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INVESTIGATION O F  A PLASMA ACCELERATOR WITH 

MAGNETIC FIELD ARRANGED TO PRODUCE 

A DIVERGENT-NOZZLE EFFECT 

By Joseph D. Brooks and William D. Beasley 
Langley Research Center 

SUMMARY 

The results of an experimental investigation of a plasma accelerator are presented 
at static pressures  f rom 0.765 mm Hg to 2.60 mm Hg. The continuous-flow device uses  
a dc a r c  to provide the plasma and a dc magnetic field that is shaped to provide both the 
constriction of the plasma and the pressure gradient that produces the flow. 

Pressure  measurements showed that within a certain range of parameters a super- 
sonic flow was obtained. With an increase in magnetic field strength and a r c  current the 
Mach number increased, and with an increase in pressure the Mach number decreased. 
The maximum pressure ratio obtained was 40. 

INTRODUCTION 

The possibility of using a magnetic field to constrict a plasma flow in such a manner 
as to produce an effect similar to  that of a physical nozzle has been the subject of several  
investigations. Such a device would have the advantage 
of providing a high-temperature flow with neither loss  of material from the walls (ref. 3) 
nor significant loss  of energy to the walls. On the other hand, the conventional "magnetic 
nozzle" concept with the plasma generator separated from the magnetic nozzle incurs the 
serious problem of losses  of energy, ionization, and wall material in the region between 
the plasma-producing discharge and the magnetic field. 

(See, for  instance, refs. 1 and 2.) 

The system described in this paper represents an attempt to overcome this problem 
by combining the expansion region of a magnetic-nozzle field configuration with plasma 
production and acceleration means. The feasibility of such a system was suggested by 
the experiments reported in reference 4, which indicated that a magnetic field parallel to 
the axis of an arc could maintain a pressure differential of 7 5  mm Hg between the pressure 
in the arc and the ambient pressure in the chamber. 
supply the nozzle pressure ratio, not by the superimposed longitudinal pressure gradient 
of a physical nozzle, but by compression of the arc plasma by the magnetic field. The 
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resulting design bears a resemblance to plasma accelerators having axisymmetric geome- 
t ry  and termed variously "Hall current accelerators," "magnetoplasmadynamic arcs," 
and so  forth, in the literature (ref. 4). 

However, there  is a significant design difference. Whereas most of the axisymmet- 
r i c  geometry devices studied heretofore have endeavored to produce strong magnetohydro- 
dynamic acceleration effects by incorporating as a design feature a relative positioning of 
electrodes and magnetic field coil that will force the current to flow through the gas 
across  the field lines, the present system is designed to permit a free-current flow 
through the gas along the field lines. 

SYMBOLS 

B magnetic flux density, gauss 

BO magnetic flux density at geometrical center of coil, gauss 

I current in a rc ,  amperes 

j currerlt density, amperes per square centimeter 

L half-length of coil, 2.38 centimeters 

P static pressure measured at wall, millimeters of mercury 

pitot pressure,  measured at the center line of the flow, millimeters of Pt 
mercury 

r ,z  radial and longitudinal distances from geometrical center of coil, centimeters 

Subscripts : 

r,@,z radial, azimuthal, and longitudinal components, respectively 

GENERAL DESIGN CONSIDERATIONS 

As noted in the introduction, many magnetohydrodynamic devices employing an axi- 
symmetric electrode-field arrangement have been investigated (ref. 4) under the designa- 
tion MPD a rc  o r  coaxial Hall current accelerator. 
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However, the design of the system described herein w a s  inspired by the work 
reported in reference 5. There, it was demonstrated that when a helium a r c  was main- 
tained in a nearly homogeneous magnetic field of about 23 kilogauss, the pressure within 
the a r c  was approximately 80 mm Hg, while the ambient chamber pressure was only 6 mm 
Hg. In view of this result, the present investigation was based on the following considera- 
tions: I3 a strong magnetic field were applied near one end (the cathode end) of the a r c  
but decreased sharply along the length of the arc ,  then there would be a longitudinal easing 
of the magnetic constriction and consequently a longitudinal gas-pressure gradient would 
be produced in the arc.  This pressure gradient would result in a plasma flow expanding 
out along the diverging magnetic field lines. 

As the charged particles were ejected from the a r c  in this manner, the plasma 
would be replenished by the diffusion of neutral particles into the a rc ,  where they would 
become ionized and t%rappedTt in the magnetic field. Thus, the mechanism would be 
somewhat similar to that occurring in the cathode jet resulting from the self-magnetic 
field constriction of an a r c  characterized by a high current density in the region of a 
cathode spot (ref. 6 and p. 38 of ref. 7), except that in this case the magnetic field would 
be imposed on the a r c  plasma and applied longitudinally rather than circumferentially. 

The possibility of a kind of supersonic nozzle mechanism exists as a result of the 
expansion of the a r c  plasma along the strongly diverging field lines, together with the 
pressure differential produced by the magnetic constriction. It is of interest to consider 
the possible contributions of other accelerating mechanisms to the operation of such a 
device. Some of these possibilities a r e  described in reference 4 .  

As mentioned, a constriction of the plasma can result from the pinch pressure 
exerted by its own magnetic field on the a rc .  This effect is considered to be slight jzBe 

in the present investigation because of the absence of the extremely high current density 
required. Such current densities may occur even at moderate currents in the presence 
of a cathode spot, but in the present device, emission occurred over a considerable a rea  
in the region of the cathode tip. 
small  value of Bo. However, at the lower pressures where small  forces can be effective, 
such mechanisms may not be entirely negligible. 

Similarly, the axial force jrBe is slight because of the 

The possibility of a significant contribution by the force jeBr resulting from the 
interaction of the azimuthal current with the radial magnetic field component is reduced 
since, with this configuration, it is possible for the current to  follow the magnetic field 
lines from cathode to anode without crossing the magnetic field lines. Thus, the azimuthal 
currents a r e  reduced significantly since they a r e  caused by the current component that 
crosses  the magnetic field lines. A further consideration is the difficulty in forcing the 
current to  cross  magnetic field lines in j XB accelerators and Hall current accelerators 
that rely on such action for  the production of the accelerating force. A constant current 
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arc, which naturally operates in a configuration requiring minimum voltage, has a strong 
tendency to  bow out downstream when forced to c ross  magnetic field lines so that the 
radial current flows in  a region of lesser magnetic field strength. However, in a system 
designed to  permit unimpeded current flow between the electrodes, it appears unlikely 
that the a r c  would choose a configuration that would involve crossing of field lines with 
the resultant azimuthal current effects. 

Another force operative in many plasma devices is that due to  a superimposed gas- 
pressure gradient. This complication was eliminated in the present investigation, which 
utilized a closed-circuit duct so that the accelerating action actually resulted in a pumping 
of the gas around the circuit. 

A final effect that exists in some plasma accelerators is the centrifugal force that 
occurs when the plasma rotates under the action of the jrBz force. A device in which 
this mechanism occurred has been tested and the results are reported in reference 8. 
However, the Mach number, indicated by the ratio of pitot-pressure measurements to  
static-pressure measurement, decreased as the power was increased, whereas in the 
present mechanism the Mach number increased when the power increased. This phenom- 
enon of plasma rotation also occurs in a Hall current device as a kind of discontinuity in 
the operation of the device when the pressure is raised and an anode spot is formed so  
that the a r c  forms a discrete column. This effect was observed in the present device 
when the anode was moved upstream so  that j r  and Bz were increased in the anode 
region and the current was forced to cross the field lines. The formation of an anode 
spot inevitably resulted in serious sudden damage to  the anode, similar to the electrode 
failure described in reference 9, and consequently no measurements were made under 
these conditions. 

APPARATUS ANDPROCEDURE 

Vacuum Chamber 

A closed-circuit duct was used in order  to study the flow produced by the interaction 
of plasma and magnetic field without the complication of a superimposed gas-pressure 
gradient. A schematic drawing of the system is shown in figure 1 and a photograph of the 
system is shown in figure 2. For convenience in making connections to the vacuum sys- 
tem, nonmagnetic stainless-steel tubing was used on each end of the duct system and glass 
pipe was used for the return ducting. At the magnetic-nozzle location, quartz tubing was 
used. In order to obtain a strong magnetic field with a minimum of power, the diameter 
of the quartz tubing was  reduced to 4.4 cm to pass through the magnet coil. Downstream 
of the magnet coil, a short section of boron nitride was used to connect the 4.4-cm tube 
to a 10-cm tube. 
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The tubes for  the gas inlet and the vacuum pump were located in the return duct of 
the system so that no flow would be produced through the system prior to  starting. 

Plasma Accelerator 

A schematic diagram of the magnetically confined arc configuration is shown in fig- 
u r e  3. It consisted of a cathode located on the center line of the 4.4-cm quartz tube near 
the upstream end of the magnet coil. The anode was located downstream of the magnet 
coil and had a toroidal shape. A photograph of the expansion region with the accelerator 
in operation is shown in figure 4. 

The power required for  the direct-current a r c  was obtained from three a r c  welders 
connected in series.  The open-circuit voltage of each a r c  welder was 105 volts, giving a 
total open-circuit voltage of 315 volts. When the a r c  started, the voltage decreased to the 
value required by the current setting, so that no ballast res is tors  were required to stabi- 
lize the arc .  The maximum power available from the three a r c  welders was approxi- 
mately 50 kilowatts. 

When the open-circuit voltage was inadequate to start the arc ,  a spark discharge 
from the cathode to the anode w a s  used. The electrical circuit is shown in figure 5. 
This circuit is similar to the circuit described in reference 10, except that a hydrogen 
thyratron tube (6279/5C22) was  used instead of the double-pole, double-throw switch. 

The cathode was a thoriated tungsten rod with a pointed tip. The base of the cathode 
was water cooled, as shown in figure 1, with a water supply at a pressure of approximately 
200 newtons/cma (300 psi). The toroidal-shaped anode was a casting composed of 90 per- 
cent silver and 10 percent copper (coin silver). 
approximately 1.59 mm. The anode tubing had a rectangular c ross  section, as shown in 
figure 3, and was also water cooled by the high-pressure water supply. 

The wall  thickness of the anode was 

The magnet coil, shown in figure 3, consisted of 32 copper disks cut radially. Each 
disk was silver soldered to the preceding disk to form a helical solenoid. The coil was  
enclosed by a water jacket. This coil design offers an easy method of varying the radial 
current distribution to achieve higher efficiency and is s imilar  to the high-intensity mag- 
netic field coil described in  reference 11. The copper disks had an inside diameter of 
5.72 cm and an outside diameter of 11.56 cm, and were 0.79 mm thick. The turns of the 
coil were separated by glass beads of 0.61-mm diameter. The glass beads were glued to 
one side of the copper disks with electrical varnish, so that the other side of the disks 
was in direct contact with the cooling water. High-pressure water (200 newtons/cm2, or 
300 psi) entered the water jacket at the inner perimeter of the coil, passed through the 
coil, and exited radially. This design permitted the coil to be operated continuously at 
3100 amperes (the maximum current available) with an increase in  water temperature of 
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about 20° C. The maximum field at the center of the coil was 13 000 gauss at 
3100 amperes and 25 volts. 

The variations of the magnetic-field ratios Bz/Bo and Br/Bo with radius are 
shown in figure 6 at five axial locations. It is interesting to  note that at the center of the 
coil (z/L = 0) and at the edge of the coil (z/L = 1) the magnetic field increased with an 
increase in  radius. 

Instrument at ion and Measurements 

A thin plastic vane was placed in the return duct of the vacuum system (fig. 1) as a 
flow indicator. Photographs of the vane are shown in figure 7 with power off and with 
power on and the vane deflected. 

Static pressure was measured at the wall, 2 cm downstream from the anode, through 
an orifice with an inside diameter of 0.47 cm. Pitot-pressure measurements were 
obtained on the center line 3.5 cm downstream from the anode by using a conical water- 
cooled total-pressure tube with an inside diameter of 0.47 cm, as shown in figures 1 and 
3. Static pressure and pitot pressure were measured with thermocouple vacuum gages 
that were calibrated in argon gas. The accuracy of the gages is estimated to be within 
8 percent. The thermocouple pressure sensors  were located as near as possible to  the 
vacuum system to reduce the lag time. The metal shields of the thermocouple pressure 
sensors  were grounded, and shielded wiring and filter circuit were used to  prevent inter- 
ference from the arc .  

Because of the nature of the flow in a plasma accelerator, the pressure measure- 
ments are considered in only a qualitative sense. The pitot-pressure measurements were 
made in the center of the s t ream in a continuous flow and are accurate within the accuracy 
of the instrumentation. The static-pressure measurements contain some e r r o r  because, 
for  the lower pressure runs, the flow is in either the slip-flow region o r  the beginning of 
the region of transition to free-molecule flow. In view of the results of reference 12, the 
total e r r o r  due to this cause is believed to be less than 10 percent at low arc currents but 
somewhat greater at arc currents above 270 amperes,  when starting at an initial static 
pressure of 0.765 mm Hg. 

Another factor to  be considered is the possible e r r o r  due to  the failure of the static- 
pressure reading to  account fo r  any partial pressure due to the magnetic field in the 
region of the orifice. Lf the theoretical capability of the field were actually exerted as 
pressure in the gas, this magnetic pressure would be of the same order  as the gas pres- 
sure .  However, under s imilar  conditions in reference 5, a theoretical magnetic pressure 
capability of 15 800 mm Hg produces an actual differential of only about 75 mm Hg in the 
pressure of a fully ionized a rc .  Thus it is apparent that the relatively weak field 
(1500 gauss) would be even less effective in the region of the static orifice, where the 

6 

I 



degree of ionization is much lower. This view is supported by the studies reported in 
references 8 and 13 where, apparently, consistent results were obtained without correcting 
static-pressure measurements made in a field of even greater strength. Therefore, the 
effect of the field on the static-pressure reading is considered to be negligible except pos- 
sibly in the runs at the lowest operating pressures,  where the ratio of pitot to static pres- 
su re  is quite sensitive to slight e r r o r s  in the static-pressure reading. 

The method used to measure the charged-particle velocities is described in refer- 
ence 10. A luminous disturbance was created in the flow by discharging a 0.5-microfarad 
capacitor from the cathode to the anode. The electrical circuit used was the same as that 
employed to start the arc .  (See fig. 5.) The capacitor was generally charged to 5000 volts. 
The change in light intensity was observed through 0.8-mm collimating slits by two photo- 
multipliers at various downstream locations. The photomultipliers were connected to a 
dual-beam oscilloscope. Since the photomultiplier nearest the anode observed the change 
in light intensity before the other photomultiplier, the respective oscilloscope t races  were 
displaced. This displacement represents a time lapse that can be used with the known 
collimator spacing to compute the longitudinal velocity of the charged particles. 

Procedure 

Pressure  measurements were obtained at static pressures  from 0.765 mm Hg to 
2.60 mm Hg at a r c  currents up to 390 amperes with the downstream edge of the magnet 
at three locations: 
effect of varying the magnetic field strength was determined by operating the magnet at 
13 000 gauss, 9300 gauss, and 5200 gauss with the magnet located 11.1 mm from the anode. 
Some preliminary measurements of charged-particle velocities were obtained at a r c  cur- 
rents up to 335 amperes at a static pressure of 0.765 mm Hg with the magnet 11.1 mm 
from the anode. 

6.4 mm, 11.1 mm, and 15.9 mm upstream from the anode. The 

The procedure followed in obtaining these data was  first to  se t  the initial static 
pressure of argon gas in the vacuum chamber. The magnet coil was  then energized and 
the a r c  was started and set  at the desired current. Charged-particle velocities were 
obtained as described in the section entitled "Instrumentation and Measurements .I1 A 
test generally did not exceed 3 to 5 seconds, since the connection between the a r c  dis- 
charge tube and the boron nitride connector (fig. 3) was not water cooled and, when over- 
heated, the rubber seal  would begin to leak. 

RESULTS 

In figure 8 the variation of a r c  voltage, pitot pressure,  and wall static pressure with 
a r c  current is presented at magnetic fields of 13 000 gauss, 9300 gauss, and 5200 gauss. 
The variation of the pressure ratio pt/p with arc current and the variation of the a r c  
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power with a r c  current are presented in  figures 9 and 10, respectively, at magnetic fields 
of 13 000 gauss, 9300 gauss, and 5200 gauss. For  the tests from which the data of fig- 
ures  8, 9, and 10 were obtained the initial static pressure was 0.765 mm Hg; the anode 
was 11.1 mm from the downstream edge of the magnet. 

The variations of arc voltage, pitot pressure,  and wall static pressure with arc cur- 
rent a r e  shown in figure 11 for  initial static pressures  from 0.765 mm Hg to  2.600 mm Hg 
and fo r  three anode locations with a magnetic field of 13 000 gauss. The variation of the 
pressure ratio pt/p with a r c  current and the variation of arc power with arc current 
are presented in figures 12 and 13, respectively, for the same three anode locations and 
initial static pressures.  Measurements of the charged-particle velocities obtained at 
two locations, 10.5 cm and 18.5 cm downstream from the anode, with an initial static pres- 
su re  of 0.765 mm Hg and with a r c  currents up to  335 amperes, are presented in figure 14. 
Some typical oscilloscope t races  obtained with the photomultipliers are given in figure 15. 

DISCUSSION 

Design and Operation 

In this experiment the cathode was located near the center of the magnetic field coil 
and a toroidal anode was located outside the coil as shown in figure 16. At the center of 
the coil, where the magnetic field was a maximum, the a r c  was constricted, and then the 
a r c  expanded out to the circular anode by following the magnetic field lines. Since cur- 
rent density is quite high in the constricted portion of the arc ,  the neutral particles that 
diffuse into the a r c  column are ionized and trapped by the magnetic field. This increases 
the pressure and density in the a r c  and causes a radial pressure gradient to  develop in 
the discharge tube. This process is described in  reference 14, and has been visually 
observed and measured in the experiment of reference 5. 

As the a r c  column expands downstream, the current density is less  and the radial 
pressure gradient decreases.  As  a result, there is a longitudinal pressure gradient in 
the a r c  column from the cathode to  the anode, causing a longitudinal flow that expands 
through the center of the circular anode. 

This design has some similarity to  the magnetic-mirror device used in the fusion 
experiments with the magnetic bottle described in reference 15. The magnetic mir ror  is 
produced at the cathode where the increase in magnetic field exerts a force that reflects 
the charged particles toward the anode and allows them to escape downstream. 

Characteristics of Accelerator 

The pressures measured in the plasma flow a r e  average values resulting from the 
low-velocity neutral gas and the high-velocity charged particles. The flow is not in 

8 



equilibrium at low static pressures and the specific-heat ratio is not accurately known. 
Only the trends of the pressure data are considered in the analysis. When the arc is 
started without the magnetic field, both the pitot pressure and the static pressure increase 
because of the increase in  temperature in the vacuum chamber; and no flow is initiated 
through the system. When the a r c  is started with the magnetic field energized, the radial 
heat conduction from the arc is reduced and the a rc  is constricted near the cathode. The 
current density and arc temperature are higher in the more constricted region and a lon- 
gitudinal pressure gradient develops in the a r c  column. As a result, the pitot pressure 
increases and the static pressure decreases, as indicated in figures 8 and 11. 

The effect of varying the magnetic field and the arc current is shown in figure 9. 
For  a given arc current, increasi.ng the magnetic field increases the ratio of pitot pres- 
sure  to static pressure. At an a r c  current of 210 amperes, increasing the magnetic field 
from 5200 gauss to 13 000 gauss increased the pressure ratio about 300 percent from 
3.30 to 9.50. At a higher arc current of 340 amperes, with the same increase in mag- 
netic field, the pressure ratio increased about 450 percent from 4.60 to 20.60. Since the 
pressure in the magnetically confined a r c  column is a function of B2 (p. 48 of ref. 7), 
the increase in pressure ratio, indicating an increase in Mach number with an increase 
in magnetic field and a r c  current, is attributed to the reduction in radial heat conductivity 
from the a r c  column and to the constriction of the arc ,  which increases the pressure, cur- 
rent density, and a r c  temperature. Theory (ref. 5) indicates that at sufficiently high a rc  
temperatures (above about 15 0000 K), the reduction in the radial heat conductivity due to 
an axial magnetic field superimposed on the a r c  column is inversely proportional to the 
5/2 power of the temperature. 

Comparison of figures 12(a), 12(b), 12(c), and 12(d), at a given a r c  current, indicates 
that increasing the initial pressure in the vacuum system reduces the ratio of pitot pres- 
sure  to static pressure from the accelerator, indicating a reduction in Mach number. 
This effect is probably due to the increase in mass which must be accelerated and to the 
increase in radial heat conductivity from the a r c  column, since the magnetic field is less 
effective at the higher pressures.  It appears that the capability of the accelerator, as 
indicated by the pressure measurements, decreased with an increase in the operating 
pressure.  

The effect of varying the anode location on the ratio of pitot pressure to static pres- 
su re  is also shown in figure 12. At the higher a r c  currents the pressure ratio increased 
when the distance of the anode from the magnet was changed from 11.1 mm to 6.4 mm. 
However, with lower arc currents and at the lower pressures (fig. 12(a)), the pressure 
ratio decreased when the anode was moved nearer the magnet through the same range. 
With the anode at the optimum location, the arc is expected to  expand smoothly to the 
anode by following the magnetic field lines. Moving the anode closer to the magnet coil 
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than the optimum position would force the a r c  to  c ross  the magnetic field lines, spin the 
arc and rotate the plasma, and interfere with the smooth expansion of the flow. 

Since moving the anode nearer the magnet coil increased the pressure ratio at the 
higher arc currents, the anode was next located even with the end of the magnet coil. 
Each t ime the device was operated with the ,anode in this location, the anode was punc- 
tured on the downstream side. The same type of electrode failure is described in refer- 
ence 9, in which a long arc with currents up to 180 amperes was operated in a uniform 
magnetic field. When the gas pressure was lowered during operation at a high power 
input, a spot formed on the anode on the side most remote from the cathode, puncturing 
the anode. It appears that the optimum anode location is dependent on the arc current as 
well as on other parameters such as the magnetic field strength, the pressure,  and the 
dimensions of the anode. 

The maximum pressure ratio obtained in this investigation was 40 (see fig. 12), 
indicating that a hypersonic flow can be obtained with this device. This result was 
obtained with the maximum arc current and magnetic field available and at the lowest 
pressure.  At initial static pressures from 0.765 mm Hg to 1.30 mm Hg, with arc current 
f rom 176 to 390 amperes,  the pressure ratio exceeded 2.80. This result indicates that 
within a certain range of parameters a supersonic flow can be obtained with the magnetic- 
nozzle device. 

The data in figure 9 indicate that the pressure ratio increased with an increase in 
the strength of the magnetic field, and the data in figure 12 indicate that for initial static 
pressures  up to  1.30 mm Hg, the pressure ratio increased with an increase in a r c  current. 
In neither case does the pressure ratio seem to have reached a limiting value. In general, 
it appears that with an a r c  power supply having a higher current and power capability and 
with a stronger magnetic field, the pressure ratio would continue to  increase and super- 
sonic flow could be obtained at higher pressures.  

Voltage and Power Characteristics 

Some voltage measurements across  the arc were obtained under various conditions. 
The a r c  voltage (fig. 8), the pressure ratio (fig. 9), and the arc power (fig. 10) increased 
when the magnetic field strength and the a r c  current were increased. Decreasing the 
initial static pressure and, in general, moving the anode toward its optimum location also 
increased the a r c  voltage (fig. ll), the pressure ratio (fig. 12), and the arc power (fig. 13). 
In general, when an increase in pressure ratio occurred in  the accelerator, the voltage at 
constant current also increased to supply the additional power for  accelerating the gas. 
Consequently, the magnetic-nozzle device exhibits a rising volt-ampere characteristic 
s imilar  to that of most confined arcs, whereas unconfined arcs generally have a falling 
volt-ampere characteristic. A rising volt-ampere characteristic is desirable for  
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stabilizing the a r c  power circuits so that the losses associated with the use of ballast 
res is tors  are avoided. 

Competing mechanisms influence the a r c  current-voltage characteristics. In gen- 
eral, if there is an abundance of particles to be ionized, an increase in current tends to 
cause an increase in conductivity with a consequent drop in a r c  voltage. However, this 
effect is at least partially offset if the increase in  current causes a large increase in the 
acceleration of charged particles out of the a r c  plasma so that the ionization of an even 
greater number of particles is required. Finally, if the particle density is sufficiently 
low, the additional ionization needed because of the increase in  current and the accelera- 
tion of ionized particles from the a r c  is supplied by multiple ionization. The a r c  
described in reference 5, which utilized a higher pressure and smaller charged-particle 
ejection rate than the present device, had a falling characteristic. In the present investi- 
gation, this condition was  approached in the highest pressure (2.60 mm Hg) mode of opera- 
tion (fig. l l(b)).  However, all other experiments were characterized by a definite increase 
of voltage with current, thereby indicating the influence of the ejection of charged particles 
together with the decrease in the particle density on the conductivity of the arc .  

In the present investigation, increasing the magnetic field strength at constant cur- 
rent resulted in an increase in a r c  voltage. In contrast, in the investigation described in 
reference 5 the a r c  operated in a magnetic field which was essentially uniform so that 
increasing the field strength simply resulted in a decrease of the energy loss due to radial 
heat conduction. However, in the present device, this phenomenon is more than offset by 
the effect of the strong longitudinal gradient of the field, an effect that increases the loss 
of energy from the a r c  by pumping charged particles out of it. 

Velocity Measurements 

Measurements of charged-particle velocities a re  shown in figure 14 for two locations 
of the measurement photocells. At positions nearer the anode, because of the high degree 
of ionization in the plasma flow, it was difficult to obtain velocity measurements by 
creating a luminous disturbance in the flow and measuring its time of flight over a known 
distance with photomultipliers. As shown in figure 15(a), the increase in ionization from 
the spark discharge could not be discerned in the plasma flow by the photomultiplier 
located nearest the anode. Downstream from the anode, the signal from the spark dis- 
charge is more clearly defined (figs. 15(b) and 15(c)) but the signal is expanding some- 
what as it moves downstream. 

Figure 14 shows that the charged-particle velocities increase with an increase in 
a r c  current. For  a given a r c  current, the velocity decreases with an increase in distance 
from the anode since the plasma attains its maximum expansion and velocity slightly down- 
s t ream of the anode and then immediately begins "shocking down'' toward the relatively 
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low subsonic speed of circulation around the duct. The highest measured charged-particle 
velocity was 7300 meters/sec with an arc current of 335 amperes. Such velocities are 
definitely indicative of supersonic flow inasmuch as the sound speed in this region is cer- 
tainly less  than 1900 meters/sec, the approximate value of the speed of sound in argon at 
11 000' to 12 OOOo K when essentially all the particles a r e  ionized. Charged-particle 
velocities were not obtained at the higher a r c  currents;  because of the increase in lumi- 
nosity of the flow, the signal from the photomultipliers decreased with an increase in a r c  
current until the signal could no longer be discerned in the flow by the first 
photomultiplier. 

CONCLUSIONS 

From an experimental investigation of a plasma accelerator using a dc arc in con- 
junction with a dc magnetic field to provide a high-temperature plasma flow, the following 
conclusions were obtained: 

1. Pressure  measurements, together with direct velocity measurements, indicated 
that within a certain range of parameters a supersonic flow w a s  obtained. 

2. These measurements indicated that with an increase in magnetic field strength 
and a r c  current, the velocity increased. With an increase in pressure,  the velocity 
decreased. The maximum pressure ratio obtained was 40. 

3.  Measurements of charged-particle velocity with photoelectric detectors indicated 
that the maximum velocity occurred immediately downstream of the anode. The maximum 
velocity measured was 7300 meters/sec at 10.5 cm from the anode with a r c  current some- 
what less  than the maximum obtainable. 
nique, velocities were not obtained near the anode o r  at the higher a r c  currents. 

Because of difficulty with the measuring tech- 

4. The trend of the data indicates that with an a r c  power supply having a higher cur- 
rent and power capability and with a stronger magnetic field, the pressure ratio would 
continue to increase, and supersonic flow could be obtained with higher initial static 
pressures.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 24, 1969, 
129-02-08-01-23. 
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