex i s ted u p s t r e a m of the a r c . 

4) The ex t e rna l magne t i c field i s appl ied such tha t a p e r f e c t 

ba lance is achieved at each a r c s egmen t . 

5) The a r c c e n t e r i s a s t r a igh t l ine p e r p e n d i c u l a r to the 

e l e c t r o d e s . 

6) Outs ide t he a r c co lumn or = 0, and k, p , V, and C p a r e 

cons tan t and equal to the va lue of the f r ee s t r e a m condit ion. 

7) Ins ide the a r c co lumn a , k, p , C p , V a r e cons tan t and 

equa l to the va lue a t the t e m p e r a t u r e and p r e s s u r e of the a r c c e n t e r . 

Only the un i form co lumn po r t i on of the a r c was cons ide red ; t h e r e ­

fore , the following addi t ional a s s u m p t i o n s w e r e m a d e : 

8) The a r c p e r i p h e r y is c i r c u l a r in c r o s s - s e c t i o n . 

9) The co lumn r a d i u s v a r i e s with the ve loc i ty of imposed flow. 

10) The a r c p e r i p h e r y is n o n - p o r o u s . 

11) P a r t i a l matching of the v a r i o u s p r o p e r t i e s a t the a r c 
o 

p e r i p h e r y i s p e r m i s s i b l e . 

12) No convect ion o c c u r s within the a r c . 

13) The a r c p e r i p h e r y can wi ths tand tangent ia l s t r e s s . 

14) The to ta l magne t i c field i s the sum of the induced plus 

i n t e r n a l m a g n e t i c field. 

15) The p r e s s u r e d i s t r ibu t ion ins ide the a r c i s the s u m of the 

s t a t i c p r e s s u r e p lus magne t i c p r e s s u r e . 
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16) The hea t flux and t e m p e r a t u r e d i s t r ibu t ion a r e the s a m e a s 

for the co r respond ing s ta t ic a r c . 

The m o m e n t u m and ene rgy equat ions , A m p e r e ' s and O h m ' s law and 

BI = (1 /2Jp CrsV D w e r e appl ied to the a r c with the following quant i t ies 

continuous a t the a r c p e r i p h e r y : The p r e s s u r e a t the fo rward s t agna ­

t ion point, the to ta l f o r ce , the t e m p e r a t u r e , and the to ta l hea t t r a n s ­

fe r . Thus , P , T, B r , Bo and j z w e r e obtained ins ide and P and T 

on the p e r i p h e r y . The a r c c h a r a c t e r i s t i c s w e r e a l so obtained in non-

d imens iona l f o r m . The following g e n e r a l conc lus ions w e r e r e a c h e d . 

The major effects of i n c r e a s i n g the c u r r e n t at cons tant magne t i c field 

a r e to d e c r e a s e the vol tage g r a d i e n t and to i n c r e a s e the s i ze of the 

a r c . The r e l a t i v e ve loc i ty of the a r c and the flow, and the t e m p e r a ­

t u r e of the a r c , a r e only s l ight ly affected by i n c r e a s i n g the c u r r e n t . 

The majo r effect of i n c r e a s i n g the magne t i c field a t cons tan t c u r r e n t 

i s to i n c r e a s e the r e l a t i v e ve loc i ty of the a r c and the flow; the vol tage 

grad ien t , the s i ze of the a r c , and the t e m p e r a t u r e of the a r c , a r e 

affected to a l e s s e r extent . 

L o r d (43) ana ly t ica l ly d e r i v e d equat ions for the a r c c h a r a c t e r ­

i s t i c s and the f rac t ion of input power los t by r ad i a t ion us ing a r a d i a ­

t ive hea t sink mode l . The following a s sumpt ions w e r e m a d e : 

1) Radia l s y m m e t r y ( c i r c u l a r a r c boundary) , 

2) t h e r m a l equ i l ib r ium, 

3) no convect ion ins ide a r c , .and 

4) cons tan t conduct ivi ty ins ide a r c . 



The effects of the applied ex te rna l magne t ic field, p a r t i c u l a r l y 

on the conductivity, w e r e not cons ide red although the magne t i c field 

was u s e d to s tab i l ize the a r c . The t h e o r e t i c a l r e s u l t s w e r e de r ived by 

m e a n s of an analogy with a wa l l - s t ab i l i zed s ta t ic a r c combined with the 

Nusse l t -Reyno lds re la t ionsh ip for convect ive hea t t r a n s f e r . The r e ­

sul ts indica ted that the f ract ion of the input,power los t due to rad ia t ion 

d e c r e a s e s as flow veloci ty i s i n c r e a s e d or as p r e s s u r e is i n c r e a s e d . 

This l a t t e r conclusion is r e a c h e d b e c a u s e the a r c d e c r e a s e s in s i ze as 

the p r e s s u r e i n c r e a s e s . The re fo re , even thoug'h rad ia t ion l o s s p e r 

unit vo lume does i n c r e a s e with p r e s s u r e , the d e c r e a s e in c r o s s - s e c ­

t ional a r e a with i n c r e a s e of p r e s s u r e i s such that the r ad i a t i on l o s s 

p e r unit length of column a l so d e c r e a s e s with i nc rea s ing p r e s s u r e . 

L o r d and Broadbent (47) s e m i - e m p i r i c a l l y analyzed an e l e c t r i c 

a r c in a t r a n s v e r s e subsonic a i r s t r e a m held s t a t iona ry by an ex t e rna l 

magne t i c field. , A s imple mode l was put for th by making an analogy 

with an equivalent a r c of c i r c u l a r c r o s s - s e c t i o n which c a r r i e d the 

s ame c u r r e n t , but was f ree f rom convect ion within the column. The 

following a s sumpt ions w e r e m a d e : 

1) Charge n e u t r a l i t y ex i s t s in the p l a s m a co lumn. \ 

2) The gas ins ide the a r c i s in t h e r m a l equi l ib r ium. 

3) A definite boundary ex i s t s outs ide of which the e l e c t r i c 

c u r r e n t i s z e r o . 

4) No va r i a t i on of p r o p e r t i e s along the column a x i s . 



5) Steady two-d imens iona l flow e x i s t s . 

6) The a r c boundary i s of c i r c u l a r c r o s s - s e c t i o n . 

7) The e l e c t r i c a l conductivi ty ins ide the a r c i s cons tan t c o r r e s ­

ponding to the cen t e r l i ne t e m p e r a t u r e . 

8) No convect ion is p r e s e n t ins ide the a r c . 

9) The r ad i a t ed power dens i ty i s cons tan t . 

The ene rgy equat ion, O h m ' s law, m o m e n t u m equat ion and Maxwel l ' s 

equat ions w e r e appl ied to obtain e x p r e s s i o n s for the hea t flux and 

a r c r a d i u s a s a function of the E , I, and a r c p r o p e r t i e s . The r e s u l t s 

w e r e c o m p a r e d with the annular gap, t r ave l i ng a r c e x p e r i m e n t a l da ta 

of A d a m s (48). Lord and Broadben t concluded tha t a m o d e l b a s e d on 

a hea ted sol id cyl inder analogy is not val id . One m a y ind ica te p o s s i b l e 

s o u r c e s of d i s c r e p a n c y : 

1) The boundary l ayer d i f ference with r e g a r d to l a m i n a r and 

tu rbu len t flow between sol id cy l inde r s and a r c s . ' 

2) The ex t rapo la t ions n e c e s s a r y due to l ack of e x p e r i m e n t a l 

data for c r o s s - f l o w on v e r y highly hea ted c y l i n d e r s . 

3) The appl ica t ion of t he ro ta t ing a r c r e s u l t s to a s t a t i o n a r y 

ba lanced a r c condit ion (the effects of s m a l l e l e c t r o d e gaps , effect 

of induced swi r l in the wake of the a r c due to v o r t i c e s , d e p a r t u r e s 

of the a r c shape f rom uni form cy l inder , s t r e a m veloc i ty and power 

supply f luctuat ions , e l e c t r o d e j e t effects , and con tamina t ion of a r c 

by e l ec t rode vapor i za t i on a r e neg lec ted) . 
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Broadbent (50) s e m i - e m p i r i c a l l y ana lyzed the behavior of a 

magne t ica l ly d r iven e l ec t r i c a r c in c ross - f low. The a s sumpt ions 

w e r e that - -

1) A uniform column ex is t s where e lec t rode effects a r e not 

impor tan t . 

2) The d rag law BI =f,Cj}V r Q i s val id . Broadbent c o m p a r e d 

h i s data with the expe r imen ta l annular gap t rave l ing a r c e x p e r i m e n t 

of A d a m s . The hea t t r a n s f e r was compared with that for a hea ted 

sol id cy l inder . The r e s u l t s indicated that a t comparab l e Reynolds 

n u m b e r s , the a r c Nusse l t number was g r e a t e r than ten t i m e s that 

for the heated solid cy l inder . The Nusse l t number was ca lcu la ted , 

f rom exper imen ta l ly m e a s u r e d a r c p r o p e r t i e s . To ver i fy the o b ­

s e r v e d hea t t r a n s f e r , future spec t roscop ic t e m p e r a t u r e m e a s u r e ­

m e n t s throughout the a r c w e r e planned. Broadbent a l so d e r i v e d 

s i m i l a r i t y laws which indicated that the p a r a m e t e r s EI, BI /V, and 

V I / E (E = vol tage gradient , I = c u r r e n t and V = veloci ty) a r e -

quite' impor tan t in descr ib ing the s t a t iona ry a r c behav ior . 



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 a rc currents from Z to 6 amps, a r c 

voltages between 30 to 50 volts, electrode gaps from 4 to 8 mm and 

blowing velocities up to 200 c m / s e c . Argon gas was used at a tmos­

pheric p r e s su re and the tunnel tes t section was 1-3/4" square . 

Photographs of the deflected column as functions of various p a r a ­

me te r s 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 je t was not unexpected, it was 

presumed that at sufficiently low arc currents , the cathode je t effect 

would be negligible. The compromise design finally adopted was a 

pointed thoriated tungsten rod surrounded by an electrically floating 

tungsten sleeve. The sleeve provided the necessary boundary condi­

tion and appeared to significantly reduce the je t effect. An in teres t ­

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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u p s t r e a m and d o w n s t r e a m at s e v e r a l cyc les p e r second . If the b low­

ing ve loc i ty was fu r ther i n c r e a s e d , a r c blowout r e s u l t e d . This p u l ­

sa t ion m a y have been due to the i n t e r ac t i on of the e l e c t r o d e - t i p 

v o r t i c e s . The stiffening effect on the column exe r t ed by the e l ec t rode 

s l eeves was o b s e r v e d f rom the pho tographs . Thiene pos tu la ted tha t 

the i n c r e a s e d e l e c t r i c field on the concave s ide of the co lumn when 

in the convect ion-bowed shape con t r ibu ted to the f lexura l r ig id i ty . 

N u m e r o u s effects w e r e neglec ted by Thiene in the e x p e r i m e n t a l eva lua ­

t ion which m a y have had a s ignif icant inf luence: 

1) The di f ference be tween a hor i zon ta l ly burn ing a r c exposed 

to n a t u r a l convect ion and an a r c in a fo rced c r o s s - f l o w . 

2) The dif ference of m a s s flux th rough the a r c co lumn c o m ­

p a r e d to f r e e - s t r e a m m a s s flux of the und is tu rbed flow. 

3) The " h o r s e s h o e " shape effect compared with s m a l l a r c 

deflect ion. (This s e v e r e l y def lected a r c c a s e ac tua l ly c o n s i s t s of two 

s e p a r a t e p r o b l e m s with r e g a r d to flow p a t t e r n . One deal ing with 

axia l flow and the o the r deal ing p r i m a r i l y with t r u e c r o s s - f l o w . ) 

Alferov and Bushmin (36) s tudied a r c d i s c h a r g e s d rawn a c r o s s 

the exi t of a c losed wind tunnel conve rgen t -d ive rgen t nozz l e . The 

a i r flow Mach n u m b e r s inves t iga ted w e r e 0, 0. 5, 1. 5, 3. 0 and 4. 5, 

which w e r e obtained by using in te rchangeab le nozz l e s . The s t a g n a ­

t ion t e m p e r a t u r e was ma in ta ined cons tan t a t TQ = 283 °K, and the 

s t a t i c p r e s s u r e was v a r i e d (in the, r a n g e of 15 to 330 rr.m H g . ) in 
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o r d e r to have the s a m e gas dens i ty at the v a r i o u s Mach n u m b e r s . 

The e l e c t r o d e s w e r e solid molybdenum, 5 m m in d i a m e t e r , which 

extended into the tunnel . They w e r e su r rounded by a teflon sheath , 

and w e r e v a r i a b l e to gaps of 10, 15, 20, and 25 m m . The d i s cha rge ' 

was inves t iga ted using two e l e c t r i c c i r cu i t v a r i a n t s : 

1) A s tabi l iz ing ba l l a s t r e s i s t o r and, 

2) a shunted ba l l a s t r e s i s t o r . 

Pho tog raphs w e r e t aken of the fo rm and behavior of the d i s ­

c h a r g e . In the f i r s t v a r i a n t , the d i s c h a r g e was in the fo rm of a 

s e r i e s of f l ashes in the absence of gas flow, but in the p r e s e n c e of 

g a s flow the d i s c h a r g e exhibi ted high s tabi l i ty which i n c r e a s e d with 

i n c r e a s e of flow veloc i ty . The d i s c h a r g e had a fal l ing c u r r e n t -

vol tage c h a r a c t e r i s t i c , indica t ive of a s tab le a r c d i s c h a r g e . Vol tages 

of app rox ima te ly 8 KV and c u r r e n t s of 0. 5 to 3 a m p e r e s w e r e typ ica l . 

C o m p a r i s o n of the c u r r e n t both with and without a i r flow showed that 

the gas flow cons ide rab ly r e d u c e d the dura t ion of the c u r r e n t p u l s e s . 

In the second v a r i a n t , the d i s c h a r g e was s i m i l a r to the b reakdown of 

a d i s c h a r g e gap and was c h a r a c t e r i z e d by a p r e - b r e a k d o w n glow and 

an i n c r e a s e of the b reakdown vol tage with i n c r e a s e of the Mach 

number of the gas flow, o ther condit ions being equal . P a s c h e n c u r v e s 

w e r e obtained for the v a r i o u s Mach n u m b e r s . 

Ba ranov and Vas i l eva (42) expe r imen ta l l y inves t iga ted a low 

c u r r e n t a r c d rawn a c r o s s a high ve loc i ty flow of a rgon . The a r c 
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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 10 to 10 c m / s e c . 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 electrodes 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 t ransverse 

displacement of a spark. The gas p ressure , flow speed and arc 

current all affected the shape and displacement of the a rc . A cri t ical 

flow speed (approximately 3 x 10 cm/sec) was determined, which 

increased with current . When the flow speeds were below this c r i t i ­

cal value, the luminous region followed the curved contour of the 

laminar Poiseuille flow in the tube, thereby causing the a rc to tend 

to follow the walls of the tube. When the flow speeds were greater 

than or equal to the crit ical value, luminous streaks extended across 

chords between the electrodes of the curved contour. This indicated 

that an ionized path had been formed in the flow near the front of the 

arc where the electric field strength was highest. It was noted that 

low frequency voltage fluctuations accompanied the breakdown. At 

higher speeds, the entire a rc region became diffuse. It appeared to 

La made up of a ser ies of breakdowns whose frequency increased 

v/ith flow speed. 
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Kalachev (37) exper imenta l ly studied a pulsed d i scha rge in a" 

high veloci ty a i r s t r e a m . The appara tus was ident ica l to tha t u s e d by 

Alferov and Bushmin . The s a m e a i r flow Mach n u m b e r s w e r e used , 

but the s ta t ic p r e s s u r e s w e r e l imi ted to the range of 15 to 252 m m Hg. 

The d i s c h a r g e , p roduced by a capaci tor bank d i s c h a r g e , was i nves t i ­

gated using h igh - speed photography, o s c i l l o g r a m s of the d i s cha rge 

c u r r e n t and vol tage , and conventional photography. The r e s u l t s ind i ­

ca ted tha t l uminescence p r e c e d e s the breakdown followed by an in i t i ­

al ly s t r a igh t d i s c h a r g e which drif ts downs t r eam. A c o m p a r i s o n of the 

photographs of the l uminescence with the flow p a t t e r n of the e l e c t r o d e s 

obtained by Alferov and Bushmin showed shock waves on the back ­

ground of the l uminescence . It was concluded tha t the h igh-ve loc i ty 

a i r flow has a s ignif icant effect on p r e - b r e a k d o w n phenomena in the 

d i s c h a r g e gap; in p a r t i c u l a r , it modifies the shape of the d i s cha rge 

channel . However , the e l e c t r i c a l c h a r a c t e r i s t i c s such a s the t i m e 

dependence of the c u r r e n t and vol tages a r e not s ignif icantly affected 

by the a i r s t r e a m . 

Benenson (55) is p r e s e n t l y invest igat ing the effects of low 

veloci ty forced convection upon the - s t eady- s t a t e c h a r a c t e r i s t i c s of 

e l ec t r i c a r c s . The objective is to de t e rmine the a r c c h a r a c t e r i s t i c 

shape, t e m p e r a t u r e d i s t r ibu t ion within the a r c ( a s y m m e t r i c a l ) and 

the vol tage g rad ien t a s a function of the a r c cu r r en t . £,as veloci ty , 

and e l ec t rode gap. The expe r imen ta l appara tus cons i s t s of a 15 to 
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100 ampere electric a rc established across a 1-3/4" square tes t 

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

0 to 5 f t /sec range are used.and the p re s su re is approximately a tmos­

pheric . The electrode gap can be varied between l / l 6 " and 1-1/4" . 

A 0. 040" diameter tantalum cathode electrode and a 0. 187" diameter 

copper anode electrode a re used. The electrodes (both unshielded) 

a re co-l inear 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 ver t ical , relatively stable a rc has been achieved. 

Gross instabilit ies (both visually and in the a rc current and voltage 

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 

resulted with accompanying voltage ripple < 2%. For I < 20 amps a 

bow-shaped a r c resu l t s . For I > 20 amps a cusp-shaped a rc r e ­

sults . Both shapes a re convex in the downstream direction, and 

both occur in the presence of forced convection. Both modes were 

found with the same electrode arrangement , and therefore a re 

associated with the cathode electrode mater ia l , i ts proper t ies , i ts 

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 cur ren t 
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density and correspondingly a reduced electrode jet effect. At the 

higher current operating range, a transit ion occurs wherein the 

cathode attachment spot region appears to be more highly localized 

at a point, thus promoting the je t effect. The jet effect then resul ts 

in the cusp-shaped formation. The experimental technique being 

devised to determine the a r c ' s character is t ic dimensions and local 

integrated intensity of a rc radiation will consist of small m i r r o r s 

located along one side of the wind tunnel tes t section at different 

azimuthal locations. The images of the arc will be reflected from 

these pr imary m i r r o r s to a secondary set of m i r r o r s which then 

reflect the light to two cameras . Each camera is simultaneously 

t r iggered and contains a different narrow band interference fil ter. 

F rom the data obtained, the a rc character is t ic dimensions may be 

determined together with details on the a rc radiation intensity using 

a 2-line or absolute intensity method. 

Transverse External Magnetic Field Only 

Serdyuk (32) investigated a welding a r c under the influence of ' 

an external t r ansve r se 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 a rc with magnetic 

deformation (i, e , , stationary cathode spot, movement of anode spot 

and deformation of the column). The latter was much m o r e difficult 

to obtain experimentally. The first case was empirically described 



by B = 4C p y-=— (where C = dimensionless coefficient for arc 

currents of .100 to 1000 amperes ) . The influences of e lectrode mater­

ial, e lectrode j e t s , se l f -magnet ic 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 t ransverse magnetic 

field with the aid of a h igh-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 c o l ­

umn, directed under normal conditions from the cathode to the anode. 

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 a lso observed during the 

application of a variable external t ransverse magnetic field. In this 

c a s e , the arc column was continuously deformed by the t ime changing 

magnetic field. A delay was noted, and attributed to the res i s tance 

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 t ransverse magnetic 

field, the gas s tream (i. e . , cathode jet) from the cathode to the 

anode changed i ts direction relat ive to the surface of the anode 

accompanied by a decrease in i ts component rate in the direct ion of 



the anode. This facilitated the conditions for the origination of a 

visible s t ream of gases from the anode spot (an anode jet) , suppressed 

under ordinary conditions by the slower initial ra te of i ts formation 

and the cathode s t ream. The observations showed that the maximum 

role was played by the vapors coming from the copper anode as com­

pared to other tests using aluminum or iron anodes. These data a r e 

in agreement with the evaporation energy values of the part icular 

metallic ma te r i a l s . An equation of dynamic equilibrium was. applied 

to the deflected a r c column. This included the inert ia force, r e s i s ­

tive force of the medium, elastic (i, e , , restoring) force, and the 

magnetic driving force. A non-linear differential equation was formed 

from the force balance and analyzed by creating approximate expres ­

sions for the individual members . The equation could not be solved 

in general form through elementary functions, however, a solution 

was obtained for the simplest case of an a rc in a constant uniform 

external t ransverse magnetic field. The obtained formulae could be 

used for calculating the stability limit of the a rc in a t ransverse 

external magnetic field in addition to the magnitude of the deforma­

tion due to the magnetic field. 

Olsen (49) is presently investigating the interaction of an exter­

nal t r ansverse magnetic field with an electr ic a r c . (He is also in­

vestigating the interaction of a t ransverse pre-ionized gas flow with 

an electr ic a r c . ) 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 e l e c ­

trode separation i s varied from 5 to 15 m m , 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 p r e - i o n -

ized gas interaction with the vert ica l free-burning arc , an F - 4 0 

Thermal Dynamics p lasma arc torch i s mounted in one of the ports . 

Contamination level , which i s extremely important for maintaining 

free-burning arc stability and minimum electrode eros ion, i s c a r e ­

fully monitored and held to an extreme minimum. This invest igation 

is part of a long-range r e s e a r c h effort directed at a fundamental 

understanding of interacting p lasmas in an external magnetic field. 

Two,stumbling blocks for such a bas ic r e s e a r c h effort have been the 

unavailability of p lasmas with independently well-known propert ies , 

and the lack of a method for making detailed local measurements of 

internal propert ies of the asymmetr ica l p lasma produced by the inter­

action. During 1965 Olsen succeeded in developing a s e r i e s repre ­

sentation method for p r e c i s e l y inverting externally measured a s y m ­

metr ica l spectral intensity distributions to true radial distributions 

of the e m i s s i o n coefficients for optically thin s o u r c e s . The method 

has been successful ly applied to experimental and analytical data 

under the condition of an assumed mirror plane of symmetry . The 



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° with respect to the mirror plane of symmetry in the plasma. 

From 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 sponsored research program, 

Hogan (40) initiated an experimental investigation of the fundamental 

interaction 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 place in the 7 x B region and obtain 



information on the appearance and behavior of the discharge. The 

diagnostics included high-speed photography of the discharge, 

measurement of the electrical character is t ics , and measurement of 

the heat transfer to the electrodes. The experimental apparatus con­

sisted of a rectangular 2" x 4" test section. The source of the p r e -

ionized flow of nitrogen was a 3/4" diameter unconfined plasma jet 

with an enthalpy of approximately 5000 BTU/ lb m , The p re s su re 

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 

from flat to semi-cylindrical to conical. The resul ts indicated that 

a stable discharge was not obtained over the above range of tes t 

conditions. A filament type discharge repetitively moved down­

stream over the electrodes. Malliaris (41) is presently doing a 

continuation study of the phenomena taking place within the J x B 

region. This new effort includes studies of the radiation emitted by 

the discharge, current distribution within the J x B region, principal 

mode of energy transport from the discharge to the gas, effect of the 

applied external magnetic field on the discharge and effect of varying 

the incident flow pa ramete r s . The experimental conditions a re 

approximately the same with the exception that the external magnetic 

field is varied from 0 to + 5000 gauss. An approximate theory is 

being developed which when correlated with the data is only part ial ly 

satisfactory. So far the main conclusions reached were these - -
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1) The e lectr ica l discharge had arc - l ike character i s t i c s , 

2) the column occupied a smal l fraction of the c r o s s - s e c t i o n a l 

area in the flow, 

3) the fraction of the input power used for accelerat ion was 

smal l , 

4) the predominant mode of energy transport from the d i s ­

charge was by convection, 

5) conduction and radiation were negligible, and 

6) the input power increased in the presence of the magnetic 

field, but the e lectr ica l conductivity was independent of the magnetic 

field up to 5000 gauss . 

The increase of power i s thought to be a resul t of the increased con­

vection through the arc by electromagnetic pumping rather than a 

result of p lasma acce lerat ion or decrease of the e lec tr ica l conduc­

tivity in the presence of the applied magnetic field. 

Transverse Blowing and Transverse External 
Magnetic F ie ld (Cold Flowj 

Smith and Early (29) conducted an experimental feasibi l i ty 

study of heating an air s tream in a wind tunnel by an e lectr ica l d i s ­

charge. The experimental apparatus cons is ted of a smal l , 1" x 1" 

c r o s s - s e c t i o n , approximately four second run-t ime, blow-down wind 

tunnel. Both dry nitrogen and air in the Mach number range of 

3 to 5 were used. The static pres sure was approximately 5 m m Hg, 
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the arc current was l e s s than or equal to 15 amperes , and the ex ter ­

nally applied transverse magnetic field varied from 0 to 6000 gauss . 

The anode and cathode e lectrodes formed the divergent portion of a 

wedge nozzle . Various other geometr ies were used including horn-

shaped and pin-type e lectrodes . Up to 5 kw of e lectr ica l power were 

dissipated. One of the more important observations was that the arc 

showed a strong tendency to concentrate in the tunnel boundary layer 

region near the wal l s i . e. , away from the higher veloci ty free stream, 

and thereby fi l led only approximately 1/2 of the tunnel c r o s s - s e c t i o n . 

Two poss ible reasons for the arc ' s strong preference for the bound­

ary layer are the reduced density in the boundary layer and the r e ­

duced cooling there (due to the lower velocity) . In addition, the arc 

as sumed 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 t imes as great in the dimension paral le l 

to the flow as in the transverse direction. Numerous unsuccessful 

attempts were performed in trying to el iminate the arc slanting. It 

was also noted that slight changes in the thickness of the top or 

bottom boundary layer or in the orientation of the magnetic field 

made the discharge jump all the way from one die lectr ic tunnel wall 

to the other. These rapid fluctuations in the arc location were 

observed with high-speed motion pictures (7000 f r a m e s / s e c ) . 

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

ducted, but the arc st i l l concentrated near the boundary layer . The 



a r c was a lso obse rved to become m o r e diffuse a s the ex t e rna l m a g ­

net ic field i n c r e a s e d . Smith and E a r l y concluded that the a r c s l a n t ­

ing did not n e c e s s a r i l y depend upon phenomena o c c u r r i n g at the 

e l ec t rode s i t e s ; but was m o r e a r e s u l t of the m o m e n t u m t r a n s f e r 

m e c h a n i s m in the a r c co lumn itself . It i s e x t r e m e l y in t e re s t ing to 

note tha t when the flow went subsonic , the a r c i m m e d i a t e l y loca l ized 

on the t ips of the horn e l e c t r o d e s and loca ted i t se l f in the cen te r of 

the tunnel away f rom the bounda r i e s . However , it s t i l l ma in ta ined 

the. c h a r a c t e r i s t i c " S " shape with the anode a t t achmen t again u p ­

s t r e a m . P o s s i b l e a r e a s of u n c e r t a i n t y w e r e the following - -

1) Non-uni form flow condi t ion in the boundary l a y e r , 

2) flow sepa ra t ion , 

3) s t r e n g t h and fr inge effect of the magne t i c field for the 

v a r i o u s g e o m e t r i e s used, 

4) amount of non-uni form heat ing into the tunnel wal l s and 

e l e c t r o d e s , 

5) d i s t ingu i shment be tween e l ec t rode spot and co lumn i n t e r ­

ac t ion phenomena, 

< 6) t r u e equi l ib r ium being r e a c h e d in the app rox ima te 4 - s e c o n d 

r u n t i m e , 

7) tu rbu lence leve l in the flow, and 

8) a f t e r -g low rad ia t ion p e r s i s t i n g in the flow d o w n s t r e a m . 

Thiene (31) conducted some exp lo ra to ry inves t iga t ions with a 

weak ex t e rna l magne t i c field appl ied to the blowing a p p a r a t u s 



prev ious ly d i s c u s s e d under the t r a n s v e r s e blowing only sec t ion . A 

magne t i c field of up to 1.4 gaus s was appl ied t r a n s v e r s e to the c o l ­

umn so as to oppose the fo rced convect ion effect. Thiene pos tu la ted 

that th is magne t i c field would give r i s e to a c i r c u l a t o r y convect ion 

due to the J x B body force act ing on the a r c p l a s m a . A s tagna t ion 

point was a s s u m e d to ex i s t within the a r c boundary . The a r c c u r r e n t 

used was 4 a m p e r e s and the blowing ve loc i t i e s r e a c h e d a m a x i m u m 

of 5 f t / s e c . The m o m e n t u m equat ion (neglect ing v i scous fo rces ) 

was appl ied in an ana lys i s of the phenomena . Thiene a s s u m e d tha t 

within the column, some f rac t ion of the J x B force was ba lanced by 

the p r e s s u r e g rad ien t . The equat ion was i n t e g r a t e d along a s t r e a m ­

line f rom a f r e e - s t r e a m pos i t ion to the s tagnat ion point . Outs ide 

the column, i t was a s s u m e d that s o m e f rac t ion of the p r e s s u r e 

g rad ien t w a s ba lanced p r inc ipa l ly by the i n e r t i a l r e a c t i o n . B e c a u s e 

of the low blowing ve loc i t i e s used , it was a s s u m e d tha t P ^ was 

approx ima te ly equal to P s t a t i c « The r e su l t i ng equat ion was the s a m e 

r e l a t i onsh ip that would have been obtained by equat ing the ae rodynam­

ic d rag fo rce to the magne t i c r e s t o r i n g fo rce ( i . e . , BI = (1/2) 

P C D V 2 D . 

The following conclus ions w e r e r e a c h e d by Thiene : 

1) The magne t i c field r e q u i r e d to ba lance the a r c was d i r e c t l y 

2 
p ropo r t i ona l to V . 

2) The def lect ion fo rce due to the se l f - f ie ld was of the s a m e 

o r d e r of magni tude a s the ex t e rna l ly appl ied fo r ce . 
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3) The contr ibut ion of the magne t i c field to the enthalpy flux 

due to ambipo la r diffusion was negl ig ib le . 

4) The effect of the magne t i c field on the c u r r e n t dens i ty was 

negl ig ib le . 

5) The contr ibut ion of the magne t i c field to the r a t e of ene rgy 

p roduc t ion t e r m [ ( E + V x B ) • "J] was negl ig ible . 

6) The use of s c a l a r t r a n s p o r t coefficients was jus t i f ied , 

s ince the cyc lo t ron f requency was . s m a l l c o m p a r e d with co l l i s ion 

r a t e s . 

Some pos s ib l e s o u r c e s for e r r o r w e r e - -

1) Effect of e a r t h ' s magne t i c field, 

2) effect of s t r a y f ields f rom e l e c t r o d e l e a d s , 

3) effect of f e r r o m a g n e t i c m a t e r i a l s in the vic ini ty of the 

t e s t sec t ion , 

• 4) d e t e r m i n a t i o n of the vol tage g rad i en t and power in the 

pos i t ive column, 

5) neglec t of rad ia t ion , 

6) tunnel wa l l effect a t the low b lowing 've loc i t ies ( s u p e r ­

imposed effect of f r e e convection), and 

7) effect of e l e c t r o d e s p ro t rud ing into tunnel t e s t sec t ion . 

Bond ' s (39) d i s s e r t a t i o n , p a r a l l e l i n g the r e s e a r c h effort of 

Smi th and E a r l y (29), deal t with t he e x p e r i m e n t a l inves t iga t ion of 

magne t i ca l ly s tabi l iz ing an e l e c t r i c 4 a r c in a supe r son i c flow. The 

e x p e r i m e n t a l se tup cons i s ted of two p a r a l l e l cy l ind r i ca l uncooled 



r a i l e l ec t rodes mounted in a superson ic blow-down wind tunnel and 

o r i en t ed with the e l ec t rode axes p a r a l l e l to the tunnel flow d i r ec t ion . 

The e lec t rode gaps used v a r i e d f rom 0.6 to 1. 1 inches . The a r c 

was ini t ia ted by exploding a w i r e at the u p s t r e a m end of the e l ec t rodes . 

E l ec t rode m a t e r i a l s of carbon, b r a s s , s tee l , copper and oxygen-f ree 

high-conduct ivi ty copper w e r e used . The a v e r a g e tunnel run t i m e 

was 0. 8 seconds during which t ime the data w e r e obtained. Through­

out the ma jo r i ty of the t e s t s the Mach number was 2. 5, ( c o r r e s p o n d ­

ing to V = 1800 f t / s ec ) , P s t a g = 20. 2 in. H g . , and a r c c u r r e n t s of 

300 to 1000 a m p e r e s . Ex t e rna l field coils provided a non-uni form 

t r a n s v e r s e magne t ic field in the r a n g e of approx imate ly 1000 to 4000 

g a u s s . The magne t i c field was or ien ted such tha t the magne t i c field 

i n c r e a s e d in the flow d i rec t ion . This helped to s tabi l ize the a r c f rom 

s t r e a m w i s e d i sp l acemen t s . Typical values of magnet ic field w e r e 

1300 gauss at the anode root and 4300 gauss at the cathode root . The 

following obse rva t ions were obtained: 

1) The cathode roo t was always located downs t r eam of the 

anode roo t (also noted by Smith and E a r l y (29^. 

2) The posi t ive column a s s u m e d a s lanted or ien ta t ion with 

r e s p e c t to the e lec t rode axis (angle of approximate ly 60 to 70° 

m e a s u r e d f rom the ve r t i c a l ) . No change was obse rved in the s lant 

angle with different e lec t rode m a t e r i a l s or shapes . There fo re i t i s 

doubtful that s lan t was p r i m a r i l y due to an e lec t rode phenomena. 

(Also noted by Smith and E a r l y (29).) 
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3) The angle of s lant did not v a r y with c u r r e n t (within the 

r ange 130 to 1000 a m p e r e s ) or P s t a g (within the r ange 10 to 24 in. Hg.)P 

but changed sign with e lec t rode po la r i ty r e v e r s a l . 

4) The s lant angle was in the c o r r e c t d i rec t ion for the Hall 

angle , but i t did not show dependence on £ o r I which would be e x ­

pec ted if s lan t was p r i m a r i l y due to the Hall effect. 

5) The s lan t angle was approx imate ly equal to the Mach angle 

( l ines along which inf in i tes imal p r e s s u r e d i s tu rbances m u s t p r o p a ­

gate) a t Mach n u m b e r s of 2 and 2. 5. 

6) The s lant ing took p lace a t approx imate ly the angle w h e r e 

E , . / P s t a * was a m a x i m u m . ( P s t a g * = s tagnat ion point p r e s s u r e 

of a solid s lan ted cy l inder , and E ^ is the component of the e l e c t r i c 

field p a r a l l e l to the co lumn. ) 

7) The ae rodynamic force i n c r e a s e d with i nc rea s ing a r c c u r r e n t . 

Bond the re fo re a s s u m e d the a r c d i ame te r i n c r e a s e d with c u r r e n t . 

(High-speed photographs , 7000 f r a m e s / s e c , indicated th is to be 

approx imate ly t r u e . ) 

8) The a r c had a c h a r a c t e r i s t i c cu rve with a negat ive s lope . 

9) The a v e r a g e t r a n s v e r s e magne t ic field r e q u i r e d to ba lance 

the a r c was independent of I a r c (over the r a n g e 150 to 700 a m p e r e s ) , 

but i n c r e a s e d f rom approx imate ly 2000 gauss at P s t a g = 10 in. Hg. 

to approx imate ly 3500 gauss at P s t a g = 2$ «*• Hg. 

It was found that the a r c could be held s t a t ionary in two m o d e s . 

In the f i r s t the a r c was confined to the downs t r eam por t ion of the 
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e l e c t r o d e s . I t had cons ide r ab l e c u r v a t u r e and o c c u r r e d a t weak e x ­

t e r n a l magne t i c f ie lds . This mode w a s pos tu la ted to be due to the 

a r c c u r v a t u r e and fr inging e l e c t r i c f ield. In the second mode the a r c 

w a s confined to the cy l i nd r i ca l p o r t i o n of the e l e c t r o d e s . The a r c 

was skewed but r e l a t i v e l y s t ab l e . Th is m o d e was pos tu la ted to be 

due to co lumn f lu id -mechan ica l i n t e r a c t i o n m e c h a n i s m s . 

Using the length of the s l an ted co lumn, the vol tage g r a d i e n t E 

w a s e s t i m a t e d to be 14 v o l t s / c m a t M = 2. 5 and P s t a g = 20 in . Hg. 

It w a s independent of a r c c u r r e n t f r o m 200 to 700 a m p e r e s . The 

e l e c t r i c a l conduct ivi ty cr was a l so e s t i m a t e d to be 10 m h o / c m . F o r 

the a r c in the ba lanced mode at M = 2. 5 and I a r c = 300 a m p e r e s , 

Bond obtained the e m p i r i c a l r e l a t i o n s h i p 

t l / 2 
B e x t = °« 8 2 9 < P s tag) . 

F o r s u p e r s o n i c flow P s t a g ^ P ( a s s u m i n g T s t a g = cons tan t ) , t h e r e -

1/2 / t 2 

fo re B ot (p) . Compar ing th i s to BI =^ ( l / 2 j p Cj^V D for s u b ­

sonic flow one would expec t Beep. Th is d i f ference m a y be expla ined 

due to d i f fe rences be tween subsonic and s u p e r s o n i c flow r e g i m e s . 

Ques t ionab le a s p e c t s of the e x p e r i m e n t w e r e - -

1) The s h o r t r un t i m e s (ques t ion of t r u e equ i l i b r i um being 

r e a c h e d ) , 

2) flow s e p a r a t i o n effects , 

3) effects of non-un i fo rm heat ing into e l ec t rodeS and tunnel 

w a l l s , 
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4) e l ec t rode reg ion and column coupling i n t e r ac t i on phenomena, 

5) a f te r -g low rad ia t ion p e r s i s t i n g in the d o w n s t r e a m d i rec t ion , 

6) da ta t aken at one Mach n u m b e r , t h e r e b y not expl ic i t ly r e ­

lat ing ex t e rna l magne t i c field and veloci ty , and 

7) l a r g e e x t e r n a l magne t i c field g rad ien t along column. 

M y e r s (52) inves t iga ted a magne t i ca l ly ba l anced e l e c t r i c a r c in 

a t r a n s v e r s e subsonic gas flow of a rgon . The object ive was to extend 

the r ange inves t iga ted by Thiene f rom the v e r y low ve loc i ty and m a g ­

net ic field r ange to h igher ve loc i t i e s and e x t r e m e l y high m a g n e t i c 

f i e lds . The poss ib i l i ty of s ignif icantly i n c r e a s i n g the e l e c t r i c a l con­

duct ivi ty by hea t ing the e l e c t r o n s to a s ignif icant ly h igher t e m p e r a ­

t u r e than tha t of the pos i t ive ions and a t o m s was a l so inves t iga ted . 

The e x p e r i m e n t a l a p p a r a t u s cons i s t ed of a s m a l l b low-down type wind 

tunnel of a one and one- four th inch by t h r e e - f o u r t h s inch r e c t a n g u l a r 

t e s t sec t ion . Argon gas was used at s t a t i c p r e s s u r e s of a p p r o x i m a t e l y 

1. 3 a t m o s p h e r e s and ve loc i t i e s of 0 to 300 f t / s e c . The a r c c u r r e n t 

r anged f rom 20 to 100 a m p e r e s and the ex t e rna l magne t i c field f rom 

2000 to 28, 500 g a u s s . Myer s u sed unshie lded e l e c t r o d e s s i m i l a r to 

Benenson (55); (Thiene (31) on the o ther hand, u s e d sh ie lded e l e c ­

t rodes ) composed of 3 / 3 2 " d i a m e t e r 2% tho r i a t ed tungs ten r o d s . 

(Ground flat a t the t ip as c o m p a r e d to Benenson ' s con ica l shaped 

t i p s . ) The e l e c t r o d e gap was v a r i e d f rom 5 / 3 2 " to 7 / 8 " . The a v e r ­

age r u n t i m e was approx ima te ly 5 seconds . The convect ive fo rce on 

the .arc was found to be quite s i m i l a r to the a e r o d y n a m i c fo rce 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 character is t ic curves were 

found to be typically ne-gative with the a rc voltage increasing as the 

magnetic 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 resul ts 

indicated that the column voltage gradient increased nearly l inearly 

with increasing external magnetic field (constant arc current) . An 

analysis s imilar to that of Thiene's was applied to give an estimation 

of the electr ic a rc cross-sect ional area. (Thiene's Cj) value was 

used to obtain the a rc 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 s t ream direction (similar to Smith and 

Ear ly (29)). F rom the assumed a rc cross-sect ional area, the 

theories of non-equilibrium conductivity were applied to est imate the 

dependence of the a r c ' s average electr ical conductivity on the magnetic 

field in addition to an est imate of the electron temperature . 
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The da ta obtained expe r imen ta l l y b e s t fit the equat ion a A = 

1 
1 0r O ' 

1 + p 

w h e r e (3 = cor, 

U> = e l e c t r o n cyc lo t ron f requency, 

T = e l e c t r o n col l i s ion t i m e , 

<jn = e l e c t r i c a l conduct ivi ty p e r p e n d i c u l a r to the magne t i c field, 

0" = e l e c t r i c a l conduct ivi ty before the e x t e r n a l B field is appl ied. 

2 
The re fo re , the conduct ivi ty d e c r e a s e d by a fac tor of 1 + (3 upon 

applying the e x t e r n a l t r a n s v e r s e magne t i c f ield. Ques t ionable a s p e c t s 

of the e x p e r i m e n t w e r e - -

1) Appl icabi l i ty of conductivi ty equa t ions , 

2) e l ec t rode effects combined with magne t i c field effects in the 

e l ec t rode reg ion , 

3) t e m p e r a t u r e s a s s u m e d for hea t t r a n s f e r and ene rgy c a l c u ­

la t ions , 

4) neg lec t of hea t l o s s to e l e c t r o d e s ( e spec i a l ly for such s h o r t 

t e s t t i m e s ) , 

5) e s t ima t ion of pos i t ive co lumn vol tage g rad ien t and e l ec t rode 

d r o p s , and 

6) a r c shape , s tab i l i ty , and behavior dur ing t e s t data m e a s u r e ­

m e n t . 

Kookekov (53) s tudied the mot ion of a n e l e c t r i c a r c with t r a n s ­

v e r s e blowing under the influence of an e x t e r n a l , t r a n s v e r s e magne t i c 
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field. The object ive was to obtain e x p e r i m e n t a l da ta on the a r c c u r ­

ren t , vol tage grad ien t , and ve loc i ty r e l a t i o n s h i p s . No desc r ip t i on of 

the expe r imen ta l se tup, m e a s u r e m e n t t echn iques , o r r a n g e of p a r a ­

m e t e r s was r e p o r t e d . A s e m i - e m p i r i c a l ana ly s i s was m a d e ba sed 

on the c o n s e r v a t i o n of energy , O h m ' s law, and the m i n i m u m p r inc ip l e 
3rr~" 

to obta in the r e l a t i o n E = A y V / I , w h e r e A was found f r o m the 

e x p e r i m e n t a l da ta . By a s s u m i n g that the ene rgy input to the a r c was 

equal to the convect ive hea t t r a n s f e r l o s s e s , a long with independence 

of p , h, cr, and r on I and V, the r e l a t i o n E I / V = A (I /V) was o b ­

ta ined . Th is , combined with e m p i r i c a l da ta , led to the final r e s u l t 

V = 0. 5 9 5 " \ / B / M V I / p . (M was undef ined.) F r o m the e x p e r i ­

m e n t a l r e s u l t s and the fact tha t the ionized p a r t i c l e dens i ty was found 

to be 4 to 5 o r d e r s of magni tude lower than the v a l u e s for an i so la t ed 

a r c led Kookekov to the conclus ion tha t t h e r e i s tu rbu lence in the 

t r a n s v e r s e blown a r c . Ques t ionable a s p e c t s of the inves t iga t ion 

w e r e t h e s e - -

1) Neglec t of r ad i a t ion and conduct ion hea t t r a n s f e r , and 

2) independence of p , h, or, and r on I and V. 
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1. I tem: 
Type: 
Rating: 

e l ec t romagne t i c 
i ron core - low impedance open yoke design 
4 " d iamete r pole caps , 4 " a i r gap, 0-3800 gauss , 
3 / 8 " view hole through pole caps , uniformity 
of field over t e s t sec t ion + 3%, wt. 500 lbs . 

Make: Var i an A s s o c i a t e s , Inc. , Pa lo Alto, California 
Model: V-4005S 

2. I tem: e l ec t romagne t power supply 
Type: D. C. Va r i ce l l 
Rating: 0-15 a m p e r e s , 0-30 volts 
Make: Super ior E l e c t r i c Company, Br i s to l , Connecticut 
Model: 13015 

3. I tem: g a u s s m e t e r 
Type: Hall e lement 
Rating: 0 -30 ,000 gauss r ange 
Make: Bel l L a b o r a t o r i e s , Inc. , Columbus, Ohio 
Model: 110 

4. I t em: e l ec t r i c a r c power supply 
Type: 3-phase t r a n s f o r m e r type rec t i f i e r .. 
Rating: 500 vol ts open c i rcu i t , 125 k. w. , 
Make: A. O. Smith Corpora t ion , Elkhorn , Wisconsin 

• Model: A-5000 

5. I tem: a m m e t e r 
Type: D. C. 
Rating: 0-500 a m p e r e s 
Make: Weston Company 

• Model: F S 50M 

6. I tem: ' vo l tme te r 
Type: .. D. C. 
Rating: 0-500 volts 
Make: Assembly P roduc t s Inc. 

• Model: 4 

7. I tem: b a r o m e t e r 
Type: d i r ec t r e a d - o u t b a r o m e t r i c p r e s s u r e with al t i tude 

compensat ion 
Rating: 28-31 inches of m e r c u r y 
Make: Air F o r c e Supply 
Model: MS 24134-1 



8. 

9. 

Item: water pump . . 236 
Type: positive displacement 
Rating: ' 68 gpm - 530 psig 
Make: Worthington Corporation, Harrison, New Je r sey 
Model: No. 2P747 

Item: 
Type: 
Rating: 
Make: 
Model: 

electric motor power supply for water pump 
3-phase 
25 hp 
Fairbanks-Moorse Inc. , Chicago, Illinois 
F-145305 

10. . I tem: water flowmeters 
Type: float ' 
Rating: 0-6 gpm of water 
Make: Fischer and Por te r , Hatboro, Pennsylvania 
Model: B521-10/27 

11." Item: high p ressure water valves 
Type: positive shut-off 
Rating: 0-1000 psig 
Make: Jamesbury Corporation 
Model: A-SS 

12. Item: water filter 
Type: cartr idge 
Rating: 0-125 psi 
Make: Cuno - Aquapure, Meriden, Connecticut 
Model: P-10 

13. Item: w'ater p re s su re gauge 
Type: high p ressure 
Rating: 0-600 psig 
Make: Ashcraft 
Model: 1JA41565 

14. Item: cathode injection gas heater bath and coiled 
capillary flowmeter 

Type: coil heater 
Rating: constant temperature 78°F, 0-2 l b m / h r Argon 
Make: Air Force Inventory 
Model: No. 5016 

15. Item: p ressu re gauge for sonic nozzle system 
Type: Bourdon 
Rating: 0-1000 psi 
Make: Heise, Newton, -Connecticut 
Model: H29589 
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16. 

17. 

18. 

19. 

20. 

21 . 

22. 

23. 

. 

Item: 

Type: 
Rating: 
Make: 
Model: 

Item: 
Type: 
Rating: 
Make: 
Model: 7 

Item: 
' Type: 

Rating: 
Make: 
Model: 

Item: 
Type: 
Rating: 
Make: 
Model: 

I tem: 
Type: 
Rating: 
Make: 
Model: 

Item: 
Type: 
Rating: 
Make: . 
Model: 

I tem: ' 
Type: 
Rating: 
Make: 

' Model: 

Item: 
Type: 
Rating: 
Make: 
Model: 

p r e s su re gauge for''cathode chamber andpi tot 
static tube 
micromanometer 
0-2 inches water 
RGI 
G 1500 

p re s su re t ransducer for sonic nozzle system 
s t ra in gauge . » 
0-1000 psig 
Computran, Division of International Resistar 
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 

tempera ture gauge for sonic nozzle system 
pyrometer 
75-225°F 
Simplytrol, Chesterland, Ohio 
351 

pitot-stat ic 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 f t /sec 
Flow Corporation, Massachusetts 
B 

part icle injector gas supply flowmeter 
dual t ange float 
5-25 SCFH Argon' 
Air Reduction Corporation, New York 
805-1601 



24. Item: anode electrode and locator actuator 
Type: linear 
Rating: 0-6 inch stroke 
Make: Lear Inc. , Piqua, Ohio 
Model: 400A 

238 

25. Item: electromagnetic positioning actuator 
Type: linear 
Rating: 0-6 inch stroke 
Make: Lear Inc. , Piqua, Ohio 
Model: 4230 

26. Item: 
Type: 
Rating: 
Make: 

Model: 

power supply for linear actuators 
D.C. 
0-10 amps D. C. 
Labpack, Model Rectifier Corporation, Brooklyn, 
New York 
S-28-10-F 

27. Item: unislide traversing mechanism 
Type: screw drive - 3-dimensional scan 
Rating: 0. 025" t raverse per 1 revolution of dial 
Make: Tropel Inc. , Fairport , New York 
Model: 6-1/40 

28. Item: oscilloscope 
Type: dual beam 
Rating: D.C. - . 10 megacycles 
Make: Tektronix 
Model: 555 

29. Item: dyno graph 
Type: 8-channel recorder - individual strip read-out 
Rating: 0-100 cps sensitivity to 5 M volts 
Make: . Offner Electronics Inct 

' Model: R 

30. Item: - electronic potentiometer recorder 
Type: 12-channel stepping recorder 
Rating: 0-2 mv 
Make: Minneapolis-Honeywell Corporation - Brown 

Electronic 
Model: Y-153X62 

\ 

31. Item: electronic potentiometer recorder 
Type: 2-channel continuous read-out recorder 
Rating: 0-8 mv and 0-2 mv 
Make: Minneapolis-Honeywell Corporation 



I tem: calor imetr ic probe' • 7 

Type: single-jacketed probe using " t a r e " measurement 
Rating: 1 atm - 10,000°K - 10,000 B T U / l b m 

Make: Greyrad Corporation, Princeton, New Je r sey 
Model: G- l -7 1/16" O. D. 30° angle probe 
Model: G- l -8 1/8" O.D. straight and 90° angle probe 

Item: auxiliary equipment for Greyrad probes 
Type: a) closed cycle high p res su re coolant system 

b) sonic orifice p res su re and temperature recording 
system 

Rating: a) coolant system: 0-1000 psi 
b) P: 0-30 in. Hg; T: 32-120°F 

Make: Greyrad Corporation, Princeton, New Je r s ey 
Model: a) G4 coolant system 

b) G5A recording system 

Item: hot wire heat flux sensor 
Type: cooled, miniaturized 0. 006" O. D. by 0. 08" long 
Rating: 5000°F environment, a tmospheric p r e s su re , 

velocities to 200 f t / sec . 
Make: Thermo -Systems Inc. , Minneapolis, Minnesota 
Model: HF-21 

I tem: heat flux system 
Type: a) high p res su re coolant system 

b) power and bridge circui try system 
Rating: a) coolant: 1000 psi - 0.019 ga l lons /min sensor 

b) power: 15 watts to sensor; frequency response 
20 kilocycles 

Make: Thermo-Systems Inc. , Minneapolis, Minnesota 
Model: a) sensor water supply 1120 

b) power and bridge circui t ry 1000A unit 6 

Item: high speed camera 
Type: " Fas tax - film Ansco color type 231 
Rating: 16 mm - 7000 f r ames / sec 
Make: . Wollensak 
Model: W-163269 

Item: high speed camera 
•Type: Dynafax 
Rating: 16 mm - 5000-26, 000 f r ames / sec 
Make: Beckman-Whitley " 



38. I tem: p r e s s c a m e r a 
Type: Linhof 4 " x 5" 
Rating: 1: 8/90 Super-Angulon lens 
Make: Linhof, West Germany 
Model: 77370 

240 

39. I tem: polaroid c a m e r a 
Type: Graphic 4" x 5" posit ive plate or 8 exposure ro l l 
Rating: 3000 speed film, type 47 
Make: Polaro id Land Corporat ion, Cambridge, Mass . 
Model: B 49093 

40. • I tem: spec t rograph 
Type: grating 
Rating: 16 A / m m resolut ion 
Make: Cenco 
Model: Cat. No. 87102 Ser i a l No. 462 

41. I tem: thermopi le 
Type: 2 m m d iamete r sensor 
Rating: 17. ZjA volts//* watt 
Make: Scwartz 

* Model: FT17 

42. I tem: 
Type: 
Rat ing: 

Make: 
Model: 

nanovoltmeter 
Z 
ful l -scale c e n t e r - z e r o ranges of + 0. 1 volt to 
+ 100. 0 mi l l ivol ts D. C; accuracy + 3% at full 
scale on al l r anges 
Ast rodata 
TDA-121 

S 
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î -' 

© 
AfjfT't — correiz 

*/OT£—/*AA/0 FINISH AS SH6WN 
* PLACES ^£-£ r/aAf A A 

Nore- a i r MUST ee '/is'" 
Arret j»ss£-ti£Lr 

riore- Af/mre /A/ / r/eee AS S#OV*W 
cur in a feces wr» msA! correx 

C»urJ_ -•-Koori 

secr/o// B ~ B 

FIGURE 69 SCALE DRAWING OF WATER-COOLED LOCATOR 



A P P E N D I X E 

F E A S I B I L I T Y A N D O P T I M I Z A T I O N S T U D I E S 

ZA& 



An important 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. P r e ­

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 

t ransverse 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 



250 
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 configuration 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 

which connected the anode spot region to the main column was acted 

upon by a non-uniform external, t ransverse magnetic field and con­

sequently was deflected into several water-cooled collimating ring 

sections which were used to channel the arc column upward to the 
i. 

distant 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 

magnetic field will always be present. The cross-flow blowing nozzle 

and associated baffling, on the other hand, may res t r ic t 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 r e q u i r e s m u c h t r i a l 

and e r r o r and imposes the addi t ional r e q u i r e m e n t of a secondary 

blowing s y s t e m , ducting, and e l abo ra t e cooling r e q u i r e m e n t s . The 

difficulties involved did not w a r r a n t a continued effort in th is d i rec t ion . 

A s imple plug type anode e l ec t rode was t r i ed , but a s t rong j e t 

effect was noted toge ther with the c h a r a c t e r i s t i c cusped - shaped a r c . 

These f ac to r s along with the rap id anode m a t e r i a l e r o s i o n (s ince the 

anode spot r e m a i n e d e s sen t i a l ly fixed) e l imina ted th is approach . 

Some p r e l i m i n a r y work was done with hollow, wa te r - coo led , 

copper anodes employing a v a r i e t y of gas inject ion s c h e m e s in hopes 

of inducing the r e q u i r e d anode spot mot ion. The o v e r - a l l r e s u l t s 

w e r e not comple te ly sa t i s f ac to ry . It appea red that the magni tudes 

of flow fields r e q u i r e d to i n su re p r o p e r anode spot mot ion w e r e far 

in exces s of those capable of being supplied with the exist ing e q u i p ­

men t . 

The two r ema in ing a l t e rna t ives w e r e to des ign an anode which 

would u s e the fringing magnet ic field to i t s advantage (i . e. , to help 

move the anode spots r ap id ly over the e l ec t rode surface) or t r y to 

shie ld the anode spot and connecting column reg ion f rom the influence 

of the ex t e rna l magne t i c field. In the f o r m e r ca se , numerous u n s u c ­

cessful a t t e m p t s w e r e made with va r ious anode des igns in an effort 

to p r o m o t e rap id anode spot movement . The m a j o r i t y of t h e s e d e ­

s igns did not provide sufficient anode spot movemen t . This induced 

local mel t ing followed by rap id e l ec t rode fa i lu re . 
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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 t ransverse 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, 0G0 f rames/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-
4 

vestigated. In an attempt to achieve operation 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 res is tor , 
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it was poss ib le to spl i t the anode c u r r e n t up into any d e s i r e d ra t io 

while s t i l l mainta ining adequate movemen t of the a t t achmen t spo t s . 

However , e r r a t i c behavior and some unpred ic tab le column s tabi l i ty 

effects in the anode reg ion w e r e noted which reduced the r e l i ab i l i ty 

a s p e c t s of th is technique. 

A single coi led anode without the influence of the fringing ex ­

t e r n a l t r a n s v e r s e magne t i c field al lowed c u r r e n t leve ls of up to 600 

a m p e r e s to be achieved. This was r educed to approx imate ly 450 

a m p e r e s when the fringing e x t e r n a l magne t i c field effects , combined 

with ae rodynamic and s tabi l i ty a s p e c t s , w e r e p r e s e n t . At c u r r e n t 

l eve l s s l ight ly above th is value, unusual anode behavior r e s u l t e d e. g. , 

the anode spot r eg ion had a s t rong tendency to be d r iven downward 

out of the coiled anode and would r andomly osc i l l a t e in the v e r t i c a l 

p lane . Seve re osc i l l a t ions in no i se level accompan ied ' th i s pecu l i a r 

behav io r . A s tab le , r ep roduc ib le , safe upper l imi t of 400 a m p e r e s 

was , t he re fo re , se lec ted for the c ro s s - f l ow ex t e rna l magne t i c field 

e x p e r i m e n t ba sed on the anode c r i t e r i a . 

The cathode had to be des igned so a s to m e e t the following 

r e q u i r e m e n t s : 

1) a m i n i m u m of e l ec t rode m a t e r i a l e r o s i o n and subsequent 

contaminat ion of the column, 

2) sus ta ined opera t ion throughout the 100-500 a m p e r e r ange , 
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3) s tab le cathode spot a t tachment (pa r t i cu l a r ly under the 

influence of an ex t e rna l t r a n s v e r s e magnet ic field), 

4) m i n i m u m cathode j e t effect. 

Based on the p rev ious e l ec t r i c a r c inves t iga t ions conducted at 

the A e r o s p a c e R e s e a r c h L a b o r a t o r i e s , a hollow, wel l - type cathode 

des ign was se lec ted . The incorpora t ion of a two per cent thor ia ted 

tungsten cathode dic ta ted the exclus ion of oxidizing gases f rom the 

cathode reg ion . Both a rgon or n i t rogen gas w e r e used but exper ience 

showed that bathing the tungsten cathode in a rgon gas r e su l t ed in l e s s 

e r o s i o n and somewhat m o r e s table a r c spot behavior . In addition, 

the t h e r m o d y n a m i c p r o p e r t y data avai lable for the monatomic gas i s 

somewhat s imp le r to i n t e r p r e t . The final des ign r eached was a c o m - ' 

p r o m i s e between one which provided a m i n i m u m cathode je t , s ign i ­

ficant e ros ion , and some ins tab i l i t i e s , and another of a r e l a t i ve ly 

s t rong cathode je t , negligible e ros ion , and r e l a t ive ly s table opera t ion . 

Reducing the cooling wate r flow r a t e to the tungsten cathode e lement 

allowed the cathode tip t e m p e r a t u r e to r i s e , t he reby somewhat 

reducing the c u r r e n t dens i ty while cor responding ly reducing the 

s t r eng th of the j e t . The je t , however , was not significantly reduced 

because of the h a z a r d of loca l melt ing of the cathode tip and con tam­

ination of the column. 

One quest ionable a spec t wor thy of invest igat ion was the s ta t ic 

p r e s s u r e within the cathode chamber . This l inks c lose ly 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 p ressure 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 a rc current level, non-oxidizing gas injection ra te , 

cathode electrode and chamber shape, and locator hole size on the 

static p ressure within the chamber. The resul ts indicated that the 

static p ressure within the chamber remained within + 0. 02 in." water 

of atmospheric p ressure 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. 

F rom 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 was checked 

with high-speed cameras as a function of a rc current and gas injection 

ra te . 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 injection, and tangential 

injection schemes were tr ied in order to promote a cathode spot which 

was well established and stable at the cathode tip and relatively un­

affected by the fringing t ransverse 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 back-flow and flare-out may occur. 

The final diameter of the top locator hole was a resul t of con­

ducting tests with the a rc 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 locator to 

the top locator. The boundary layer effect of the t ransverse flow 

along the underside of the upper locator was also an influencing 

factor, but difficult to eliminate. When high t r ansverse blowing 

velocities and balancing magnetic fields 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 vert ical plane. 

This effect was the p r imary 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

g raph^ 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 a rc spectrum at three equally spaced elevations 

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 inser ts was con­

firmed. A i e w strong lines of Helium were also detected and a t t r i ­

buted to impurities within the Argon bottle source. 

The most predominant secondary effect 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 

color photographs (7000 frames/sec) to be taken of 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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representat ive 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 l i terature 

( 17) for a one atmosphere argon arc in the range of 300 amperes and 

4 2 

burning on a thoriated tungsten cathode is approximately 10 amps /cm . 

The current density in the present investigation was calculated to be 

2. 632 x 10 amps /cm . Using this value together with the derived 

Maecker equations (Figure 7) yielded a maximum axial velocity of 

247 m / s e c in the cathode region. Maecker calculated a maximum 

axial velocity of 350 m / s e c for a 200 ampere arc burning on a carbon 

cathode in atmospheric a i r . One would expect this velocity to de­

crease quite rapidly in the axial direction because of frictional d i ss i ­

pation to the neighboring volume elements. "Wienecke (65) experi­

mentally measured the. axial velocity along the a r c ' s centerline and 

along the a r c ' s boundary. A pulsed technique was used to determine 

the inner core velocity, 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 r e -

ignition, a high-speed camera was synchronized to photograph the 

propagation of the luminous core. The " enow-plow" effect which 



2£1 

occurs during re-ignition when the hot plasma travels into the re la t ­

ively cold gas may have caused some e r ror in the jet velocity m e a s ­

urements. Therefore, the results photographed may show too great 

an axial drop in velocity. If Wienecke's data are extrapolated, a 

maximum axial velocity of 340 m/sec is obtained. The velocity de­

termination from the ground carbon part icles injected into the outer 

boundary a re also subject to some e r ro r . A mean velocity of approxi­

mately 20 m/sec was measured using the carbon particle t r aces . 

• This velocity was only applicable outside the arc core. For similar 

conditions, Rohloff (66) computed a mean velocity of approximately 

40 m / s e c 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 resul t 

of high-speed photographs taken of the 300 ampere argon arc in a 

pulsed mode, the average axial velocity was approximately 30 m / s e c 

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 t ransverse magnetic field, (no 

t ransverse blowing). By first operating the arc with reduced argon 

mass flow and then applying the external t ransverse magnetic field, 



262 

a pronounced a r c c u r v a t u r e r e su l t ed . The a rgon injection r a t e was 

then i n c r e a s e d until the a r c was brought back to the v e r t i c a l pos i t ion . 

Using the expe r imen ta l data obtained together with the equation of 

mot ion allowed a rough e s t i m a t e to be made of the m e a n axial ve loci ty . 

The value ca lcula ted was 160 m / s e c . Unfortunately, no informat ion 

could be obtained on the ax ia l veloci ty g rad ien t . F o r the p a r t i c u l a r 

t e s t range invest igated, the outer boundary axia l veloci ty was e s t i ­

m a t e d to be approx ima te ly 10 m / s c c . 

'A fur ther expe r imen ta l indicat ion that a s t rong axial veloci ty 

g rad ien t ex is ted within the co re was the ex is tence of a re la t ive ly 

br igh t luminous cone with i t s apex approximate ly 1/2 in. below the 

mid -e l eva t ion between the l o c a t o r s . 

Other secondary effects p r e s e n t w e r e : 

1) The th i rd d imens iona l flow due to secondary cool a i r 

en t ra inment f rom below and downs t r eam of the bot tom loca to r . 

2) The superpos i t ionment of the self- and ex t e rna l magne t ic 

fields (both of the s a m e o r d e r of magni tude) . 
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