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ABSTRACT

An experimental study was made of the performance of Lorentz
accelerators.

Such accelerators Involve the application of electric

and magnetic fields to accelerate flows of partially ionized gases.
Propulsion efficiencies of the accelerator of up to 28% were obtained
indicating the possibility of achieving even higher efficiencies with
accelerators of more advanced design.

Thrust efficiencies in the

vicinity of 90% were achieved; and overall efficiencies of 50% were
obtained for the combined performance of the plasma generator and the
Lorentz accelerator.

Currents up to 1000 amperes and magnetic fields

up to 0.205 webers/m^ were used.

The optimum magnetic field was found
o

to be approximately 0.180 weber/m .
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INTRODUCTION

The fact that magnetic fields interact with electrically conductive
fluids in motion (magnetohydrodynamics (MHD)) has been studied by numerous
(1 2 10^*
investigators' * * 7 .

Earlier works consider primarily this inter¬

action from geophysical and astrophysical points of view.

During the last

decade, however, aeronautics and astronautics have also become interested
in MHD.

Future aircraft and space vehicles may require propulsion

systems for maneuvering which generate a stream of directed high-velocity
particles having energies, per unit mass of fuel, much higher than
present-day chemical fuels can provide.

(2,10)

There are numerous engineering and scientific problems in¬
volved when one considers the cabined effects of fluid dynamics and
electromagnetics.

Anyone attempting to consider this highly complex

phenomenon from a theoretical point of view finds it necessary to make
numerous approximations in the governing equations, since the MHD equa¬
tions are even more complicated than the Navier-Stokes equations.

There¬

fore, it is perhaps more fruitful to attempt to attain experimental know¬
ledge in the laboratory, and then to make a check as to the legitimacy
of the approximations made in the equations based upon these experimental
results.
This paper gives further experimental data on propulsion utilizing
a MHD engine.

It also describes the design considerations of the pre¬

ionization chamber supplying the Lorentz accelerator.

^Numbers in parenthesis refer to references at end of paper.

6.

The partially ionized gas, after leaving the pre-ionization chamber,
was accelerated to supersonic speed in a converging-diverging nozzle
before entering the Lorentz Force accelerator (LFA)section.

The

accelerator consisted of a constant-area channel containing a pair of
electrodes and an electromagnet.

Both the electrodes and the magnet

were located so as to be in a plane perpendicular to the gas flow
direction and such that their fields were mutually perpendicular in
the flow region.

Arc currents between the electrodes of up to 1000

amps and magnetic field strength of up to 2050 gauss were applied.

Cortf e

sponding values of power input and accelerator efficiencies were measured

7.

NOTATION

List of Symbols
A

crossectional area of channel

B

magnetic field intensity

c

velocity of sound

E

applied electric potential

F^

thrust produced by arc jet

Fp

thrust increment produced by Lorentz accelerator

F.j,

total thrust

hc

stagnation enthalpy

h

electrode gap ditance

J

electrode current density

m

total mass flow rate

Ma

atomic weight of unionized gas

PQ

stagnation pressure of the arc chamber
power into plasma generator

q2

power into Lorentz accelerator

q<2

total power input
velocity of gas entering the Lorentz accelerator

v^

velocity of gas leaving the Lorentz accelerator

Greek Symbols
o( weight fraction of gas ionized
^ sum of weight fraction of gas ionized and heat loss factor
Y specific heat ratio
^ heat loss factor
£ ionization energy of the gas per unit mass
( )* referring conditions at the throat
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FACILITIES

A. Experimental Arrangement
Both the Lorentz accelerator and the arc jet were located inside
a vacuum chamber which had a small volume so it could easily be
evacuated or repressureized.

An overall schematic diagram of the

apparatus is shown in Figure 1.

The chamber rested on a pneumatic lift

which could be raised to the bottom side of a six-inch vacuum valve
O

connecting to a 910 £tJ spherical tank which is maintained at a pressure
of approximately 200 microns.

The chamber could only be open to the

tank when vacuum was established in the chamber.
A flow meter, a stagnation pressure gauge, and a load cell for
thrust measurement were located outside the chamber.

In the following

sections, each of the important constituents will be discussed in
detail.

B.

Power
The power for this experiment was supplied by three motor-generator

sets.

A 3000 ampere, 180 volt DC (540 kw.) Westinghouse generator was

used to supply the power to the cross-field accelerator arc.

A 600

ampere, 40 volt DC (24 kw.) Lincoln arc welder supplied the power for
the preionization chamber arc.

Both of these generators were equipped

with a Miller high-frequency oscillator to initiate ionization.

A 400

ampere, 40 volt DC Hobart arc welder provided the power for the electro¬
magnet of the cross-field accelerator.
arrangement of apparatus.

See Figure

1. for general
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C. Arc Jet
The pre-ionization chamber (see Figure 2) was built In such a manner
as to achieve a non-contaminated and uniform plasma.

The working fluid

was injected into the arc chamber tangentially which, with its vortex
motion, produced a pressure gradient in the chamber.

The electrodes

were made from thoriated tungsten washers soldered onto water cooled
copper electrodes.

The electrodes were connected to a four-turn coil

assembly as indicated in Figure 2.
different purposes;

The turns were utilized for three

to provide the electrical path to the electrodes,

to conven cooling water to the electrodes, and to produce a magnetic
field inside the chamber.

These two Helmholtz coils were situated such

that their individual magnetic fields reinforced each other.

The

strength of this magnetic field was sufficient to provide a sizeable
Lorentz force to accelerate the arc in a tengential direction in the
chamber.

The points of attachment of the arc column rapidly changed,

and it was learned that at up to 25 kw. input power no damage was done
to the tungsten electrodes, and the arc could be run continuously.
The electrodes were separated by a distance of about 0.13 in.
Water at a pressure of approximately 50 psig was used as the coolant for
the electrodes.

The coils were enclosed in an iron shield to c mtain

the magnetic field.

D. Measurement of Thrust
The thrust produced by the arc jet and the Lorentz accelerator
assembly was measured by a Statham +10 lb. capacity load cell mounted
on a lever arm as shown in Figure 3.

The weight of the arc chamber and

the accelerator section were compensated by a counterweight under their

10.

center of gravity.
pulley system.

The counter-weight was indirectly applied via a

Three pulleys were located 120° apart to support a

rod which made contact with the bottom or the lever arm.

The lever

arm was pin-supported and the load cell was oriented horizontally to
this arrangement which eliminated practically all vibrational disturbances
of the building and generators.

The load cell itself was supporting

about 1 lb. of load from the assembly.

This way it was assured that

the cell was in direct contact with the load.
The power lead to the arc jet was brought in at the fulcrum of the
balance, so that no undesirable thrust reading would be caused by
moments on the lever arm produced by stresses in the current-carrying
conductors.

This was confirmed by running tests without fas flow.

There were six cooling water inlets and six outlets for separate
circulation in each electrode and magnetic coil.
standard Tygon tubing.

Water leads were of

It was learned that sudden changes in city water

pressure had a sizeable effect on the thrust reading.

To correct this,

a surge tank was put in the line which eliminated the fluctuations so
that subsequent thrust readings were unaffected.
The working gas inlet was similarly located close to the fulcrum
of the lever arm.

It was secured at the pivot point together with the

stagnation pressure tube.

Thus any force produced by the pressurization

caused by incoming gas would not exert a moment on the thrust balance.

E.

Measurement of Other Properties
Arc voltage was measured between the electrodes, and arc current

was obtained by measuring the voltage drop across a series calibrated
resistor having an output of 50 mv. at 4000 amperes.

A Statham PA130TC

strain gauge pressure transducer was used to measure the stagnation pressure.

11.

The magnetic field was measured with a portable gaussmeter using
a FA-22e Hall-istor probe.

Mass flow rate was pre-calibrated,

controlled by a 0.037" diameter sharp-edged orifice.
calibrated using the 910 ft^ vacuum tank.

The orifice was

A preset cold gas flow was

passed through the orifice for a measured amount of time, then the
pressure rise (in microns of Hg), the volume of the tank (in ft-*), and
time (in seconds) were used in the equation of state to determine the
mass flow rate.

F. Electromagnet
During the course of this work, an electromagnet was designed to
give a field strength of 2050 gauss across a 1.72" gap.
coil assemblies were made (see Figure 4a).
turns.

Four separate

Two of them were water-cooled

The turns were made from 0.0015 x 1.020 inch wide aluminum

strip with Mylar insulation on its surface.

Each coll consisted of

1090 turns and had a resistance of 8.72 ohms at 20°C.
coils were made of #18 standard copper coil wire.
turns on it.

The other two

Each had about 400

This second pair of coils was small in size and could be

located close to the

gap and to the edge of the Lorentz accelerator.

In Figure 4b, a circuit diagram shows the wiring of the coils.

This

wiring was found to give the least resistance and drew the largest amount
of current.
area of

1

The core was made from DC Armco iron with a cross-sectional
square inch.

An adjustable resistor was put in series with

the load to control the field from 400 to 2050 gauss.

G. Nozzle and Accelerator Section
A converging-diverging DeLaval nozzle with a constant-area extension

12.

for Che Lorentz accelerator section was used.
ratio of 35.

The throad diameter was 0.26 In.

The nozzle had an area
A schematic drawing in

Figure 5 shows the nozzle together with the water-cooled electrodes.
The nozzle material was a species of mined nugged stone called lava.
It was used because it could be heat treated after machining to a state
where it would withstand temperatures to to 3000°F.
Since the plasma temperature at the nozzle throat was much higher
than 3000°F, a tungsten insert was put in to protect the lava from
melting at the throat.

With this, a constant throad area was assured.

It is useful to mention that the ideal nozzle would be a water-cooled
one for continuous operation, but during this research the same nozzle
was used for the Lorentz accelerator, too, which required that it be
an electrical insulator, a refractory material, and easily machineable
to size and shape.

After reviewing several material properties, the

porous lava was found to be best suited.

Although several pairs of

electrodes would make a more efficient accelerator, only one pair was
used in this research, since one is sufficient for a performance study
of Lorentz accelerators.
The electrodes were made of water-cooled copper.

The anode was

protected from the energetic electrons by a tungsten cover soldered to
the copper surface.
In general, the lava material made a good nozzle since it does not
sublime as boron nitride or teflon does.
but it does not mix in the flow.

At high temperatures it melts,

13.

TEST PROCEDURE

The test sequence was primarily controlled using manual override
switches in the sequence control panel.

The automatic control panel

contained checks so as to be certain that one cannot run a test without
working £luid in the chamber and without the valve open to the large
vacuum tank.

For cooling fluid, regular city water was used, then

discarded after passing through the cooling chambers.
on by manually opening a valve.

Water was turned

After a vacuum of 200 microns was

established, the tank valve was opened.

All three generators were

started and a stable speed and output voltage were established in each.
The outputs were connected to their loads through circuit breakers
which were kept open until the start of the test.

The gas pressure was

preset to obtain a known mass-flow rate.
The operation began with the start of the Honeywell Visicorder
which recorded arc voltage, arc current, stagnation pressure, mass flow
rate (by a pressure gauge), thrust, accelerator voltage, accelerator
current, magnetic field intensity, and time of test.
Next, a solenoid valve was opened to initiate mass flow, and the
arc-jet circuit-breaker was closed.

To initiate ionization a high

frequency starter was operated for about 0.01 seconds.

After a steady

flow was attained, the magnetic field coils were excited and the
accelerator arc was turned on for one or two seconds.
flow, and Visicorder were turned off a second later.
sequence of actual test procedure ends.

The arc-jet, gas
With this, the

THEORETICAL CCWBIPERATIOMS

to accelerate the fluid, la given Tagr the vector cross product
of the current and me&tstic field strengths, and this force la
therefore perpendicular to these vectors*

F - J~x&

(l)

vhere J la the linear electric current density and B le the
magnetic intensity.

Considering one-dlmenslonal constant area

channel flow end using the fact that the magnetic field is
perpendicular to these vectors, Equation (1) becomes

S’

IB

*<

(2)

vhere F0 la the total force developed by the accelerator, I
la the total electric current flowing through the gas, and h
la the distance of travel of the electric discharge between
the electrodes (this distance will be considered here as the
gap between the electrodes)•
A theoretical optlnun value for B may be computed for
the hypothetical case that all the energy supplied to the
working gae Is utilized to develop kinetic energy and to
19

Ionise the gee*

When including heat losses, the electric

power Input flg, reduced by the Ionisation energy determines
the Increase In kinetic energy

(3)
vhere

A /S = d<x. -h A %

(*)

'S'

In the preceding equations, m is the total mass flow rate, v1
is the velocity of the gas entering the accelerator,
velocity of the gas leaving the accelerator,

is the

£ is the ionisation

energy per unit mass, Ad is the difference in degree of ionisation
before and after acceleration and A

%

is the heat addition factor

referred to the ionisation energy.
The thrust output of the accelerator is equal to the
change of momenton of the flow

3bh - (Vvv,)

(5)

Optimum thrust output will he expected whan the velocity v~ of
the outflowing stream reaches the maxlsnss possible value in
Equation (3).

Combining Equations (3) and (3) to eliminate v2

results in

^% V,(I|k

)-2£(^_.Ap)=0

2

(6)

This expression can be solved for B to determine optlam con*
ditionsj thus,
B
s

^"V*‘^-ApVv>-v'

or with

»

(7)

F^/m
= Sl_ - ftIVv
£

ftlk

+

2F,]

(8)

2£tiiL

For each test the value A^ can he obtained from experimental
data.

The plot of thrust efficiency vs. A^> indicates that

tbs value of A^~l is most efficient (Figure 13).
From Equation (7) a magnetic induction parameter can he
obtained

<3T *

lbV\

yr^TApSyrF -f;

(9)

which can implicitly he considered as the ratio of the change in
kinetic energy due to the Lorentz force to the power input to the
accelerator utilised to Increase kinetic energy.
that the value of

<T- I

Equation (8) shows

provides optimum conditions.

The experi¬

mental data plotted in Figure 13 are in agreement with Equations

(8)

and (9) and give for

~I

and

<T=/

~l ,

regime; therefore, this value,

the most efficient

may be introduced into

the numerical values for the present experiments:

so that

6

6

» 37»7 x 10

m

■

0.86

x 10*3 kg/sec

=

2.83

newtons

cr

Joules/kg

becomes

do)
where BIh is in newtons and

is in kilowatts.

the plot of the experimental values of

Figure 14 is

(T vs. thrust efficiency.

It shows the theoretically predicted maximum thrust at a value of
O'® las the optimum amount.
In this research the plasma generator provided a con¬
siderable thrust compared to the thrust increment achieved by
the constant area channel Lorentz accelerator section.

Therefore,

it is valuable to consider the combined effect of plasma generator
and Lorentz accelerator.
Beckmann and Chapman

(12)

have derived relations between

stagnation and critical properties and arrived at an expression
for thrust.

Considering critical velocities

(n)

(4.-**)*■

where * Indicates critical properties belonging to critical
velocities of gas at tbs throat.

The enthalpy difference in

Equation (9) can be Obtained Aram the energy equation
h0 = Y*E +
The last tem of Equation (10) can be neglected since it is small
and only its ratio would appear in (9)*

Equations (9) and (10)

can be combined to arrive at the theoretical thrust output at the
critical velocity of the partially ionised gas*

(X3)

V

vfc
/
tn
Here A^ is the change of degree of ionization of the gas*
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Experimental measurements of degree of ionisation have shown
that at the nozzle exit the ionization le extremely low*

One

can use this fact to conclude that heat addition results from
the ionisation energy, so that Equation (11) becomes

4-*= 1/ v>2
ro

+

»

£ AO(*Y
(I*)
J

' ft

Equations (5) and (12) may be combined to eliminate

= 0.8

\j 2

:

(15)

+ 2. y&V,2- -

'

V m

One can now add to this the theoretical thrust Increment of the
lorentz accelerator and the result is an equation fbr the
theoretical thrust output of the combined plasma generator and
Lorentz accelerator.

jl\

_

^Woc

fl +

*

where % “ ^ ♦ V

O.fc / iiL +2-«,

v

*

V th

fl

+\j\2'

(15)

J

An ideal 100$ efficient plasma generator can be assumed

18
when theoretical values for

are to he considered.

That Is,

assume that all electrical energy applied to the generator is
converted into kinetic energy

*

f/

(17)

While obtaining the experimental data the power input
and mass flow rate to the plasma generator vere kept constant.
■ 13*5 kw., Equations (14)

With m * 0.86 x lo”^ kg/sec and
and (15) may he combined to give

(j) =
**.- +itor.

/o

f//6 3 IBJ, +

I

]l-W^ + 7/.JT - . U^iXBi + rtf' 1

i

J

1

where F is in newtons, m in kg/sec,

(&)

in kw., B in veber/m ,

I in amperes, and h in meters.
The ratio of overall experimental, specific impulse to the
overall theoretical Impulse is plotted against the power input
to the accelerator in Figure 10.

Bower to the plasma generator

was not included as it appears only as an additive constant,
since the power supplied to the plasma generator was always kept
at a constant level.
Thrust efficiencies
test.

vere calculated also for each

They are the ratio of actual thrust increment to the

theoretical one

(19)

xeJ,
One of the most useful efficiencies of the Lorentz
accelerator is the propulsion efficiency.

The propulsion

efficiency usually determines the weight of the system.
defined as

It is

1

Thruat Power
Total Input Power

(20)

(21)
where

FT =, R 4-FJ.

since F^ and Fg were measured separatedly.
Then the propulsion efficiency of accelerator becomes

%=

Fate+25)

(so

The propulsion efficiency were plotted as the function of power
input to accelerator. (Figure 11)

EXPERIMENTAL RESULTS

A*

Thrust
Tests run without a magnetic field but with an arc

struck in the Lorentz accelerator section demonstrated the
fact that heat addition to a supersonic flow in a constant
area duct tends to decelerate it.
% in thrust readings resulted.

A decrease of up to about
Therefore, the data for thrust

is only a measure of electromotive body force, since Ohmic
heating resulted in no additional thrust.
No thrust contributions were caused by the currentcarrying conductors.

This was determined by striking an arc in

the Lorentz accelerator chamber with no mass flow and with no
applied magnetic field.
Direct thrust measurements are plotted in Figure

8.

The curves show a steady Increase in thrust with increasing

85

power and magnetic fields up to about O.I
up to 900 amperes.

veber/fa

and currents

At 0.205 weber/m" the electromotive force

decreases, and the decrease is even more noticeable at higher
currents.

At 900-1000 amperes, the thrust tends to approach a

constant value instead of continuing to Increase linearly as
the theory predicts. (This was partly due to the fact that only
one set of electrodes were used, and the electrode surface areas
were small, i.e., high total electrode current density.)
The data for thrust increase vs. current for a constant
applied magnetic field and thrust increase vs. applied magnetic
field for constant current are plotted in Figure 9*

Thrust shows

2

a definite maximum at approximately O.I85 veber/m .
6.

Voltage-Current Characteristics
The characteristic curves for voltage-current relations

are plotted in Figure

7*

With increasing magnetic intensity, one

must apply a higher voltage to pass the same amount of current
through the p^rtlJlly ionized plasma*

Since Ohm's Lav for one¬

dimensional flow is:

J

(E — uB) f

for constant current, E must increase with increasing magnetic
field.

The curves plotted for constant magnetic field show a

linear relationship for no magnetic field and as the magnetic
field increases, the curves shift to a higher voltage range
proportional to the Increase in magnetic field.
It is important to mention here that the total electrode
current density was doubled compared to the maximum used by
Demetrlades & Ziemer

(7)* (See Figure 12.)

If one extrapolates the curves to zero current, they
appear to intersect at

2k

volts.

This voltage is the sum of

the anode and cathode voltage drops.

The voltage drop close

to the cathode and anode is a measure of the power loss of the
Lorentz accelerator^, and can be used in calculating the con¬
ductivity of gas.
C.

Efficiencies
(l) Overall Specific Impulse Ratio: Since the thrust

output of the plasma generator is comparable to the thrust of
the accelerator, the corresponding efficiencies are of the same

order of magnitude.

Equation (18) is the theoretical overall

thrust equation (specifically for m »
q1 ■

13.5

lew).

0.86

x

10”^

kg/sec and

The ratio of actual specific impulse to the

theoretical one vs. power input to the accelerator were plotted
in Figure 10.

The highest efficiency occurs at O.I85 veber/m .

Equation (18) gives an efficiency of 46$ with no electric and
magnetic field applied to accerlerator.

The experimental curves

all have the tendency to grow into this point when the power to
accelerator is reduced to zero.
(2) Lorentz Accelerator Propulsion Efficiency;

In Figure

11 the propulsion efficiencies were plotted against power input
to Lorentz accelerator. The curves show a definite maximum at
p
O.I85 weber/a . This efficiency is actually the ratio of in¬
crease in kinetic energy of the gas in the accelerate* to the
power supplied to the accelerator.
(3) Lorentz Accelerator Thrust Efficiency;

iLc thrust

efficiency of the accelerator (Figure 12) is the measure of
how close the actual thrust increment is to the theoretical one.
Since this efficiency does not say anything about the state of
the gas entering the accelerator section, the propulsion
efficiency is more meaningful.

All points cure located in the

efficiency range of 60$ - 95$.

Highest efficiency was obtained
p
with a magnetic field of 0.042 weber/m and lowest efficiency

2
with a magnetic field of

0.205

weber/m .

2-2>

DISCUSSION AND CONCLUSION

The Lorentz accelerator was designed so that the electro¬
magnetic body force could be measured*

Since no thrust increase

was recorded as current was increased, with no magnetic field
applied to the accelerator, Ohmic heating did not influence
resulting thrust measurements.

A small diverging section

(Figure 5) at the exit of the accelerator was used to protect
the magnetic coil windings from direct heat*

All experimental

values reported here for the Lorentz accelerator truly can be
compared with each other since the plasma generator performance
was reproducible for each test*

Although only one pair of

electrodes having much smaller surface area (3*86 x 10 ^ m )
were used in this research, the experimental results of Demetrlades and Ziemer (7) compares well up to the highest magnetic
field of 0*205 weber/n

and to their highest total electrode

current density (Figure 12),

At current densities of 45 x 10^

amperes/meter (higher than their maximum value) and

8t

optimum

magnetic field input (0*185 w/m ), considerable decrease in
thrust efficiency was noticed*

This is partly due to the in¬

creased Hall-effect and to the fact that at the high applied
magnetic fields and at high voltages, an Increased breakdown
occurred between the electrodes and the structural elements of
the thrust chamber*

Furthermore, at increasing applied magnetic

field, the deflection of the flow becomes noticeable so that the
thrust balance only measures the vertical component of the actual
total thrust*

Similar conclusions can be made from the plots of

thrust efficiency vs* magnetic Induction parameter (Figure 6) and

2*

overall efficiency vs. power input to the accelerator (Figure 10).
For a magnetic induction parameter of 0.5 or a power input of
60 kw. the accelerator appeared to reach its peak performance*
and any further increase of power input decreased the efficiencies.
The overall efficiency plot shows a steady increase of efficiency
with increasing magnetic field.

2

From 0.130 w/m

2

to 0.150 w/m

2
the increase is more noticeable than between 0*150 w/m

\

w/m

to 0.185

Then* at further increase of magnetic field to 0,205 w/m

the overall efficiency sharply drops to a low value of between
0.130 w/m

and 0.150 w/m ,

It was expected that this efficiency

should stay constant at constant applied magnetic field (which
is similar to propulsion deficiency (Figure 11)), tut the pre¬
viously mentioned potential breakdown between structural elements
of the thrust chamber influenced the flow so that considerable
thrust decrease from the ideal value was recorded at this level.
There were several attempts made to use helium as the working
fluid during this research* instead of the denser argon.

Keeping

all other dimensions the same as those used for argon* the direct
thrust measurements showed no noticeable electromagnetic body
force increase with helium.

This was the case when the external

electric field was applied in the same direction as the induced
electric field.

On the other hand when the external field was

applied in the opposite direction to the Induced electric field*
the conductivity of the gas increased considerable* which led to
a largd current flow at a low potential and specific impulses of
3000-4000 sec.

Observations made on the electrodes and diverging

portion of the nozzle (Figure 5) indicated that the magnetic field

Ji£

oausod a large Hall effect.

Consequently current floured only at

the bottom of the eleotrodes.

A large amount of wear appeared

on the diverging section of the nozzle which indicated that the
current was confined to move across the gas in the divergent
portion of the nozzle.
acceleration.

This heat addition to the gas caused

Since the Hall effect is directly propprtional

to magnetic field and inversely to the density of the gas,
helium behaved quite differently than argon.

13

The same polarity

of electrodes as described for helium gives a 20 to 25 per cent
deceleration to the argon flow, proving that in argon the Hall
current is signifioantly lower than that of helium, and in the
case of argon the electric field is interacting with the mag¬
netic field such that it causes a Lorentz or body foroe.
The large differences in the induced electric fields for
the two fluids is illustrated in Figure 6 (plotted as a function
of the magnetic field).

The electrical potential generated by

the partially ionized gas moving in a magnetic fiild oriented
perpendicular to the gas flow is 2 1/2 times larger for helium
than for argon, using 0.25 x 10”J kg/seo and 0.86 x 10 ^ kg/sec
mass flow rates, respectively.

This indicates the approximate

relative sizes of the Hall effects.
cr in Equation

(9) is an induction parameter, derived with

the assumption that the inlet velocity and the term £"*^3 are
not negligible compared to the power input to the accelerator.
In this investigation the inlet velocity was 3.30 x 10^ m/sec
and the term

was 32.4 kw.

These values are considerably

large when compared with the power supplied to the accelerator.

X^

The new induction parameter proposed here is intended to describe the optimum performance of this type of accelerator,

As

it is seen from the plot in Figure 14, 0=1 gives an optimum
thrust efficiency for a constant magnetic field applied to the
chamber*

For high power input the value of

<7

is lower, and for

low power range its value increases beyond the value of (J = 1.
Therefore, this parameter is a measure of the amount of optimum
power that can be applied to an accelerator of this kind.

This

investigation reveals that the optimum power was in the vicinity
of 60 kw* for the configuration investigated.
The plot of Figure 13 shows that a maximum value of the
efficiency occurs at the value of degree of ionization increase,
, (including heat losses) of unity.

This plot was useful in

determining the value of ionization terms used in the Induction
parameter.
The parameter defined in Reference 3 does not give a true
performance description of the accelerator because of the neg¬
lected terms of ionization energy and inlet velocities.

There¬

fore, the induction parameter proposed tore may be a moire accurate
characteristic value than the one proposed in Reference 3, par¬
ticularly when comparing the performance of Lorentz accelerators.

RECOMMENDATIONS

Since the electron motion in a conducting gas causes a
potential in the axial direction (Hall effect), a study of
electrical discharge should be made in low density gases as
a further step in Improving Lorentz accelerators and achieving
higher efficiencies*

Several pairs of electrodes should be

used to make the gas more conductive as it progresses down the
channel, so that the high current at low voltage can flow
through the gas*
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EXPERIMENTAL DATA

Arc Jet Performance :*
= (Power Input) 13*5 kw.
PQ = (Stagnation Pressure) 0,48 atm,
.

P2 = (Thrust) 2.83 newtons
m

= (Mass Flow Rate) 0,86 x 10 ^ kg/sec Argon

A

* (Throat Area) 3*44 x lo”'* m^

Lorentz Accelerator Performance:

%

h

= (Electrode Gap) 2,92 x 10~^ m

A

= (Electrode Surface Area) 3,86 x 10~^ m^

Test
No.

E
volts

I
amps

92
kw

newtons

1

41.0

410

36.81

0.50

0.042

2

42.4

615

26.07

0.72

0.042

3

49.4

940

46.43

1.13

0.042

4

55.0

380

20.90

0.80

0.082

5

57.9

500

28.95

1.00

0.082

6

59.0

575

33.92

1.19

0.082

7

61.9

680

42.09

1.40

0.082

8

65,0

880

57.20

1.88

0.082

9

59.5

260

15.47

0.80

0.130

10

63.0

340

21.42

1.00

0.130

11

71.0

440

31.24

1.25

0.130

12

75.5

600

45.30

1.83

0.130

13

80.5

800

64.40

2.40

0.130

14

83.0

1000

83.00

2.97

0.130

*2

B
?
w/ra^

Note that performance of arc jet was kept oonstant during the
experiments.

EXPERIMENTAL DATA (Continued)

I

Test

E

No.

volts

amps

15

64.5

220

16

69.0

17

«2
kv.

newtons

w/m^

14.19

0.59

0.150

320

22.08

1.08

0.150

80.0

500

40.00

2.02

0.150

18

78.5

525

41.21

2.20

0.150

19

85.0

680

57.80

2.80

0.150

20

85.0

750

63.75

3.11

0.150

21

90.0

855

78.75

3.30

P.150

22

65.5

210

13.75

0.85

0.185

23

69.5

270

18.76

1.16

0.185

24

82.0

450

36.90

2.10

0.185

25

82.5

460

37.97

2.09

0.185

26

87.0

550

47.87

2.55

0.185

27

88.0

580

51.04

2.83

0.185

28

89.0

600

53.40

2.98

0.185

29

89.5

615

55.04

3.05

0.185

30

90.0

780

70.20

3.18

0.185

31

92.0

800

73.60

3.40

0.185

329

95.0

930

88.30

3.40

0.185

33

101.0

980

99.00

3.67

0.185

34

102.0

1070

109.00

3.50

0.185

35

56.0

100

5.60

0.33

0.205

36

56.5

125

7.06

0.47

0.205

37

63.0

150

9.45

0.62

0.205

38

66,0

180

11.88

0.76

0.205

4

EXPERIMENTAL DATA (Continued)

Test

E

I

No.

volts

amps

92
kw.

39

72.0

247

17.78

1.10

0.205

40

77.0

325

25.02

1.39

0.205

41

86.0

400

34*40

1.70

0.205

42

*5.0

450

38.25

1.88

0.205

43

86.0

475

40.85

1.99

0.205

44

92.0

615

59*80

2.49

0.205

45

96.0

750

73.50

2.83

0.205

46

100.0

825

82.50

2.92

0.205

47

106.0

960

103.90

3.10

0.205

48

26.0

195

5*07

0.00

0.000

49

27.0

310

8.37

0.00

0.000

50

26.5

430

12.26

0.00

0.000

51

30.0

590

17.70

0.00

0.000

52

32.0

730

23.36

0.00

0.000

53

33.5

660

29.48

0.00

0.000

F

2

newtons

w/m^

FULL SCALE ASSEMBLY DRAWING- OF ARC JET
AND ACCELERATOR SECTION

FIGURE

2

34

-

m\

I

FIGURE 3.
Thrust Measuring Apparatus

ELECTROMAGNET

a. SCHEMATIC ASSEMBLY DRAWING

"ARKCO"
IRON
CORE

b. CICUIT DIAGRAM
ADJUSTABLE
RESISTOR

FIGURE 4

FULL SCALE DRAWING OF DET.AVAT. Nn7.7T.TC
AND LORSI'iTZ ACCELERATOR CHAMBER.

ELECTRODES

I

FIGURE 5

INDUCED FIELD

VS. MAGNETIC I NTS:’ SI TY

OF LCRSKTZ FORCE ACCELERATOR CHAMBER.

-2
h = 2.92 x 10

m.

(TUi'GSTEN AHODE-COPPER CATHODEj

VOLTAGE-CURRENT CHARACTERISTICS OF
OF CONSTANT AREA LOREKTZ FORCE ACCELERATOR

_3
m = 0.86 x 10

kg/sec. ARGON
-2

pores)

ARC JET POWER = 13.5 KW. ; h = 2.92 x 10

FIGURE 7.

m.

INPUT CURRSKT

VS. THRUST OUTPUT

OF LCR5NTZ FORCE ACCELERATOR
m = 0.86 x 10

lcg/sec.

ARC JET POWER = 13.5 KV/

ARGON
-2

; h = 2.92 x 10

THRUST OF ARC JET = 2.83 newtons

FIGURE 8

m.

4-o

OVERALL SPECIFIC IMPULSE RATIO

' VS.

POWER ILPUT FOR CONSTANT AREA LORESTZ ACCELERATOR

FIGURE 10

PROPULSION EFFICIENCY

VS. POUER INPUT

0? LORENTZ FORCS ACCELERATOR.
-3
ifi = 0.86 x 10

kg/sec.

ARGON

ARC JET POPPER = 13.5 KW. ; h = 2.92 x 10
LEGEND:-o—o-3 = 0.042 weber/m2
-X—x-B = 0.082 II
o—3 = 0.130 n

i
FIGURE 11

-2

m.

THRUST EFFICIENCY
j

I

VS. TOTAL ELECTRODE CURRENT

D5SITY OF CONSTANT AREA LCEENTZ ACCELERATOR.

_3
A = 0.86 x 10

kg/sec.

lE
ARC JET PC VSR = 13.5 KV7.

ARGON
; h = 2.92 x 10

-2

m.

LEGSvD:—0 ©—3 = 0.042 weber/m^
~S'11

£-3 = 0.082

t»

~x~ B — 0.130

tt

TOTAL ELECTRODE CURRENT DENSITY
-3
(amp./m x 10 )
FIGURE 12.
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THKUST EFFIGIEVGY

VS. DIG-RES CF IORIZATICN

FCR CCNSTAIIT ARIA LOHERTZ ACCELERATOR

FIC-URE

l

15

THRUST EFFICIENCY

VS. KAGNETIC INDUCTION

PARAMETER FOR CONSTANT /.REA LCREUTZ ACCELERATOR
m = 0.86 x 10

kg/sec

ARC JET POWER = 13.5 KW.

ARGON
; h = 2.92 x 10”2m.

LEGEND: ■ ■» —-s - 0.082 weber/m2
~® o—O.130
n
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