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ABSTRACT 

Experiments were performed using a continuous electro¬ 

magnetic, or J X B, body force to accelerate the plasma. 

Argon and helium plasmas were accelerated in a cylindrical 

channel after a free jet had been established. The specific 

impulses and efficiencies obtained by expanding helium 

through an arc-jet-nozzle arrangement is compared to the 

specific impulses and efficiencies obtained using a contin¬ 

uous electromagnetic field to accelerate the gas. 

The dependence of the electromagnetic body force upon 

the accelerating arc current was found, in general, to 

agree with theoretical predictions. 
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INTRODUCTION 

In conventional arc-jet propulsion devices, an electric 

arc is used to put electrical energy into the gas as thermal 

energy which is then converted into kinetic energy by ex¬ 

panding the hot gas, or plasma, through a nozzle. Even 

though a high stagnation enthalpy is obtained in this way, 

there are several factors which limit the specific impulse 

obtainable. These are: (1) the energy transferrable to 

the gas is limited thermally by material properties; (2) 

losses due to heat transfer increase as the gas temperature 

increases; (3) the conversion of sensible, ionization, and 

dissociation energies into directed kinetic energy is in¬ 

complete because of non-equilibrium expansion processes in 

the nozzle; (4) friction on the nozzle walls causes large 

energy losses. There are further limitations to obtaining 

maximum specific impulse from arc-jet-nozzle arrangements, 

but those quoted above are the principal ones. 

It appears that propulsion performance may be consider¬ 

ably increased by applying a body force directly to the 

plasma either as it passes through an expansion nozzle or 

after the free jet is established. This may be done by 

applying electric and magnetic fields mutually perpen¬ 

dicular to the flow velocity vector of the plasma in such 
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a way as to cause the body force, or Lorentz force, to 

accelerate the plasma. 

Wood and Carter have conducted experiments in which 

they were able to accelerate a hot cesium seeded nitrogen 

gas with a Lorentz force. 

More recently Demetriades and Ziemer^ have reported 

experiments in which they were able to accelerate an argon 

plasma as it emerges from an arc-jet assembly by using a 

Lorentz, or J X B, force caused by electric and magnetic 

fields placed across the flow. An additional specific 

impulse due to the electromagnetic field of about 1200 

grams-force/gram-mass/second was obtained in these experi¬ 

ments at efficiencies of about 50 percent. The authors 

postulate that acceleration efficiencies higher than 60 

percent and specific impulses of about 5000 grams-force/ 

gram-mass/second should be obtainable with magnetohydro- 

dynamic engines using the Lorentz force principle. 

* Superscript numbers refer to references listed on page 20. 
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LIST OF SYMBOLS 

A cross-sectional area of the arc 
a 

B magnetic field strength 

E electric field strength 

Ex component of electric field perpendicular to B 

f body force on gas due to electromagnetic field 

Ft total thrust produced by the arc-jet and accelerating 
channel 

h distance between the accelerating channel electrodes 

In current between accelerating channel electrodes 

i specific impulse in grams-force/gram-mass/second sp 

J current density vector 

kwn = Vn-In power supplied to accelerating channel 

m mass flow rate 

p0 stagnation pressure in arc chamber 

v macroscopic velocity of gas 

vL component of velocity perpendicular to B 

Vn voltage across accelerating channel electrodes 

conductivity of the gas 
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EXPERIMENTAL EQUIPMENT 

A vortex-stabilized arc-jet was used to supply plasma 

to a channel in which Lorentz, or J X forces were used 

to accelerate the flow. The working gas was injected tan¬ 

gentially into a cylindrical arc chamber, ionized by the 

arc and discharged through a hollow upper electrode into 

the entrance of the accelerating channel. A diagram of 

the arc chamber is shown in Figure 1. 

The electrodes of the arc-jet were made of tungsten. 

The upper electrode, or cathode, served as a converging 

nozzle through which the plasma was accelerated to sonic 

velocity before entering a diverging nozzle section. The 

electrode spacing was 0.10 inch. The arc chamber was lined 

with boron nitride to prevent excessive damage to the 

teflon insulator between the electrodes. The arc discharge 

was rotated by the magnetic field of a coil wound around the 

lower electrode. Supply current to the arc passed through 

this coil before going to the lower electrode. By rotating 

the arc in this way damage to the electrodes was consider¬ 

ably reduced. A DC input to the arc-jet was supplied by 

a 50 kw. welding generator. The arc was struck in the arc 

chamber by a high-frequency starter which was automatically 

turned off when the arc current began to flow. 
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Stagnation pressure at the center of the arc chamber 

was measured by means of a hole drilled in the lower 

electrode. Gas was supplied to the arc through a calibrated 

orifice so that the mass flow rate was a known quantity. 

The diverging nozzle section and cylindrical channel 

were mounted directly on the arc-jet assembly as shown in 

Figure 1. Plasma emerging from the throat of the hollow 

upper electrode flowed through a slightly diverging nozzle 

made of boron nitride and then into the accelerating chan¬ 

nel. This length of diverging nozzle was provided to 

reduce the effects of electromagnetic fields produced by 

the arc-jet on the field in the accelerating channel. 

The first type of accelerating channel tested was a 

cylindrical section of teflon 8 centimeters long with a 

2 centimeter inside diameter as shown in Figure 2. Mounted 

in the walls of the channel were two pairs of carbon 

electrodes through which an electric field was applied to 

the flow by means of a 15 kw. welding generator. The spacing 

between the channel electrodes was 1.5 centimeters. Current 

supplied to the accelerating arc was measured by determining 

the voltage drop across a calibrated section of the supply 

cables. 

A fairly uniform magnetic field was applied across the 

channel by a strong permanent magnet. The magnetic field 
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varied from about 1100 to 1400 gauss at different parts of 

the accelerating channel. 
t 

Tests were also run using another type of accelerating 

channel which consisted of a diverging conical nozzle with 

carbon electrodes mounted in the sides as shown in Figure 3. 

The smallest distance between these electrodes was 0.75 

centimeters. The nozzle had a throat diameter of 0.305 

centimeters, or 0.125 inches, and an area ratio of 144 to 

1. Tests were run with this nozzle-type accelerating chan¬ 

nel using helium as a working gas. The use of this type 

of channel gave more uniform flow conditions since the 

electrodes did not protrude from the walls. 

The arc-jet, accelerating channel, and magnet were 

all mounted on one end of a lever-arm thrust balance as 

shown in Figure 4. The thrust produced by the arc-jet, 

accelerating channel assembly was measured by a load cell 

mounted against the opposite end of the balance arm. A 

fluid damper was used to damp out vibrations of the balance 

arm caused by sudden fluctuations in the load. 

The accelerating channel discharged into a 1000 cubic 

foot tank which was maintained at a pressure of about 100 

microns. A schematic drawing of the test equipment and 

test stand is shown in Figure 5. 
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TEST PROCEDURE 

The duration of tests was from 0.2 to 0.5 seconds. 

Steady conditions in the arc-jet and accelerating channel 

were achieved about 0.02 seconds after the start of the 

test. 

The welding generator supplying power to the accel¬ 

erating channel was first turned on and allowed to come up 

to speed. When running at no-load the generator supplied 

an electric field of about 50 volts/centimeter between 

the electrodes of the accelerating channel. The arc/jet 

was then fired. The hot, partially ionized gas flowing 

into the accelerating channel from the arc/jet allowed 

the accelerating arc to strike between the channel 

electrodes. 

The arc-jet was fired under conditions which gave a 

high energy free jet in the cylindrical accelerating chan¬ 

nel and thus provided optimum conditions for the accelerating 

arc to strike. A high stagnation enthalpy in the arc cham¬ 

ber was obtained by using a low mass flow rate and high 

energy inputs. This was done in order to provide as high 

a degree of ionization as possible in the free jet in the 

accelerating channel. The diverging portion of the nozzle 

leading from the arc-jet to the accelerating channel was 

designed with a small area ratio so that less of the internal 
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energy of the gas was converted into directed kinetic energy 

before reaching the accelerating channel that would have 

been converted had the nozzle had a larger area ratio. This 

nozzle was made slightly diverging to lessen adverse boundary 

layer effects and thereby reduce the choking tendency in the 

downstream portion of the nozzle. 

When helium was used as a working gas, however, it was 

necessary to first start the accelerating arc with a small 

injection of argon which permitted the accelerating arc 

to strike more readily. 

At the end of the pre-set time the arc-jet and power 

supply to the accelerating channel were automatically shut 

off. The timing and all operations of the test were auto¬ 

matically controlled in order to help insure reproducible 

results. 

Data was recorded during the test on a Honeywell 

Visicorder. Quantities continuously measured during each 

test were stagnation pressure in the arc chamber, arc-jet 

current and voltage, current and voltage supplied to the 

accelerating channel, and the thrust produced on the over¬ 

all assembly. All quantities were recorded simultaneously 

on a time-base scale. The mass flow rate was preselected 

for each test. Mass flow rates of 0.125 grams/second for 

argon and 0.085 grams/second for helium were used. 
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THEORY 

The motion of a conducting gas in the presence of a 

magnetic field is complicated by the fact that electric 

currents induced in the gas as a consequence of this motion 

modify the field, and at the same time the currents flowing 

in the field produce body forces on the gas which modify 

the motion. The body force per unit volume due to the 

electromagnetic effects is J X B, where J is the current 

density and B is the magnetic field strength. The behavior 

of the gas flow is given by the ordinary hydrodynamic 

equations modified with the electromagnetic equations to 

take into consideration the interaction between the motion 

and the magnetic field. The force J X B, due to the 

electromagnetic effects, appears as one of the body force 

terms in the hydrodynamic equation of motion. 

The generalized Ohm's law is written 

where O' is the conductivity and v is the velocity vector 

of the fluid. Using Equation (1) the body force can be 

written as 

(1) 

f - JxB 

= o'[(E + vxB) X B] 
(2) 
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and finally f = (f [Ex B + B(B* v) ” V ( B • B)] , (3) 

where the terms B(B • v) and v(B • B) are force components due 

to induced effects. 

The induced effects in the body-force can be expressed 

as a single quantity if Equation (3) is written in terms 

of the components of electric field and velocity perpendi¬ 

cular to the magnetic field. 

f = <r[ExxB - B*?J , w 

where Ex and vx are, respectively, the components of electric 

field and velocity perpendicular to B. Equation (4) shows 

that the velocity and electric field components along the 

magnetic lines of force do not directly influence the motion 

of the fluid. 

The E X B term in Equation (4) causes an acceleration 

if E is in the direction shown in Figure 6a but if E is 

oriented as in Figure 6b the E X B term causes deceleration 

2— 

of the fluid. However, in both cases the B vj_ term causes 

deceleration of the fluid. Thus, the effect of the 

2— 

B vxterm is to alter the apparent effects of the field 

between the channel electrodes. This effect can be seen 

by looking at Equation (1) which can be written 

J = O' [ E + Vx X B] . (5) 
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The vx X B term in Equation (5) is the induced electric 

field which acts opposite to E in Figure 6b and in the 

same direction as E in Figure 6a. Therefore, for a given 

voltage applied across the channel electrodes with other 

conditions the same, more current will flow for the field 

orientation of Figure 6b than in the case shown in Figure 

6a. This effect was observed in the tests run. 

According to Rosa,"* the magnetic field strength B 

can, to a good approximation, be taken as a given quantity 

fixed by external conditions and not influenced by current 

patterns that arise in the gas. 

The condition that the flow^not affect the applied 

magnetic field is that the magnetic Reynolds number be 

small with respect to unity. This condition is usually 

met in the laboratory. Rough calculations using the flow 

parameters involved here show that the magnetic Reynolds 

number is less than 0.05. Therefore, it is reasonable 

to assume that the magnetic, or B, term in the above 

equations is a fixed and given quantity. 

If induced eddy currents are neglected with respect 

to the accelerating arc current, the current density J 

is the total electrode arc current In divided by the area 

of the arc Aa. 

In 
Aa 
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The current J is in the direction of the applied electric 

field and is perpendicular to B as shown in Figure 6. 

Thus, Equation (2) for the body force reduces to 

f = T0 
or 

f = ~Aa ® * 
where f acts along the channel axis. 

The volume of gas being acted upon by the electro¬ 

magnetic body force is hAa where h is the length of the 

accelerating arc and is taken to be the distance between 

the channel electrodes. The total electromagnetic force 

acting on the gas is 

F = f hAa 
or 

F = I„Bh (6) 
Thus, the force acting on the gas due to the electric 

and magnetic fields is seen to depend upon the accelerating 

arc current, the imposed magnetic field and the distance 

between the electrodes in the accelerating channel. 
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EXPERIMENTAL RESULTS 

The total thrust produced during a test was due to 

three effects. These were; (1) thrust from the arc-jet with 

no magnetic or electric field applied to the nozzle, (2) 

thrust obtained with the accelerating arc fired but with 

no magnetic field, and (3) the electromagnetic thrust, 

or that due to the body force. Tests were run both with 

and without the magnetic field in order to determine the 

thrust due to the electromagnetic body force. 

Cylindrical Channel - Argon 

Tests using the cylindrical channel with argon at a 

mass flow rate of 0.125 grams/second gave a specific impulse 

with the magnetic field over that without the magnetic field 

of 130 grams-force/gram-mass/second with the electric and 

magnetic fields oriented as shown in Figure 6a. For a 

corresponding value of arc current, In> the increase in 

specific impulse predicted by Equation (6) would be about 

300 grams-force/gram-mass/second. With the fields oriented 

as shown in Figure 6b a reduction in specific impulse of 

580 grams-force/gram-mass/second was obtained when the 

magnetic field was applied over that obtained when there 

was no magnetic field. The specific impulse reduction 
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predicted by Equation (6) was 1040 grams-force/gram-mass/ 

second. The results of these tests with argon are plotted 

in Figure 7. 

Cylindrical Channel - Helium 

Tests indicated that greater specific impulses due to 

the body force could be obtained with helium. A total 

specific impulse of 2400 grams-force/gram-mass/second was 

obtained for helium at a mass flow rate of 0.085 grams/ 

second. About 1300 grams-force/gram-mass/second of this 

total was due to the electromagnetic body force. This 

increase is approximately that predicted by Equation (6). 

The results of tests run with the cylindrical accelerating 

channel using helium are plotted in Figure 8. 

Diverging Channel - Helium 

Tests using helium were run with the diverging accel¬ 

erating channel over a wide range of power inputs to the 

accelerating arc. In Figure 9 a plot of thrust vs. power 

input to the accelerating arc shows a comparison between 

the thrust obtained with and without the magnetic field. 

Measured thrust vs. accelerating current is plotted in 

Figure 10. The experimental results show that the thrust 

measured is, in general, proportional to the acceleration 

arc current. 
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As seen from Figure 9, for low power inputs to the 

accelerating channel with no magnetic field, very little 

increase in thrust was obtained. When the accelerating 

arc exceeded about 20 kw., however, significant increases 

in thrust were obtained. This jump was due to choking effects 

in the diverging channel. 

Only a slight decrease in the specific impulse was 

obtained when the mass flow rate was doubled. Changing 

the power input to the arc-jet did not change the perform¬ 

ance of the accelerating channel. 

The efficiency of the electromagnetic accelerating 

channel was found to be a maximum of about 50 percent. 

Tests with this efficiency were easily reproducible. 
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DISCUSSION AND CONCLUSIONS 

The cylindrical accelerating channel shown in Figure 2 

was used to study the feasibility of using an electromagnetic, 

or Lorentz, body force to obtain additional thrust from an 

arc-jet-nozzle arrangement. Hot gas flowing between the 

electrodes of the accelerating channel in the presence of 

the magnetic field generated a voltage of about 4 volts 

across these electrodes indicating that if an external 

field were applied across the electrodes, the conductivity 

of the gas would be high enough so that a current would 

flow. When the external electric field was applied opposite 

to the direction of the induced field, for the same values 

of accelerating arc current, greater thrust was obtained 

with the magnetic field than without. With the external 

field oriented in the same direction as the induced elec¬ 

tric field less thrust was obtained with the magnetic 

field present than with no magnetic field. 

Tests indicated that a greater specific impulse due 

to the electromagnetic field could be obtained with helium 

than with argon. According to Equation (6), the density 

of the gas does not directly affect the electromagnetic 

force acting on the gas. Thus, for a given accelerating 

arc current and magnetic field strength, greater specific 

impulse can be expected from the lighter gas. 
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It would also appear that if the mass flow rate were 

reduced, keeping the accelerating current and magnetic 

field constant, a still greater specific impulse could be 

obtained. To a certain extent this would be true. How¬ 

ever, Equation (6) is only valid when the density of the 

gas is high enough so that it may be treated as a con¬ 

tinuum. Rosa^ shows that the Hall effects increase 

directly with the magnetic field strength and inversely 

with the density. So, for either a very large magnetic 

field or for a very low density gas the Hall currents must 

be included in Equation (1). Demetriades and Ziemer,^ 

found that for large magnetic field strengths, above 

about 3000 gauss, the thrust obtained for a given value 

of accelerating arc current was reduced because of Hall 

effects. The magnetic field strength used in these in¬ 

vestigations was much less than that which Demetriades 

and Ziemer found would decrease the thrust for a given 

current density, while the mass flow rate and current 

density used were about the same. 

Using only the arc-jet and supersonic nozzle, a 

specific impulse of about 550 gram-force/gram-mass/second 

was obtained using helium. The nozzle efficiency was about 

10 percent. Isentropic flow theory predicts that much 

higher specific impulses should have been obtained but 
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heat losses, friction on the nozzle walls, non-equilibrium 

expansion in the nozzle, and choking of the flow in the 

supersonic nozzle caused the efficiencies to be low. Higher 

specific impulse can be obtained by increasing the power 

input to the arc-jet but lower efficiencies will result due 

to greater losses. 

If it is assumed that the losses in the arc-jet and 

nozzle both with and without the electromagnetic accelerating 

field applied to the nozzle are the same, the efficiency of 

the electromagnetic acceleration can be determined. This 

efficiency is plotted with respect to the power input to 

the accelerating arc in Figure 10. The maximum efficiency 

of the electromagnetic acceleration was about 54 percent 

corresponding to a measured specific impulse of 1850 grams - 

force/gram-mass/second for helium. The highest efficiency 

that can be expected from an arc-jet-nozzle arrangement is 

about 40 percent. 

Thus, these tests show that higher specific impulses 

at greater efficiencies can be expected from an electro¬ 

magnetic, or J X B, acceleration of the gas than from an 

arc-jet-nozzle arrangement. 
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SUMMARY 

Argon and Helium were accelerated with a continuous 

electromagnetic, or J X B, field. Better efficiencies 

were obtained using electromagnetic acceleration than 

could be obtained with a conventional arc-jet-nozzle 

arrangement. Also, a higher specific impulse was ob¬ 

tained using electromagnetic acceleration than was obtained 

using a converging-diverging nozzle. 

A theoretical expression for the thrust due to the 

electromagnetic acceleration of the gas was derived. The 

experimentally determined dependence of the thrust on the 

accelerating arc current was found to agree fairly well 

with that predicted by theory. 
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TABLE I 
TEST DATA FOR ARGON USING CYLINDRICAL 

ACCELERATING CHANNEL 

I. Without Magnetic Field 

Test No. Po 
(psia) 

Thrust 
(grams) 

In 
(amps) 

En 
(volts) 

/ep 
(sec.) 

50 9.2 38 0 0 292 
51 7.4 27 0 0 208 
52 8.0 33 0 0 254 
53 7.9 135 970 34 1040 
54 8.2 123 940 32 945 
55 7.0 128 970 33 985 
56 5.6 115 940 30 885 

With Magnetic Field of 1300 to 1400 i Sauss 

Test No. Po Thrust In , En 
(volts) 

/SP V 
(sec.) (psia) (grams) (amps) 

58 7.5 43 -835* 37 330 
59 8.0 144 310 61 1110 
60 5.8 139 213 68 1070 
61 9.2 150 233 74 1150 
62 6.5 53 -870 37 410 
63 7.4 46 -880 35 354 
64 7.4 62 -940 36 466 

mass flow rate = 0.130 grams/second 

*Minus sign indicates that the electric field was applied 
in such a direction that the electromagnetic force was 
in the opposite direction to the flow, as shown in 
Figure 6b. 



TABLE II 
TEST DATA FOR HELIUM USING CYLINDRICAL 

ACCELERATING CHANNEL 

I. Without Magnetic Fiel 

II. 

Test No. Po 
(psia) 

Thrust 
(grams) 

*n 
(amps) 

En 
(volts) 

isp 
(sec 

67 9.3 28 0 0 328 
68 10.7 30 0 0 352 
80 8.7 33 0 0 388 
78 9.2 113 970 29 1330 
79 8.5 110 680 28 1290 

With Magnetic Field of 1300 to 1400 Gauss 

Test No. Po Thrust In En isp 
(psia) (grams) (amps) (volts) (sec 

73 12.1 190 485 62 2230 
74 11.7 186 456 63 2180 
75 12.0 198 430 57 2320 
76 10.8 198 475 56 2320 
77 11.3 220 465 62 2580 

mass flow rate - 0.085 grams/second 
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TABLE III 
TEST DATA FOR HELIUM USING DIVERGING 

ACCELERATING CHANNEL 

I, Without Magnetic Field 

Test No. Po 
(psia) 

Thrust 
(grams) (amps) 

E 
(vo?ts) 

/sp . 
(sec.) 

84 9.8 51 0 0 600 
85 8.4 43 0 0 505 

102 6.4 43 0 0 509 
86 5.1 130 670 37 1530 
99 7.4 40 194 27 476 
100 5.5 43 320 26 508 
101 6.6 49 562 27 572 
103 7.5 138 864 30 1630 

With Magnetic Field of 1300 to 1400 Gauss 

Test No. Po Thrust In En /sp . 
(sec.) (psia) (grams) (amps) (volts) 

87 7.1 176 825 41 2070 
88 8.1 173 882 38 2040 
95 6.0 54 126 42 625 
96 5.7 78 233 43 922 
97 7.7 130 504 34 1530 
98 6.3 157 678 36 1850 

mass flow rate = 0. 085 grams/second 
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PLASMA JET 

FIGURE 1 

ARC-JET ASSEMBLY 
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FIGURE 4 

THRUST BALANCE 
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FIELD ORIENTATIONS IN ACCELERATING CHANNEL 
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