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ABSTRACT

This report presents the design, construction , and evaluation o f 

a vortex  stabilized  arc plasm a generation facility  operating on argon.

The facility  con sisted  o f five basic system s; the plasm a genera - 

tor, the e le c tr ica l power system , the argon flow  system , the cooling 

system , and instrum entation.

The fa cility  was designed to m eet four general requ irem ents; 

stable a rc  operation , low  e lectrod e  deterioration , low cost  of con - 

struction , and provisions fo r  determ ination o f the operating character 

is t ics  and therm al properties o f  the plasm a.

E xperim ental results obtained in the laboratory  agreed  w ell with 

the design conditions. The rate of energy d issipated  in the e le ctr ic  

arc varied  from  7. 8 to 17. 3 kilowatts. The calcu lated  stagnation 

tem perature of the plasm a varied  from  9, 000 to 16, 000 degrees 

Rankine, with correspon din g  enthalpies o f 1 ,110 to 2 ,120  Btu per 

pound. Flow  rates from  5. 61 to 25. 30 pounds per hour w ere used.
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INTRODUCTION

B y passing a gas through a reg ion  containing an e le ctr ic  a rc , the 

gas m ay be heated to very  high tem peratures. The value o f using an 

e le ctr ic  a rc  to heat a gas lies  principally  in laboratory  sim ulation of 

therm ally severe  conditions. The added advantage o f  an arc plasm a 

generator is its ability to produce these high enthalpy or high tem p er­

ature conditions fo r  extended periods o f tim e.

The w ord plasm a as defined by Thom pson (1) s tr ictly  denotes an 

e le ctr ica lly  neutral gas containing a high concentration  o f  e lectron s 

and heavy ions. In m ost a rc plasm a gen erators, the tem perature of 

the em erging gas stream  is not su fficiently  high to produce an appre­

ciable amount of ion ization . In this sense, the term  plasm a gen era ­

tor when applied to such units is a m isnom er, but reg a rd less , it is 

the com m on term in ology .

In this paper, the term  "a rc  plasm a gen era tor" w ill be used to 

d escribe  all d ev ices  which use an e le ctr ic  a rc to  heat gases and the 

term  "p lasm a" w ill be used to re fe r  to the stream  o f heated gases p ro ­

duced.

V arious types of a rc  plasm a generators exist, d iffering in such 

ch a ra cter is tics  as the e lectrode  m ateria ls, e le ctrod e  s ize  and shape, 

and the m ethod o f stabilizing the e le ctr ic  a rc . The configuration of 

the generator is generally  a function o f the application fo r  which it 

was produced.
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The p ro ce ss  o f using an e le ctr ic  a rc to heat gases has many ap­

plications. They include chem ica l synthesis, re fra cto ry  p ro ce sse s , 

re -en try  sim ulation, high tem perature research , and space propul­

sion. It is  apparent that a plasm a generator used for cutting r e fr a c ­

tory m ateria ls , which would require high tem perature focu sed  on a 

relatively  sm all area , would not n ecessarily  be the proper con figu ra ­

tion for  a plasm a generator to be used for space propulsion with the 

d esired  resu lt of m axim um  thrust.

The p rocess  o f generating p lasm a in a vortex  stabilized  type p las­

ma generator involves the interrelationship  of many therm odynam ic, 

fluid m echanic, e le ctr ica l, energy transfer, m icro s co p ic , and m a cro ­

scop ic quantities. Among these various quantities are the independ­

ent variab les, such as, the e lectrode  spacing, the e lectrod e  m aterials, 

the power supply ch a ra cter is tics , the gas to be heated, and the flow  

rate o f the gas. The dependent quantities include the arc voltage and 

current, and the properties of the plasm a.

A stable arc is  the prim ary requirem ent which m ust be satisfied  

to establish  qu asi-steady-state  conditions of operation . If the m ove­

ment of the arc is dictated only by its own ch a ra cter is tics , a random 

m otion o f  the arc would result and the p roperties o f the plasm a gener­

ated would fluctuate erra tica lly . T herefore , a means must be provided 

to establish  regular m otion of the a rc .

Other requirem ents which m ust be satisfied  for  stable operation 

include a constant flow  rate of the gas to be heated and the proper c o o l­
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ing o f the e lectrod es . In addition, a D. C. power supply with a cco m ­

panying ballast resistan ce  for  a drooping voltage versus current r e ­

lationship m ust be provided.

It is evident from  the large number of variab le quantities involved 

in the generation p ro ce ss  that determ ination of the interrelationship  of 

a ll variab les would be a lengthy resea rch  task. T h ere fore , the r e ­

search  reported  herein  was d irected  toward obtaining an understanding 

o f  the general, o v e r -a ll relationship of the variable quantities rather 

than focusing attention on the individual phenomena which are involved 

in the total p ro cess .
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In the early 1900’ s, Birkeland and Eyde (2) developed an industrial 

p rocess  fo r  the synthesis of n itric oxide from  a ir using an e le ctr ic  a rc. 

In 1910, M athers (3) patented a unit designed fo r  heating high tem p er­

ature furnaces by the use o f an e le c tr ic  a rc  heated gas. Numerous 

subsequent patents d escribe  arc devices for  cutting, welding, and 

spraying o f re fra ctory  m ateria ls. John and Bade (4) lis ts  a number 

of patents pertaining to generator configurations and a sizable list of 

papers concerning applications o f  a rc plasm a generators.

Since 1955, the urgent need for fa cilities  capable o f evaluating 

ablative m aterials under sim ulated re -en try  conditions has caused the 

rapid developm ent o f a rc  plasm a generation technology. B ecause of 

the extrem e com petition  existing in this fie ld , in form ation  with regard 

to engineering design or  perform ance ch a racteristics  ra re ly  appears 

in technical journa ls. D escriptions o f existing equipment are gen er­

ally found only in patents.

In the developm ent stage of the plasm a generator fo r  re -en try  

sim ulation, it becam e apparent that the device  was a lso  attractive as 

a low  thrust space engine. Considerable investigation along this line 

is presently being perform ed  in anticipation o f  future dem ands. Infor­

m ation resu lting from  this w ork  is  a lso  highly guarded.

REVIEW  O F LITE R A TU R E
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EQUIPMENT DESIGN

The fa cility  was designed to m eet four general requ irem ents; 

stable arc operation, low  electrode  deterioration , low  cost o f con ­

struction, and prov isions fo r  determ ination of the p lasm a generator 

operating ch a ra cter is tics  and therm al properties o f the plasm a.

The b a s ic  system s of the plasm a generation facility  w ere the gen­

erator, the power supply and external e le ctr ic  c ir cu it , the gas supply 

system , the e lectrod e  coolin g  system , and instrum entation.

A d iscu ssion  o f each o f these system s and its re la tion  to sa tis ­

fa ctory  o v e r -a ll  operation o f the facility  fo llow s.

V ortex  Stabilized P lasm a Generator -  F ig. 1 is a scale drawing 

o f the plasm a generator. The outer casing was m ade of 6 inch steel 

pipe. The disks on either end of the outer casing w ere made o f 0. 375 

inch steel plate. The cathode was made o f 1 inch d iam eter thoriated 

tungsten p ress  fit into 1 inch outside diam eter cop per tubing. A sm all 

water jacket made o f steel surrounds a portion o f the cathode. T ran s- 

ite was used to e le ctr ica lly  insulate the cathode fro m  the rest o f the 

generator. The anode nozzle  was made o f copper with a 0. 125 inch 

wall th ickness. The w ater jacket surrounding the nozzle  was m ade of 

4 inch steel pipe, 0. 375 inch steel plate and 0. 25 inch steel plate. The 

vortex  generator was constructed  o f 4 inch steel p ipe.

The o v e r -a ll  length o f the plasm a generator, including the 9 inch 

copper tubing extension o f the cathode, was 18 in ch es. This extension
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was incorporated to facilitate electrica l connection to the cathode, 

water inlet to the cathode cooling jacket, and positioning of the cathode. 

At the end of the cathode extension was the cathode adjustment and lo ck ­

ing mechanism.

Figure 2

Service Connections to Plasma Generator

Fig. 2 is a photograph of the generator displaying the service 

connections. E lectrica l connections were made to the copper tubing 

cathode extension and to the outside of the generator proper. Eight 

water tubes w ere connected to the nozzle cooling water jacket. Water 

connections for  the cathode cooling jacket were made on the copper 

tubing cathode extension and the rear of the cathode water jacket. The
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argon was introduced into the generator at two positions. One of these 

positions may be seen in Fig. 2 just to the le ft of one o f the water lines 

to the nozzle w ater jacket.

Stable operation of the a rc  plasm a generator was a basic requ ire ­

ment of this w ork. This required  a stable a rc  between the copper n oz­

zle anode and the tungsten cathode. Two such arcs may exist; one 

which rem ains relatively  still or one which m oves in a regular pat­

tern  at a constant speed. Since a still arc would resu lt in eventual 

destruction of the copper nozzle, due to e le ctr ica l heating in a sm all 

area, the m oving arc was selected . The problem  of obtaining constant 

m otion o f the a rc  was solved  by the incorporation  o f the vortex  gener­

ator shown in Fig. 1. Slots 1 inch long and 0. 063 inch wide w ere cut 

in a section  o f 4 inch pipe tangent to the inside surface o f the pipe.

As the gas entered the cham ber through these slots, it was forced  to 

travel in a d irection  tangent to the inside surface, thus creating a v o r ­

tex around the tungsten cathode. The interaction of this vortex  and 

the arc kept the a rc  in constant m otion.

A stable m oving a rc  a lso  prevented deterioration  of the e lectrode . 

By causing the a rc  to m ove, loca lized  heating due to the arc attach­

ment on the copper nozzle was held to  a m inim um .

Fig. 3 shows the plasm a generator operating on argon. In the 

photograph a tungsten welding rod  inserted  in the plasm a stream  was 

heated to a tem perature above its m elting point (greater than 6, 000

degrees Fahrenheit).
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Figure 3

Plasm a Generator Operating on Argon

E lectrica l System - The required e lectrica l energy is  provided 

by the General E lectric m otor-generator set in the M echanical Engin­

eering Laboratory. This unit is capable of supplying up to 320 am ­

peres at a constant d irect current voltage of 250 volts. D irect cu r­

rent was used to increase the stability of the system . Alternating 

current would have produced a constantly changing a rc which may have 

made stable operation difficult.

Had this constant voltage power supply been connected d irectly  

across  the anode and cathode of the generator, a slight change in the 

resistance of the arc would have caused a large change in the current 

flowing in the circu it. To avoid this problem  o f instability, the c i r ­

cuit used was that in Fig. 4. The incorporation of the ballast res is t-
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ance in the circu it causes the arc voltage versus arc current re la tion ­

ship to have a negative slope. If it is assum ed that the change in the 

value o f the ballast resistan ce  due to e le ctr ica l heating during op era ­

tion is  negligible, the voltage versus current relationship w ill also be 

lin ear. The total effect of the ballast resistan ce  was to provide a 

"droop in g" load line.

Ballast
R esistance Am m eter

6 +

M otor-G en erator 
Pow er Supply- V oltm eter

C ircuit
Breaker

—cTNo---

Plasm a
Generator

Figure 4

Schem atic D iagram  of E lectr ica l C ircuit

As the magnitude o f the ballast resistan ce  is in creased , the slope 

of the drooping load line becom es m ore negative and a change in arc 

resistan ce  has even less  e ffect on the power operating ch a racteristics  

of the plasm a generator.

The ballast resistan ce used was the resistan ce  bank existing in 

the laboratory  norm ally used to dissipate e le ctr ica l energy generated
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by one o f the dynam om eters. The resistan ce  bank con sisted  o f cast 

iron  bars arranged in a parallel c ircu it. The value o f resistan ce  may 

be varied  from  0. 0 to 1.1 ohm s.

R eferring  again to the general conditions to be satisfied  by the 

plasm a generation facility , the stability o f the fa cility  was greatly en ­

hanced by restr ic tin g  the pow er ch a ra cteristics  o f the generator to a 

drooping load line.

Gas Supply System  - Fig. 5 is  a schem atic drawing o f the gas 

flow  system . The argon was stored  in bottles and the p ressu re  up­

stream  of the throttle valve was regulated by use o f a p ressu re  reg u ­

lator connected  d irectly  to the argon bottle. The o r ific e  type flow  

m eter used to m easure the flow  rate o f argon to the generator was 

constructed  and calibrated . The argon was introduced in the plasm a 

generator at two loca tion s. This was done to  aid in the creation  o f 

the vortex . A section  o f  rubber hose was used between the generator 

and the tubing transporting the argon to the plasm a generator to e le c ­

tr ica lly  iso la te  the gas flow  system .

The stability of the plasma generator was affected by the stabil­

ity of the argon flow rate. At a steady flow rate of argon, the vortex 

created was steady and the arc movement was stabilized. Also, the 

length of the arc was affected by the magnitude of the argon flow rate. 

At conditions of unsteady argon flow, the arc would tend to fluctuate 

and produce changing plasma. With steady argon flow, the arc length 

was maintained relatively constant.
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Argon
Storage
Bottle

P ressu re
Regulator Throttle

P ressu re
Gauge

Figure 5

Schem atic Diagram  of Gas Flow  System

E lectrode deterioration  was largely  prevented by the use o f argon, 

an inert gas. Had a gas which would react with tungsten, such as air, 

been used, the tungsten e lectrod e  would have been eroded  at an unac­

ceptable rate. The plasm a stream  produced by the generator would 

a lso  have been contam inated by tungsten oxides and other compounds 

form ed.

Cooling System  - W ater was used to co o l both the copper anode 

(the nozzle) and the tungsten cathode. F ig. 6 shows the coolin g  flow
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system  used. W ater was brought into the nozzle cooling  jacket by four 

copper tubes and taken out by four other tubes. M anifolds w ere  used 

at both inlet and outlet. The cathode cooling  system  was much the 

sam e as the nozzle cooling system , with the exception  that the water 

was brought into the cathode cooling jack et through the copper tubing 

extension o f the cathode and out four sm all d iam eter tubes in the rear 

of the water jacket. The use of four sm all tubes was dictated by space 

lim itations. Sections o f  rubber hose w ere used to e le ctr ica lly  isolate 

the coolin g  system  from  the plasm a generator.

The coolin g  o f the e le ctrod es , in  particu lar o f the copper nozzle 

anode, greatly  im proves the e lectrode  life . Had no coolin g  been p ro ­

vided to the anode, it would have m elted in a very  short tim e.

Instrum entation - The follow ing instrum entation was provided  to 

a ss is t in the determ ination o f the plasm a generator operating ch a ra c­

te r is tics  and the therm al properties o f the plasm a stream . F ig . 7 is 

a photograph o f the instrum ent panel.

An ammeter and a voltmeter were installed as part of the facility 

for measuring the arc current and voltage. The existing output volt­

meter of the motor=generator set provided the line voltage.

An orifice type flow meter was constructed and calibrated to in­

dicate the flow rate of argon to the plasma generator. The pressure 

upstream of the orifice and the pressure differential across the orifice 

plate were obtained from a Bourdon-tube pressure gauge and a water

manometer, respectively.
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Figure 7

Instrument Panel

Variableareaflow meters were used to measure the flow rates of 

cooling water to the water jackets. The inlet and outlet water temper­

atures were measured using iron-constantan thermocouples in con­

junction with a recording potentiometer.

The orifice type flow meter calibration curve is given in Appendix 

A.

Summary - Stability of the plasma generator was obtained by pro­

ducing a vortex stabilized arc, providing a steady flow rate of argon, 

using a direct current electrical power supply, and restricting the
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arc ch a ra cter is tics  to  a drooping load line.

D eterioration  o f the e lectrod es  was m in im ized  by in corporation  of 

a m oving a rc , argon as the gas to be heated, and water coolin g  o f the 

e lectrod es .

The use o f existing m aterials and equipment w here p oss ib le  low er­

ed the cost o f construction . A rgon  and e le c tr ica l cable w ere  the m a­

jo r  co s t  item s.

Figure 8

Over-all View of Plasma Generation Facility
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EXPERIM EN TAL PROCEDURE AND RESULTS

The plasm a generator was started and operated  by the follow ing 

procedu re . A fter checking all e le ctr ica l, coolin g , and gas supply 

connections, the w ater valve was opened allowing the w ater to flow  

through the coolin g  ja ck ets . Next, the c ircu it  b rea k ers  com pleting 

the e le c tr ica l c ir cu it  w ere closed . At this point, the argon  throttle 

valve was opened to a point allowing a large  flow  rate o f argon to pass 

to the p lasm a generator. Upon establishm ent o f a steady high argon 

flow  rate, the e le c tr ic  a rc  between the tungsten cathode and the co p ­

per nozzle  anode was initiated by inserting a copper w ire  in the n oz­

zle  until it touched both the nozzle  and the cathode. C reation  o f  a 

short c ir cu it  betw een the copper nozzle  and the cathode allow ed a high 

current to flow  in the c ircu it  which im m ediately d estroyed  the copper 

w ire , rep lacing  it with the d esired  e le c tr ic  a rc . The argon flow  rate 

was then d ecrea sed  until stable operation o f the generator was rea ch ­

ed.

To determine the operating characteristics of the facility, the 

effects of the following independent variables were studied; argon flow 

rate, cathode-anode arc gap, and magnitude of the ballast resistance.

At a point of stable operation, the instruments were read after 

allowing sufficient time for the systems to reach steady state condi­

tions. Readings of arc voltage, arc current, pressure upstream from  

and pressure difference across the orifice flow meter, and cathode
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and nozzle cooling water flow rates were taken at each condition.

Table II in Appendix A summarizes the experimental data ob­

tained during operation of the plasma generator.

Eye protection is necessary when observing the plasma stream 

due to the intense ultraviolet radiation emitted. Shade 10 arc weld­

or's filter lenses were used. Precautions were also taken to protect 

the observer's skin from burns caused by the thermal radiation from  

the plasma stream.

Visual observation indicated the following characteristics. At. 

high argon flow rates, the electric arc extended beyond the end of the 

nozzle causing great instability in the plasma generator. At these 

high flow rates, movement of the arc around the outside of the gener­

ator indicated the vortex generator was performing as expected.

At low argon flow rates, the arc was contained in the copper noz­

zle with the exception of an occasional "zap " (extension of the arc 

followed by immediate return to stable operation). With the arc con­

tained in the copper nozzle, operation of the plasma generator was 

stable.

Melting of a tungsten rod when inserted in the plasma stream 

provided the initial estimate of the temperature level (greater than 

6, 000 degrees Fahrenheit).
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DISCUSSION OF RESULTS

The experim ental data w ere analyzed to determ ine the general 

o v e r -a ll in terrelationsh ip  o f the many param eters involved in the op ­

eration  o f  the arc plasm a generator.

Table I gives the range o f the resu lts o f the data and analysis.

TA B LE  I

Range Of P lasm a G enerator P aram eters*

Minimum M axim um  Units

Length Of Run 1 18 minute
E lectrod e  G ap* ** 1. 81 2. 06 inch
A rc  Voltage 42 100 volt
A rc  C urrent 137 196 am pere
A rc  Pow er 7. 8 17. 3 kilowatt
A rgon  Flow  Rate 5 .61 .2 5 .3 lb /h r
C alculated Stagnation Enthalpy 1, 110 2, 120 B tu /lb
Calculated Stagnation T em perature 9, 000 16, 000 °Rankine
G enerator E ffic ien cy 36 68 percent

* All maximum (and minimum) values do not occur together.
**  Distance from nozzle exit to cathode tip.

The stagnation enthalpy of the plasma was calculated by assuming 

that the only energy lost was to the circulating cooling water. There­

fore, the energy dissipated in the electric arc minus the energy added 

to the cooling water was the energy added to the argon stream. The 

stagnation enthalpy was then taken as the sum of the energy added to 

the gas divided by the mass flow rate of argon and the initial enthalpy.

The temperature of the plasma was estimated from the enthalpy- 

temperature relationship as given in Fig. 9. This relationship was
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obtained from  re f. 5.

0 5 10 15O oT em perature - R x 10"J 

F igure 9

Enthalpy of Argon

20 25

The generator e ffic ien cy  is defined as :

G eneral E ffic ien cy  = E.n ergy to A rgon x jqq
Input Energy

_ E le ctr ica l E nergy In - Cooling L o s s e s ^ jqq 
Ele c tr ic a l Energy In
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This e ffic ien cy  rela tes the ability o f the plasm a generator to 

transfer the energy d issipated in the e le c tr ic  a rc  to the argon  flowing 

through the generator.

E lectr ica l C onsiderations - The a rc voltage is in verse ly  p ro ­

portional to the current when using the e le c tr ica l c ir cu it  shown in 

Fig. 4. The sum of the potentials around the c ircu it  is equal to zero . 

Thus

where Vm g = m otor generator output voltage, volts

I = current, am peres

Rk = ballast resistan ce , ohms

V a = a rc voltage, v o lts .

Rearranging the above equation,

V a = Vmg - IRb .

A ssum ing the magnitudes of the ballast resista n ce  and the value 

o f the a r c  resista n ce  are constant during a p eriod  o f stable operation , 

the arc v o lta g e -a rc  current relationship is  seen  to be lin ear. The 

intercepts o f  the relationship on a voltage versu s current plot may be 

found by considering  short c ircu it  and open c ircu it  conditions at the 

anode-cathode gap.

With an open c ircu it , no current would flow  in  the c ircu it and

V = V T a v m g .

The potential generated by the m otor-gen era tor  set would exist
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a cross  the anode-cathode gap. For a short c ircu it a cross  the anode- 

cathode gap, the potential drop a cross  the gap would be zero  or,

_ Vm g
Rb *

F ig. 10 shows a typical drooping load line for  the plasm a gener­

ator. Since a constant potential is obtained from  the m otor-gen erator 

set, the slope o f the drooping load line is a function of the magnitude 

o f the ballast resistan ce .

Figure 10

Theoretical Load Line

Fig. 11 shows the experimental data taken during operation of the 

plasma generator. The data was taken with the motor-generator set 

potential at 250 volts. The solid lines on Fig. 10 are the theoretical 

load lines on which the plasma generator would be expected to oper­

ate with the motor-generator set potential at 250 volts and for ballast
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resistan ces of 1. 1 ohm s and 0 .9  ohm s. As can be seen fro m  the 

figu re , the experim ental data agree very  w ell with the th eoretica l 

load  lin es. The deviations are probably due to over-com p en sa tion  

fo r  load changes by the m otor-gen era tor  set.

Figure 11

Arc Voltage versus Arc Current

Argon Mass Flow Considerations -  Theoretically, as the mass 

flow rate of argon is increased, the length of the anode-cathode arc 

is increased* An increase in the length of the arc would cause the
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arc to have a greater resistance, thereby increasing the electrical 

energy dissipated in the arc.

Fig. 12 shows the experimental data of arc energy versus the 

argon mass flow rate. The trend of the data is to higher arc ener­

gies at higher argon mass flow rates. The curve levels off as the 

length of arc reaches that of the nozzle. When the arc is long enough 

to reach the exhaust end of the nozzle, an increase in argon flow rate 

can have no further effect on the length of the arc.

Arc
Energy
-kw

Argon Flow Rate-lb/hr

Figure 12

Arc Energy versus Argon Flow Rate

The theoretical effect of decreasing the magnitude of the ballast 

resistance in the circuit is to increase the energy dissipated in the
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anode-cathode arc. This is borne out by the experimental data in 

Fig. 12.

Fig. 13 illustrates the experimental relationship between the 

argon flow rate and the generator efficiency. The generator efficien­

cy is observed to increase with an increase in argon flow rate. This 

is because of the greater amount of argon subjected to the electric 

arc at the higher argon flow rates. To heat a large quantity of mass 

to a low temperature is easier than attempting to heat a small amount 

of mass to a temperature approaching that of the heating element. 

Also, at high mass flow rates, the arc length is greater and provides 

more area for energy transfer.

0 5 10 15 20 25 30 35 40
Argon Flow Rate-lb/hr

Figure 13

Generator Efficiency versus Argon Flow Rate
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The calculated stagnation enthalpy of the generated plasma is 

shown as a function of the argon flow rate in Fig. 14. Although con­

siderable scatter exists in the data, a trend to higher enthalpies at 

lower argon flow rates may be detected. This is as expected, since 

at low flow rates each molecule of argon remains in the arc region for 

a longer period of time than at high flow rates, and consequently ac­

quires more energy. For argon, enthalpies of 1, 110 to 2, 120 Btu/lb  

correspond to temperatures of 9, 000 to 16, 000 degrees Rankine, re ­

spectively.

Enthalpy
-Btu/lb

2500

2000

1500

1000

500

0
0 5 10 15 20 25 30 35 40

Argon Flow Rate-lb/hr

Figure 14

Calculated Stagnation Enthalpy versus Argon Flow Rate
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The sca tter o f the data in F ig. 12, F ig. 13, and F ig . 14 is  p ro b ­

ably due to  in accu racy  o f the argon flow  rates and water tem perature 

therm ocouple readings. At low  flow  rates, it was d ifficu lt to observe  

changes in  the flow  rate on the instrum ents. The therm ocouple re a d ­

ings w ere a ffected  by stray e le c tr ica l signals.

Incorporating external ballast res ista n ce  in the e le c tr ic a l c ir cu it  

re s tr ic te d  the arc ch a ra cte r is tics  to a drooping load lin e . B ecause 

of over com pensation  by the m otor -gen era tor  pow er supply, the actual 

experim ental load line was higher than the th eoretica l load  line. How­

ever, the experim ental load  line had the sam e slope as the th eoretica l 

load  line.

As the magnitude o f the ballast resista n ce  was d ecrea sed , the 

plasm a generator becam e m ore  unstable, indicating the point o f op ­

eration  w as le s s  w ell defined. B ecause a d ecrea se  in ba llast r e s is t ­

ance prov ided  a load  line with a le ss  negative s lop e , a slight change 

in the argon  flow  rate produced  greater changes in the a rc  ch a ra c te r ­

is t ic s . Thus, the d ecrea se  in ba llast resista n ce  d id  cause som e in­

stability o f the p lasm a generator.

V ariation  o f the argon  flow  rate caused  the follow ing changes in 

the operating ch a rc te r is t ics  o f the p lasm a generator. A s the flow  

rate of argon  was in crea sed  the a rc voltage in crea sed  and the a r c  c u r ­

rent d ecrea sed  with an o v e r -a l l  e ffect o f a d ecrea se  in a rc  pow er.

The generator e ffic ien cy  d ecrea sed  as the argon  flow  rate d ecrea sed . 

At high argon  flow  ra tes, the system  was unstable due to a rc  blow out.
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At extrem ely  low  m ass flow  ra tes , the system  was unstable due to 

vortex  breakdown.

The e ffect of variation  o f the anode-cathode a rc gap on the o p e r ­

ating ch a ra cte r is tics  cannot be d iscern ed  from  the experim ental data 

obtained. T h eoretica lly , an in crea se  in a rc gap should cause an in ­

cre a se  in a rc res is ta n ce  and consequently h igher arc pow er. Higher 

a rc pow er should produce h igher generator e ffic ie n cy  and h igher p la s ­

ma stagnation enthalpy.
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CONCLUSIONS AND RECOMMENDATIONS

S atisfactory  p erform a n ce  was obtained from  the v ortex  stab ilized  

a rc  p lasm a gen erator studied while operating on argon . Stable o p e r ­

ation was obtained, producing plasm a with a range o f th erm al p ro p e r ­

t ie s . E lectrod e  d e ter iora tion  was held to a m inim um .

H ow ever, it is  fe lt that better understanding o f the p lasm a g e n e r ­

ation param eters cou ld  be obtained by an im proved  con figu ration  o f 

p lasm a gen erator and refin em en t o f the accom panying instrum entation . 

A lso , if stable so u rce s  o f e le c tr ic a l pow er and coo lin g  w ater cou ld  be 

obtained, it is  b e lieved  the rep rod u cib ility  o f the system  operation  

would be in crea sed .

The instrum entation  should be re fin ed , i f  m ore  a ccu ra te  resu lts 

are  to be obtained. In p articu lar, the th erm ocou p les used  to indicate 

the tem peratures o f the coo lin g  w ater should be sh ielded  to prevent 

data scatter by stray e le c tr ic a l signals. A lso , the a rgon  flow  m eter 

should be im proved  by rep lacem ent o f the existing o r i f ic e  plate with 

one capable o f  indicating low  flow  rates m ore  a ccu ra te ly .

Appendix B contains a d escrip tion  o f a v o rtex  stab ilized  plasm a 

generator con figu ration  recom m en d ed  to produ ce m o re  stable op e ra ­

tion  over a w ider range o f operating cond itions. B a s ica lly , the design  

ca lls  for  a long reg ion  fo r  a rc  containm ent fo llow ed  by a converging

nozzle .
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APPENDIX A

Fig. 13 is the calibration curve for the orifice flow meter con 

structed.

50

40

30
Argon
Flow
Rate
-lb /h r

10

0
0 5 10 15 20

(Pressure x Pressure Difference) 1 /2  -  (psia x  in of H 2 0 ) l /2

Figure 13

Orifice Flow Meter Calibration Curve
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A PPE N D IX  B

F ig . 16 is a rep resen ta tion  o f the p lasm a gen era tor  co n fig u ra ­

tion  recom m en d ed  to p rodu ce  stable gen eration  o v e r  a w id er range 

o f  operatin g  con d ition s . It is  fe lt  by a llow ing  a la rg e  re g io n  fo r  a r c  

containm ent, the length o f a r c  w ould depend on the a rgon  flow  rate 

m o re  than on the length o f the n ozz le . The con v erg in g  n o zz le  w ould 

se rv e  to con cen tra te  the p lasm a generated  and a s s is t  in containing 

the a r c . By d esign ing  the v o r te x  gen era tor o f  the sam e d iam eter 

as the a rc  containm ent reg ion , perhaps a stea d ier  v o r te x  flow  w ould 

be p rodu ced .

The p rob lem s  a sso c ia te d  with this d esign  include co o lin g  o f the 

long a rc  containm ent reg ion , in itiating the a r c , and m aintaining a r c  

m ovem en t at low  a rg on  flow  ra tes .

F igu re  16

Im p roved  P la sm a  G en erator C on figuration
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