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NOTICES
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that the Government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other data, is not to
be regarded by implication or otherwise as in any manner licensing the
holder or any other person or corporation, or conveying any rights or
permission to manufacture, use, or sell any patented invention that
may in any way be related thereto.

This report is not releasable to OTS — Foreign announcement and
distribution of this report is not authorized. 'The distribution of
this report is limited because it contains technology identifiable with
items on the strategic embargo lists excluded from export or reexport
under U.S. Export Control Act of 1949 (63STAT.7), as amended
(50 U.S.C. App. 2020.2031), as implemented by AFR 400-10",
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FOREWORD

This report was prepared by Electro-Optical Systems, Inc., Pasadena,
California, to summarize the results of the first Phase of Contract
AF 33(615)-1579, Project No. 3141, Task No. 314101. This contract began
in April 1964 and the first phase ended in March 1965. The contractor's

number for this report is EOS 5090 Phase I Final. The report authors
| are R. A. Moore, G. L. Cann, and L. R. Gallagher.

This research contract is funded by th. Aero Propulsion Laboratory
of the Air Force Research and Technology Division. The program is
monitored in the Electric Propulsion Technology Section of the Aero
Propulsion Laboratory by Mr. Paul Lindquist.

The authors gratefully acknowledge the contributions of C. H. Giltner,

R. L. Harder, E. Doty, S. Snider, E. Julian, J. Cole, R. Swope, and
T. Jacobson in obtaining the results reported.

The report was submitted for Air Force approval on 30 April 1965.
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ABSTRACT

The objective of this program is to develop the technology of
efficient electric arc jet thrustors for high specific impulse and long
life. It is aimed particularly at power levels up to 300 kW, specific
impulse between 1500 and 4000 seconds, and overall efficiency greater
than 60 percent for durations of 500 hours.

The approach combines analytical and experimental research to
investigate and develop thrustors using lithium and other alkali metals
as propellants. Alkali metals have the advantage of high frozen-flow
efficiency compared to gaseous propellants used in previous arc jet work.
The use of lithium in this Isp range requires energies per particle which
are not achievable by the electrothermal arc-heating process. Thus, it
is necessary to employ, in addition, electromagnetic acceleration processes.
The present ap;roach has relied predominantly on Hall current interactions
with an aoplicd magnetic field.

Lithium thrustors have been tested at power levels up to 40 kW.
Thrust efficiencies (neglecting power dissipated in the magnet coil) of
70 percent at Isp of 5000 sec, 60 percent at 4000 sec, 45 percent at
3000 sec and 30 percent at 2000 sec have been measured in a test chamber
at pressures of the order of 10-2 mm Hg. Other tests demonstrated that
test chamber pressures between 10-2 and 10-S mm Hg have little effect on
performance. A 10-hour endurance test was made with a 10-kW thrustor
operating at an Isp of about 5000 sec with an efficiency of 53 percent.

The performance results must be considered tentative until an
investigation of the effect on performarce of test chamber pressure has
been completed. However, the results are shown analytically to be
feasible and they unquestionably confirm the theoretically predicted

superiority of lithium over hydrogen as a propellant for a plasma engine.
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The second phase of the program will concentrate on investigation %
of the tank pressure effects, evaluation of other alkali propellants,

evaluation of a new bipropellant concept, minimization of the weight

hbn 23

penalty of the required magnetic field, development of 1.0- and 100-kW
thrustors, continued analytical investigations, refinement of measure- &

ment techniques, and a longer duration (50-hr) endurance demonstration.

Publicatior of this report does not constitute Air Force approval of
the report's findings or conclusions. It is published only for the
exchange and stimulation of ideas.

HAROLD L. BRIGGS, Capt. USAF, Acting Chief, Propulsion and Power
Branch, Aerospace Power Division

e

iv

358




AFAPL-TR-65-48

CONTENTS

INTRODUCTION
SUMMARY
THRUSTOR PERFORMANCE MEASUREMENTS
3.1 Performance of Best Thrustor Configurations
3.2 Performance of Anode-Feed Thrustors with
Extended Cathodes
3.3 Performance of Cathcde-Feed Thrustors
THRUSTOR ENDURANCE
4,1 Ten-Hour Endurance Test
4,2 Endurance Potential and Problem Areas
UNCERTAINTIES IN THE PERFORMANCE RESULTS
5.1 Effect of Test Chamber Pressure
5.2 Effect of Test Chamber Wall Proximity
PERFORMANCE MEASUREMENT TECHNIQUE
6.1 Thrust Measurements
6.1.1 Balance Description
6.1.2 Accuracy
6.1.3 Balance Calibration Technique
6.2 Lithium Feed System
6.2.1 Mass Flow Rate Accuracy
6.2.2 Description of Feed System
6.2.3 Feeder Filling Procedure
6.2.4 Feed System Calibration
6.2.5 Feed System Bellows Data
6.3 Test Facility Description

6.3.1 Facility Pressure Capabilities

~N O W~

10
12
19
19
20
21
22
25
27
27
27
29
31
31
32
32
490
43
46
46
52




L S, ¥ e

AFAPL-TR-65-48

10.

11.

CONTENTS (contd)

THRUSTOR DESIGN DETAILS

7.1 Description of Thrustor Configurations in
Chronological Order

THRUSTOR PERFORMANCE ANALYSIS
PROPELLANT SELECTION
9.1 Selection Criteria

9.2 Estimate of Over-all Efficiencies and Arc Voltage
for Hydrogen, Lithium, Sodium, and Potassium

9.3 Lithium Hydride

9.4 Bipropellants

PREDICTION OF COOLING HEAT FLUX LIMITATIONS
10.1 Regenerative Cooling Capability

10.2 Anode Radiation Heat Transfer

PRELIMINARY EVALUATION OF MAGNET POWER AND WEIGHT
REQUIREMENTS

11.1 Introduction
11.2 Magnetic Field Requirements

11.3 Magnet System Weight Minimization

REFERENCES

APPENDIX I

APPENDIX II
APPENDIX IIT
APPENDIX IV

ANALYSIS OF MAGNET POWER AND WEIGHT
REQUIREMENTS

POWER DISSIPATION WITH IMPROVED COIL DESIGN
TEST DATA
MATERIALS COMPATIBILITY STUDY

£

vi

53

54
70
82
82

86
88
88
Y1
91
92

101
101
102
102
106

108
124
126
138




3-6

3-7

3-8

3-12

5-1

ILLUSTRATIONS

Thrust Efficiency as a Function of Specific Impulse
for Lithium Arc Jet Model LAJ-AF-2

Arc Voltage as a Function of Specific Impulse for
Lithium Arc Jet Model LAJ-AF-2

Performance of Lithium Arc Jet Model LAJ-AF-3
Performance of Lithium Arc Jet Model LAJ-AF-4

Thrust Efficiency as a Function of Specific Impulse
for Lithium Arc Jet Model LAJ-CF-3

Specific Impulse as a Function of Power Input for
Lithium Arc Jet Model LAJ-CF-3

Thrust as a Function of Current for Model LAJ-CF-3
with Lithium and Hydrogen

Thrust as a Function of Power Input for Model
LAJ-CF-3 with Lithium and Hydrogen

Arc Voltage as a Function of Arc Current for Model
LAJ-CF-3 with Lithium and Hydrogen

Effect of Magnet Coil Current on Specific Impulse
of Model LAJ-CF-3

Effect of Magnet Coil Current on Arc Voltage of
Model LAJ-CF-3

Thrust Efficiency as a Function of Specific Impulse
for Models LAJ-CF-4b and CF-5

Thrust as a Function of Test Chamber Pressure for Anode-
Feed Thrustors with Extended Cathode (Models LAJ-AF-4

and -6)
Lithium Arc Jet and Balance Assembly

Lithium Arc Jet Model LAJ-CF-4 Installed on Thrust
Balance Without Magnet Coil

Lithium Feed System Bellows and Actuator

Lithium Feed System
Lithium Feed System Components

Bellcws with Internal Pressure 15 psi Higher
than External

Lithium Feed System Block Diagram

vii

11
11

13

13

15

15

15

17

17

17

23
28

30
34
35
35

36
37




6-10
6-11
6-12
6-13

6-14
6-15
6-16
6-17
7-1

ILLUSTRATIONS (contd)

Lithium Feed System Layout - MK-1 Modified

Speed Regulation Servo Diagram - Mark II Lithium
Feed System

Transfer Can Assembly, 41lb - Lithium Feed System
Water Calibration Apparatus for Lithium Feed System
Lithium Feed System Water Calibration Apparatus

Linear Displacement of End of Bellows as a Function
of Height of Water in Calibration Tube

Lithium Arc Jet 6-ft-Diameter Test Chamber
Lithium Arc Jet 3-ft-Diameter Test Chamber
Lithium Arc Jet Test Facility

Large Test Chamber, 6 ft x 6 ft

Assembly Drawing of Lithium Arc Jet Models LAJ-CF-1,
-2, and -3

Assembly Drawing of Lithium Arc Jet Model LAJ-AF-1
Assembly Drawing of Lithium Arc Jet Model LAJ-CF-4
Lithium Arc Jet Model LAJ-CF-4 Disassembled

Lithium Arc Jet Model LAJ-CF-5 (magnet coil not shown)
Lithium Arc J-t Models LAJ-AF-2, -3, and -4

Lithium Arc Jet Model LAJ-AF-5 with Hydrogen-
Stabilized Cathode

Schematic of Lithium Arc Jet Model LAJ-AF-6
Photographs of Thrustor Delivered to Air Force
Assembly Drawing of Lithium Arc Jet Mcdel LAJ-AF-8
Arc Voltage in Hall Current Accelerators

Effective Mass-Flow-Rate

Maximum Attazinable Efficiency (Infinite P.wer)
Thrust Efficiency as a Punction of Power

Voltage (calculated using concept of effective mass
flow) as a Function of Specific Impulse for HZ’ Li,
Na, and K

Frozen Flow Efficiency as a Function of Specific
Impulse for HZ’ Li, Na,and K

viii

39

4l
42
44
44

44
47
48
50
51

56
57
58
59
59
60

65
66
68
69
73
76
80
8C

80

84




TLLUSTRATIONS (contd)

9-2 Theoretical Efficiency as a Function of Specific
Impulse for H,, Li, Na, and K, Together with
Experimental %erformance of Hydrogen and Lithium

Thrustors 87
9-3 Theoretical Voltage as a Function of Specific

Impulse for H2’ Li, Na, and K 87
9-4 Theoretical Efficiency as a Function of Specific

Impulse for Various Ratios of Hydrogen to Lithium

Flow Rate 90
9-5 Theoretical Efficiency as a Function of Specific

Impulse for Various Ratios of Ammonia to Lithium

Flow Rate 90
10-1 Ratio of Regenerative Power to Total Power Input

as a Function of Specific Impulse 93
10-2 Anode Geometry Assumed for Heat Transfer Calculation 93
10-3 Fin Efficiency as a Function of Conduction Parameter 96
10-4 Thermal Conductivity Integral as a Function of

Temperature for Tungsten 96
10-5 Theoretical Heat Transfer Radiated From Anode Face 96

10-6 Theoretical Heat Flux (Based on Internal Surface Area)
Radiated From Anode Face 97

10-7 Theoretical Effect of Emissivity on Heat Transfer
Radiated From Anode Face 97

10-8 Theoretical Effect of Thickness on Heat Radiated
From Anode Surface 97

10-9 Power Limit Where Heat Transfer to Anode is Equal

to Maximum Cooling Capability 99
I-1 Current Distribution and G'-Factors for Three Air-Core

Solenoid Designs 110
I-2 G'-Factors for Uniform Current Density Solenoid 110
1-3 G'-Factors for Bitter Solenoid 111
I-4 G'-Factors for Gaume' Solenoid 111
I-5 System Weights for Uniform Current Density Solenoid,

Self-Cooled 111
I-6 System Weights for Uniform Current Density Solenoid,

External-Radiator-Cooled 115




I-7

Iv-1

Iv-2

TLLUSTRATIONS (contd)

System Weights for Copper Bitter Solenoid, Self-
Ceoled and External-Radiator-Cooled

Static Compatibility of Matcrials with Lithium
(Solid bars indicate region of usefulness)

Free Fnergy of Formation of Lithium Oxide
Compared to Various Other Oxides

118

140

145




AFAPL-TR-65-48

(C

lel

AFZ(A Oxide)

o i
AF+(B Oxide)

LIST OF SYMBOLS

Area

Radiator area

Magnetic field strength

Absolute value of magnetic field strength

Axial component of magnetic field strength
Concentration of solute in phase A

Concentration of solute in phase B

Solubility of oxygen in B

Solubility of oxygen in A

Absolute charge of electron

Standard free energy of formatirn of the oxide of A
which can be in equilibrium with a solution of oxygen
in A

Standard free energy of formation of the oxide of B
which can be in equilibrium with a solution of oxygen
in B

Coil geometric factor

Acceleration of gravity

Total enthalpy rise[}hv + (h2 - hl) + (h4 - h3)]

Latent heat of vaporization
Enthalpy of liquid in feed system

Enthalpy at saturated liquid state




AFAPL-TR-65-48

e

Bl

=

LI5ST OF SYMBOLS (contd)

Enthalpy at saturated vapor state
Enthalpy of vapor at 3000°C
Current

Arc current

Coil current

Specific impulse T/mg

2)efv,

Reference specific impulse, -
a

Current density

Slope of thrust versus current curve
Length

Mass

Atomic (or ionic) mass

Effective mass flow rate

Mass flow rate

4rm ZmaVI

ple [V el

Reference mass flow rate

Empirical function of m which relates anode
to current (P0 =n 1 VI)

Value of n when m = ﬁo
Power

Arc power input

Internal energy loss

xii

power

o~ —




AFAPL-TR-65-48

LIST OF SYMBOLS (contd)

Power absorbed regeneratively
Power lost to cathode

Pressure

Coil power

| e | v ﬁ\o/ma

Power lost to anode

Test chamber pressure

Heat flux

Heat transfer rate or total heat transfer
Maximum heat transfer rate
Radial coordinate

Inside radius

Outside radius

Thrust or temperature

Voltage

Arc voltage

Effective ionization potential
Magnet volume

System weight

Power supply density

Density of magnet coil material

Axial coordinate




AFAPL-TR-65-48

LIST OF SYMBOLS (contd)

o Outside radius/inside radius or fraction of atoms
ionized
B Length/inside radius
Wy N Heat transfer parameters
) Fin thickness
€ Emissivity

N M, Thrust efficiency = TZ/ZhIV
nF Frozen flow efficiency

Coil conductor volume
A =
Coil total volume

or packing fraction

P Resistivity

o Stephan-Boltzmann constant

@ Thiermal conductivity integral

Xa Work function of anode material

we weTe’ cycles per collision for electrons

Xiv




AFAPL-TR-65-48

il INTRODUCTION

This report summarizes the results obtained during the first year
of a three-year program aimed at developing the technology of arc jets to
the point where it will be possible to build plasma thrustors capable

of the following performance:

Power Input: up to 300 kW

Specific Impulse: 1500 to 4000 seconds
Over-all Efficiency: greater than 60 percent
Lifetime: 500 hours

The approach used has been the investigation and development: of
thrustors which rely predominantly on Hall current acceleration of
lithium propellant. This report presents the thrustor performance
measurements, endurance test results, characteristics of special test
equipment and measurement devices, a thrustor performance analysis, an
analysis of the thrustor cooling limitations, and a preliminary evalua-
tion of the propulsion system weight increment resulting from the require-
ment of a strong magnetic field. The technical effort began in April 1964
and the first phase ended in March 1965.

The present investigation was begun after two types of electro-
magnetic arc jets had demonstrated the capability to efficiently accelerate
hydrogen to an ISp approaching 10,000 sec. The first type (Ref. 1) to
achieve this arc jet performance breakthrough relied on interaction between
the applied current and its induced magnetic field to accelerate the
plasma. The second type was the Hall current accelerator (Refs. 2 and 3)
in which an externally applied magnetic field is used to induce azimuthal
currents which interact with the applied magnetic field to accelerate the
plasma.

The hydrogen results paved the way for the use of the potentially

more efficient alkali metal propellants, beginning with lithium in the




AFAPL-TR-65-48

present program. The hydrogen performance showed that the electromagnetic
mechanisms could accelerate plasma to higher kinetic energy per particle
than had previously been achieved in electrothermal devices and to suffi-
ciently high energies that heavier pruvpellants could be used. It was
clear that, given the latitude in the use of heavier propellants, the

best choice would be an alkali because of their low ionization losses

and ease of storage during long missions. Lithium appeared as the best
choice among the alkalis because it has the lowest atomic weight, the
highest regenerative cooling capability, and the highest second ioniza-
tion potential.

Concurrently with this program, EOS in a parallel NASA program and
other contractors with equivalent objectives have continued investigation
of high-ISP electro-magnetic arc jets with gaseous propellants (Refs. 4
through 12). Most of these parallel efforts apparently concentrated
initially on the high-current self-induced magnetic field regime (Ref. 7
and 9); more recently the Hall current or applied-magnetic-field regime
has also been included (Ref. 8 and 10). Also, one of these parallel
programs is beginning to include lithium and other alkali metal propellants
(Ref. 13) but as far as is known by the authors the present report and
previous progress reports on this program (Refs. 14 and 15) are the

first to present alkali metal arc jet performance data.

TR
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2 SUMMARY

This report presents the results of the first successful attempt
in the United States to use alkali metal propellants in electromagnetic
thrust devices. The program reported upon is a logical continuation
of previous thrustor development efforts at Electro~Optical Systems in
which gascous propellants, notably hydrogen, have been accelerated in
Hall current devices to specific impulses of over 10,000 sec, at power
levels of from 1 to 300 kW. 1In the tests reported, lithium has been
used exclusively as the propellant. Many configurations of engines
have been tested. The best performance to date has been obtained with
anode-feed engines which were tested in a stainless steel tank. The
back pressure of ambient air was 10-2 to 10u Hg. The specific impulse
was varied over a range of 2000 to 7000 sec and the following thrust
efficiencies were measured: 70 percent at ISp of 5000 sec, 60 percent
at ISp of 4000 sec, 45 percent at Isp of 3000 sec, and 30 percent at
ISp of 2000 sec.

The novel feature in this type of thrust device is the maunner in
which the electric discharge path extends far out into the wake of the
exhaust gas. This mode of operation frees the engine from the so-called
containment limit, the maximum enthalpy obtainable when a gas flow is
heated in a channel which is coaxial with an electric arc. On the other
hand, new problems are introduced which have required intensive investi-
gation., The most critical problem is one involving the possible entrain-
ment of ambient gas into the jet, thus recirculating the tank gas and
causing serious error in the interpretation of the measurements. Since
the importance of this problem was realized from the beginning, many
tests have been conducted at as low a pressure as is presently possible
with the EOS vacuum system (10-S mm Hg). Also the thrust level and other

important parameters have been measured as a function of tank pressure
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by bleeding gas into the tank. In a parallel program (performed under
Contract NAS3-5909 for NASA/Lewis) a special low mass-flow-rate engine
was built and tested in a Lewis facility at a pressure of about 5 x 10-5
mm Hg. To date, the results of all these tests indicate that engine
performance measured at pressures of 1-06u Hg does not degrade as the
pressure is lowered to the order of 10-5 mm Hg. Further tests — in
progress and planned — will help determine the nature of the vacuum
facility necessary to carry out meaningful and accurate measurements.

The power necessary to produce the applied magnetic field must
eventually be included in the computation of the thrust efficiency. This
requires that minimum-power magnets be designed and tested. An analytical
study of electromagnet cooling techniques and design parameters for use
in thrustor systems has been made and is presented in Appendix I.

Some tentative analytic results are presented to explain the
current-voltage characteristics of thrustors using Hall current accel-
eration. A concept of so-called effective mass is introduced and is
defined as the propellant flow rate required for the discharge to oper-
ate at minimum voltage. This concept predicts that if the mass flow
rate is held constant and the current changed, then at low currents part
of the propellant is rejected by the discharge. At higher currents the
discharge will attempt to entrain mass to maintain the potential drop
low. It i: hoped that further development of this analysis will clarify
the problem of mass entrainment and lead to criteria for detecting its
presence.

A detailed description is give of the design and development of a
liquid feed system for lithium. The system is capable of feeding lithium
at a controlled rate of from 0.001 to 0.5 sec. The bellows which con-
tains 200 grams of lithium is maintained in a constant-temperature,
constant-pressure environment inside a stainless steel cylinder. Reli-

able performance has been obtained from this system throughout the

program.

e
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It is felt that the results obtained to date indicate that electro-
magnetic thrustors using alkali metal propellants show real potential
as useful space propulsion engines. However, considerable development

work is still needed and is being diligently pursued at EOS and else-

where.
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3. THRUSTOR PERFORMANCE MEASUREMENTS

This section presents the overall thrustor performance measure-
ments primarily in terms of the thrust efficiency and specific impulse
characteristics., The specific impulse was calculated from the measured

thrust and mass flow rate values using the following equation:

(3-1)

The thrust efficiency was calculated from the measured arc power input,

in addition to the measured thrust and mass flow rate:

2
T
L R YOI (3-2)
1
where
Py = I, Vy (3-3)

It is to be noted that the power input in the above equation does not
include
1. Power dissipated in the magnet coil (about 22 kW at the
maximum coil current of 1,800 amperes);
2. Power required to operate the lithium feed system and to
maintain the lithium at its melting point; : d
3. Power in the lithium where it enters the thrustor.
The coil power was not included because the development of low-
power coils is beyond the present scope of this program. The coil

designs used were dictated by the criteria of maximum fabrication

gratie]
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simplicity (i.e., low const) and an optimum match to rhe voltage-current
characteristics of an existing magnet power supply. The calculation in
Appendix IT shows that the same field could be produced with a power dis-

sipation of only 3.3 kW by a coil of more efficient design.

3.1 Performance of Best Thrustor Configurations

The highest thrust efficiencies in the specific impulse range
of 2,000 to 5,000 seconds were measured with Models LAJ-AF-2 and AF-3.
The anode-fee thrustors all gave higher efficiencies than cathode-feed
thrustors at the same specific impulse, and the short-cathode versions
(AF-2 and AF-3) performed better but had more erosion than the extended-
cathode versions (AF-4, -6 and -8). Test data are given in Appendix III.

Thrusk efficiencies of Model LAJ-AF-2 which is described in
detail in Section 7, varied from 20 percent at Isp of 1,500 sec to 70
percent at ISP of 5,500 sec. These measurements were made with the
test chamber pressure in the range of 1 to 10u flg. The power input was
varied from 5 kW to 25 kW with mass flow rates of 0.0l and 0.02 gram
per second. Figure 3-1 is a plot of the efficiency as a function of
specific impulse, showing both the measured data and the theoretical
efficiency as calculated in Section 9. The apparent scatter in the
data of Fig. 3-1 is caused primarily by changing modes of attachment
of the arc to the electrodes (especially the cathode) rather than by
random errors in the measurements.

Above a power level of about 25 kW the cathode and the anode-
cathode insulator eroded. The arc did not attach to the tip of the
conical cathode, as preferred. It attached on the conical surfaces
and even the cylindrical surface behind the base of the cone. There
was 'no erosion of the anode, which appeared to be adequately cooled
by the lithium and the graphite radiation disk.

The voltage of Model LAJ-AF-2 varied between 35 and 55 volts
as shown in Fig. 3-2, where voltage is plotted as a function of specific

impulse. Also shown is a theoretical estimate of the voltage based on
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the assumption that the average kinetic energy per ion leaving the
interaction region of the discharge corresponds to that of a siugle
ion falling through the voltage difference across the electrodes less
the ionization potential and the potentials representing losses to
the electrodes (Section 9). This is implicit in the assumption that
the discharge current is given by

m
T Ie!E;’ (3-4)

It remains to be proven whether or not the current has such
a limit and consequently whether or not the average velocity can be
"anomalous" (i.e., higher than that corresponding to the arc potential
difference). As Fig. 3-2 shows, the data from the Model LAJ-AF-2
thcustor are "anomalous' above a specific impulse of 2,000 sec.

The measurements may or may not be correct for the reasons
given in Section 8. Additional measurements at lower test chamber
pressure are necessary. [If the present results are erroneous then,
as the tank pressure is decreased, the voltage should increase or
thrust should decrease.

The thrust efficiency of Model LAJ-AF-3 was, at the same
specific impulse, about the same as that of Model LAJ-AF-2. As Fig.
3-3 shows, the thrust efficiency was about 20 percent at 2,000 sec,

40 percent at 3,000 sec and over 60 percent at 4,000 sec. This
thrustor, described in detail in Section 7, was identical to Model
LAJ-AF-2 except for the cathode configuration. Model AF-2 had a
conical cathode and Model AF-3 had a conical cavity at the cathode
tip.

These variations in cathode configuration were made in trying
to achieve a more stable and confined mode of attachment of the arc to
the cathode. As described above, the arc did not attach to the tip of

the conical cathode (Model LAJ-AF-2) as preferred. It attached non-

uniformly on the conical surface and on the cylindrical surface behind
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the base of the cone. With the conical-cavity cathode (Model LAJ-AF-3) ‘
the arc attached both inside the cavity and outside on the external
cylindrical surface as well as at the rim of the cavity. The arc was i
stable inside the cavity.
High vacuum tests with Model LAJ-AF-3 indicated that the
thrust was not affected by decreasing tank pressure from about one
micron~Hg to about 5 x 10-S mm lig, These results were observed in
the 6-ft diameter x 6-ft overall length test chamber which was connected
to a diffusion pump. Pressures of about one micron were measured with
the thermocouple gages and a McLeod gage. The lower pressures were
measured with ion gages. All pressure measurements are uncertain be-

cause of the unknown composition of the gas at the sampling points.

3.2 Performance of Anode-Feed Thrustors with Extended Cathodes

The extended-cathode versions of the anode-feed thrustors
are Models LAJ-AF-4, AF-6A through 6B and AF-8, all of which are de-
scribed in detail in Section 7. These models were less efficient than
the AF-2 and AF-3 models, but were more efficient than the cathode-feed
thrustors, and operated with less insulator erosion than any of the
other thrustors.

Model LAJ-AF-4 was operated over a higher range of specific
impulse from about 4,000 to 8,000 sec. Its thrust efficiency, as
Fig. 3-4 shows, is about 40 percent at Isp of 4,000 sec, 60 percent
at Isp of 6,000 sec and 80 percent at Isp of 8,000 sec. It is to be
noted that, at about 4,000 sec, its efficiency is lower than that of
Models LAJ-AF-2 and LAJ-AF-3. Performance points for Models LAJ-AF-6
and AF-8 are also shown in Fig. 3-4 for comparison. Any differences
between these models appear to be within the scatter of the data.

The thrust of Model LAJ-AF-1 was not measured because this
thrustor was mounted vertically to prevent liquid lithium from forming

a short-circuit across the electrodes. Observations of the operation
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however indicated that the arc attached to the anode inside of the E
injection slot and thus the inside section (Section 7, Fig. 7-2) of
the anode raa at a much greater temperature than the outside section. ’

The arc voltage of this thrustor was about 30 volts.

3.3 Performance of Cathode~-Feed Thrustors

The thrustors with lithium injected through their cathodes
were models LAJ-CF-1 through CF-5. These were all tested in the 3-ft-
diam x 6-ft-long vacuum chamber. Models CF-4 and CF-5 were tested on
the thrust balance. The thrust target was used to measure the thrust
of Model CF-3.

Models LAJ-CF-1 and CF-2 were tested in a vertical position
and hence, thrust measurements were not made. Tests without thrust
measurement gave the following results:

1. The effect of anode diameter on arc voltage with lithium
injection at the cathode.

2. General arc characteristics and behavior (e.g., arc stability,
approximate attachment area at electrodes, and voltage-current
characteristics).

3. Comparison of anode injection to cathode injection of lithium.

4. Techniques for controlling the experiment - in particular,
starting, shutdown, and feed rate control techniques.

The specific impulse and thrust efficiency measured with Model
LAJ-CF-3 could have significant errors. Thrust was measured with a
target collector-balance which, from visual observations did not appear
to completely collect the jet, particularly at pressure levels in the
tank below about one mm-Hg. Under some conditions, the discharge appearcd
to be partly attached to the target.

Figures 3-5 and 3-6 show the measured performance of Model
CF-3. The specific impulse varied between 1,700 and 4,700 sec, with
arc power input between 9 and 31 kW. Thrust efficiency varied between

10 and 64 percent.
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For reference, Fig. 3-5 shows the theoretical functions

P 0.50 nF, and 0.25 Nps where nF is the theoretical frozeu-

flow efficiency. This is based on complete first ionization and the

0.75 n

frozen-flow includes the energy required to vaporize lithium. It is to
be noted that the measured efficiency (at constant tank pressure) has the
same trend with specific impulse as the theoretical frozen-flow efficiency.

Figure 3-6 indicates that the performance may be adversely
affected by decreasing the tank pressure. As mentioned above, this
may be an erroneous indication caused by incomplete collection of the
jet by the target at the lower pressures. Visually, this appeared
to be the case; thus the thrust balance measurements at varying
pressure are a better indication of the pressure effect. There are,
however, other effects which could conceivably give the observed re-
sults. These are discussed in Section 5.

When the Model LAJ-CF-3 thrustor was operated with mixtures
of lithium and hydrogen, the higher efficiency of lithium was directly
demonstrated. The results show that the introduction of hydrogen re-
duced the thrust level for the same power input. If the efficiency
had remained constant, the thrust would have increased as the square
root of the total mass flow rate (Eq. 3-2). Figures 3-7 and 3-8 show
the results in terms of thrust as functions of current and power, re-
spectively, for various levels of the hydrogen flow rate. The lithium
flow rate was about 0.01 g/sec; the value is not known exactly because
of malfunctions of the feed system during this run.

As current and power were increased, there was an increase in
the ratio of thrust with lithium and hydrogen to thrust with lithium
only. These effects are caused by the loss of energy due to dissocia-
tion of the hydrogen. As power was increased, the hydrogen temperature
increased and the percentage of the total energy in dissociation became
lower. Hence, the efficiency increased.

Figure 3-9 shows the effect of hydrogen injection on the

voltage-current characteristics of the Model LAJ-CF-3 arcjet. With

14
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pure lithium, the arc voltage increased approximately linearly with
arc current. The general level of voltage increased when hydrogen

was injected. The voltage decreased with current below about 500
amperes, where the voltage was at a minimum. Above about 500 amperes,
the voltage increased with increasing current.

The observed effects of magnetic field strength seem to in-
dicate that the thrust of the lithium arc jet is due primarily to Hall
current interactions. Figures 3-10 and 3-11 show the effect of magnet
coil current on specific impulse and voltage for constant values of
arc current, lithium flow rate, and tank pressure (At a coil current
of 2,000 amperes, the magnetic field strength is about 4,000 gauss in
the vicinity of the electrodes). Both the thrust and voltage increased
approximately by a factor of five when the field strength was increased B
from zero to 5,000 gauss.

Reliable direct performance measurements with Model LAJ-CF-4
were not obtained due to malfunctions of the balance and instabilities
of the lithium feed rate.

Figure 3-12 shows thrust efficiency as a function of specific
impulse for Models LAJ-CF-4b and CF-5. Thrust efficiency varied from
about 10 percent at Isp of 1,500 sec to about 55 percent at ISp of
8,500 sec. The performance characteristics for these two models appear
to be alike, although the operation of CF-5 was more stable and its
performance data have less scatter. After some improvements had been
made on the thrust balance, it performed satisfactorily during the
tests of Model CF-5. Several measurements were repeated and the results
agreed within a few percent.

The power input for these tests was varied between 6 and 36 kW.
Above about 20 to 30 kW, depending on mass flow rate, the anode over-
heated and the insulator between the anode and cathode began to erode.

The cathode of Model LAJ-CF-4 thrustor was modified to form

the CF-4b Model. The modification consisted of relocating the lithium
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flow restriction plug farther from the arc to maintain the vapor front
downstream of the plug. This improved the stability of the feed rate;
however, the distribution of current at the cathode surface continued
to be unstable and nonuniform. The arc frequently attached along the
side of the cathode surface instead of in the preferred region near
the axis. This caused severe erosion of the insulator.

Model LAJ~CF-5 was designed with a cathode configuration
intended to promote a more uniform and stable arc at the cathode
surface. As Fig., 7-6 in Section 7 shows, the cathode tip has a
tapered hole in which the arc tended to attach. Lithium was injected
into the base of this tapered cavity. Operation of this thrustor was

considerably more stable and uniform than that of CF-4b.
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4, THRUSTOR ENDURANCE

4.1 Ten-ilour Endurance Test

Lithium arc jet Model LAJ-AF-6D was endurance-tested for 9.33
hours with 10-kW power input. The specific impulse and thrust effici-
ency were 4950 sec and 53 percent, respectively. Prior to that run,
the same engine was tested for about one hour in substandard-performance
condition. The endurance test was stopped after the lithium in the
feed system was all used. The cathode and cathode-anode insulator
eroded considerably at the end of the run after the lithium flow stopped
and before the arc was turned off. Therefore, the weight-loss measure-
ments given below are not representative of the erosion rate occurring
during the run. Erosion was also observed at the beginning of the run
before stabilization of the lithium flow rate.

The operating conditions and other pertinent data for the

endurance test are summarized as follows:

Model No. LAJ-AF-6D
Run Duration 9.33 Hours
Duration of previous run with same thrustor 0.91 Hour
Total time on thrustor 10.24 Hours
Power Input 10 kw
Current 250 amperes
Voltage 40 volts
Lithium mass flow rate 4.53 x 1072 g/sec
Test chamber pressure 6p Hg
Cathode and insulator weight loss 5.6 grams
Anode weight increase 0.43 gram
Net electrode and insulator weight loss 5.2 grams
Ratio of weight loss to total propellant 0.028
Thrust 22.5 grams
Thrust efficiency (not including coil power) 53 percent
Specific Impulse 4950 sec
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At the beginning of the one-hour run the lithium feed system
was pressurized excessively and liquid lithium flowed into the space
between the anode and cathode. This caused the arc path to be too
short (a few millimeters) and the voltage to be too low (15 to 20 volts)

for good performance. The one-hour run was continued until the excess

lithium vaporized.

4.2 Endurance Potential and Problem Areas

From the erosion and endurance test re:ults obtained so far
with lithium, it is not possible to make accurate predictions about
the eventual life of alkali metal arc jets. However, the lithium
results are encouraging — particularly the lack of any measurable
anode weight loss during the 10-hour endurance test. These results
show that tungsten at high temperatures (up to 2OOOOC) is not severely
attacked by the lithium vapor. The principal endurance problem with
the thrustors tested in Phase I was the insulator. This problem will
be solved by one or both of the following measures:

1. Use of an insulator material wiiich will resist lithium
better at high temperatures than boron nitride or alumina —

the only two insulator materials tried so far.

%)

Evolution of a cathode design which will stabilize the arc

in a region farther away from the insulator. (The bipropel-
lant buffered cathode thrustor, Model LAJ-AF-5, is one design
which accomplishes this.)

Insulator materials with better resistance to lithium than boron nitride
or alumina are beryllia, thoria, and yttria. These will be evaluated

in the second phase of this continuing program. The problem of mate-

rials compatibility with lithium is discussed in detail in Appendix IV.
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5. UNCERTAINTIES IN THE PERFORMANCE RESULTS

This section discusses certain questions regarding the validity
of the performance results presented in Section 3. The question here
is not accuracy of the measurements - this is discussed in Section 6 -
but, rather, how well the conditions of outer space were simulated for
the Hall arc jet,

These questions were easily resolved for electrothermal arc jets
which produce thrust as a result of heating and expansion processes
occurring inside the thrustor. However, the electromagnetic arc jets,
either of the Hall current type or self-induced magnetic field type,
rely on tuhrust mechanisms which apparently occur outside the confines
of the thrustor itself. Therefore, two effects - which are not com-
pletely resolved at present - become important:

1. Effect of test-chamber ambient gas (i.e., effect of test
chamber pressure)

2. Effect of the test chamber itself on the operation and per-
formance of the thrustor,

The effects of test chamber pressure and size on performance of
the Hall arc jet should be further investigated by

1. Additional high vacuum tests

2. Tests in various sized chambers or with a "false' chamber
wall which can be placed at various positions downstream
of the thrustor

3. Additional measurements of the axial current distribution

at various chamber pressure levels in tanks of different

sizes,
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5.1 Effect of Test Chamber Pressure

At test chamber pressure levels greater than about 10u Hg,
the thrust and voltage of the lithium arc jet varied as the pressure.
Figure 5-1 shows thrust of Models LAJ-AF-4 and -6 as a function of test
chamber pressure. Also, the arc voltage of Model LAJ-CF-5 decreased
by about 25 percent as atmospheric air was bled into the vacuum pipe
downstream of the tank to increase the chamber pressure. When a small
amount of argon was bled into the tank, the voltage and thrust
decreased by a factor of about 3 to 4. These effects were caused by
entrainment of some of the tank gas in the discharge region at tank
pressure levels of the order of 1 mm Hg.

At test chamber pressure levels below about 10y Hg, there is
evidence that the thrustor performance is not adversely affected by pressure.
Tests of a 10-kW hydrogen Hall current accelerator did not show a
measurable effect of pressure at pressures between 10_3 mm Hg and
10_5 mm Hg (Ref. 5). This hydrogen accelerator was tested in an
EOS 3-ft~diam x 6-ft-long test chamber and then in the 15-ft-diam x
50-ft-long chamber at the NASA/Lewis Research Center. Tests at EOS
were made with the chamber pressure between 10—2 and 1.0 mm Hg. Un-
fortunately, results (shown in Table 5-I) from the two facilities at
the same pressure do not agree and because of the lack of agreement,
in addition to uncertainties in the thrust measurements at NASA/Lewis,
the results of these tests are not conclusive,

Tests with the lithium arc jet were made at pressures in
the 10_5 mm Hg range, but these too are not conclusive because of the
relatively short period over which the high vacuum could be sustained.
The lithium tests did, however, indicate that the thrust did not change
significantly between 10u Hg (indicated on a McLeod gage) and 5 x 10-5
mm Hg (indicated on an ion gage).

Gas entrained in the arc discharge region may affect the
thrustor in any of the following ways:

1. Entrained gas may be accelerated along with the injected

gas from the thrustor.
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2, lonization of entrained gas could provide a charged-particle
density in the jet higher than that which would exist in
space. This could cause the current distribution in the
test chamber to be different from that in space.

3. Entrained gas may cause the flow and diffusion of neutral
propellant atoms to be different from that which would exist
in space,

4, There may be a contribution by entrained gas to the rate of
recombination of the ions and electrons downstream of the
discharge region. This would cause the propellant to
escape the magnetic field in the test chamber sooner than
it would in space.

The relative significance of the entrainment effects has not been es-
tablished; however, the first two in the above list are probably more

predominant.,

5.2 Effect of Test Chamber Wall Proximity

The tank walls may affect the thrustor performance by in-
fluencing the scale of the arc discharge (i.e., the length of the
current field extending into the jet), by electrostatic effects, and
by shorting, out part of the arc discharge., That the arc discharge of
the Hall arc jet extends far afield of the thrustor itself has been
verified by

1. Observed striations in the jet

2. Observation of the discharge with secondary electrodes down-
stream of the thrustor

3. Determination of the axial current distribution from meas-
urements of the induced tangential magnetic field (Ref. 5 ).

It is possible that the current-carrying portion of the jet
would extend farther in space than is allowed by the length of the
test chamber, If that is so, the walls of the test chamber either
shorten the discharge or carry part of the current, The wall could

shorten the discharge without carrying current by providing a thermal
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boundary layer due to its low temperature. Alternately, part of the

current from the anode could flow into the test chamber wall, close

the loop between the anode jet* and cathode jet,* and then flow through l
the cathode jet to the cathode. Such arcing to the tank wall has been

suggested at times from observations of the discharge at very low chamber

pressure and also from measurements of the chamber voltage. Under con- i
ditions where the cathode jet extends as far as the chamber wall, the

test chamber potential is very close to the cathode potential., When i
the cathode jet does not extend to the chamber wall, the chamber po-

tential is about midway between that of the anode and that of the cath- i

ode.

*Observed luminous streams of particles emanating from the cathode tip
and generally from the inside edge of the anode.
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6. PERFORMANCE MEASUREMENT TECHNIQUE

6.1 Thrust Measurements

The thrust of all anode-feed thrustors beyond Model LAJ-AF-1
and all cathode-feed thrustors beyond LAJ-CF-3 was measured with the
thrustors and the feed system mounted on a thrust balance. The thrust
of Model LAJ-CF-3 was measured with the thrustor mounted to the tank
and with a target balance approximately 10 inches downstream of the
thrustor. All models prior to LAJ-AF-2 and LAJ-CF-3 were tested in a
vertical position and thrust measurements were not obtained. Thrust
measurements with the target were only approximate because, at tank
pressure levels below 1 mm Hg, part of the jet from the thrustor was
not collected by the target. Some of the flow at tank pressure levels
above 1 mm Hg may have passed into the target, reversed direction, and
passcd back out of the target. This would cause the thrust reading to
be higher than the actual thrust. When the direct thrust balance was
used, the magnet coil and the lithium feed system, as well as the

thrustor, were mounted directly on the balance.

6.1.1 Balance Description

The balance suspension mechanism is a parallelogram
which supports the bottom thrustor-mounting plate as shown in Fig. 6-1.
The lower plate is connected to the upper fixed plate through three
support members which have thin flexible sections at either end, to
form flexural pivots. The thrust is sensed by the force transducer
mounted on the lower plate and connected to a vertical tube which in
turn is mounted to the upper plate. The balance is designed so that
the principal stiffness (force resisting the applied thrust) is that
of the transducer. A small fraction of the applied thrust is also
resisted by the effective pendulum stiffness and the stiffness of the

parallelogram suspension.
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Power lcads for the arc and magnet coil, gas and water
lecads, and power and instrumentation leads for th: feed system are
connected across the balance so as to minimize tare forces and errors.
These tare forces are caused by current, water flow, and gas flow
through the leads, in addition to gas and water pressure, and the
temperature of these leads. The arc and coil power are carried across
the balance through copper conductors suspended in cups containing
liquid mercury. Gas and water are brought across the balance through
flexible plastic hoses which are prestretched to insure vertical
alignment. The power and instrumentation leads for the feed system

are carried across the balance through helical copper wires (Fig. 6-2).

6.1.2 Accuracy

The estimated probable error in a thrust measurement
is £ 1-2 grams. The principal source of error is drift of the zero-
thrust reading of the transducer. This zero-drift is caused by dis-
tortion and shifting of the tank and balance suspension frame due to
the nonuniform temperature distribution of the balance and tank struc-

ture. Other sources of zero-drift are temperature effects on the

force transducer, and shifting of the relative positions of the magnet
coil, the magnet coil leads, and thrustor power leads. Such a shift
causcs a change in the Lorentz forces between leads and between the
leads and the coil itself. Other sources of thrust measurement error,
such as hysteresis and changes of the force transducer sensitivity,
are overshadowed by zero-drift.

In spite of occasional severe zero-drift (e.g., of
the order of 10 grams thrust per hour) the error can be minimized by
frequently shutting off the engine to obtain a zero reading. The
thrust measurements are assumed to be valid when they are preceded by
and followed by zero readings which are not different by more than 1
gram. In fact, even if the zero reading which preceded a given meas-
urement differs by more than 1 gram from the zero reading following

the measurement, that measurement may be valid.
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P

FIG, 6-2 LITHIUM ARC JET MODEL LAJ-CF-4 INSTALLED ON THRUST
BALANCE WITHOUT MAGNET COIL
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6.1.3 Balance Calibration Technique

Three types of calibrations are obtained for ecach
thrustor run. These include measurement of the balance sensitivity,
measurement of the tare force as a function of the magnet coil current,
and measurement of the interaction tarc force as a function of coil
current and current through the arc power lcads. The balance sensi-
tivity (i.e., the relation betwecen applied thrust and the voltage out-
put of the transducer) is determined by a deadweight calibration in
which gram weights are applied to the balance over a pulley. This
deadweight calibration has been made with the magnet coil both on and
off. It was found that the magnetic field has no effect on the sensi-
tivity. After the sensitivity calibration has been made, the magnet
coil current is set at various values and the thrust for each value is
mecasured. To obtain the interaction tare force calibration, the
thrustor eclectrodes are shorted out with a copper shorting fixture and
and the arc current and the coil current are set at various values.
The thrust for each set of values is measured. The magnet tare force
is the largest of the tares; it normally is about 30 to 40 grams. The
interaction tare is normally less than 10 grams for all values of arc

current and coil current.

6.2 Lithium Feed System

The lithium feed system provides the means for control and
measurement of the mass flow rate of the liquid lithium propellant.
The feed system utilizes a cylindrical, nesting bellows to contain the
lithium and force it into the thrustor. The force or pressure required
to inject the lithium into the thrustor is provided by gas pressurizing
the space surrounding the bellows. The lithium flow rate, which is
pcoportional to the linear displacement rate of the bellows, is meas-

ured by the angular speed of a linear actuator connected to the end of

the bellows.
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6.2.1 Mass Flow Rate Accuracy

The flow rate measurement accuracy must be stated for
both an instantaneous measurement and for an average measurement over a
period of several minutes or longer. The probable error in an instan-
taneous mass-flow-rate measurement is about 10 percent or 10-3 g/sec,
whichever quantity is larger. However, over a length of time greater
than a few minutes, the average mass flow rate can be determined with
a probable error of less than 5 percent.

This duality in the flow rate measurement accuracy is
caused by dynamic effects in the feed system. The most accurate meas-
urcment is obtained when the temperature of the lithium inside the
bellows is constant with time and when the pressure difference across
the bellows (between the lithium inside the bellows and the surround-
ing gas) is also constant with time. Under these conditions the volu-
metric displacement rate of the bellows is a function only of the
linear displacement rate or velocity of the end of the bellows. The
preceding probable error estimates were based on the effective volu-
metric expansion rate caused by a rate of change of the temperature,
and also on measurements of the bellows volume for various pressure

differentials across the bellows.

6.2.2 Description of Feed System

Two feed systems of the same type were constructed
during Phase I of the program. These are designated Mark I and Mark
II. In both of these models the same type of nesting bellows was
used. In the Mark I system the lithium is contained inside the bellows
and the actuating gas pressure is applied between the outside of the
bellows and a cylindrical tubular container. In the Mark II system
the lithium is contained between the outside of the bellows and the

tubular container.

6.2.2.1 Mark I Feed System

To minimize sag and buckling of the bellows,

it is mounted inside a tubular container which is sealed so that gas
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pressure can be applied between the container and the bellows. Figure

6-3 is a schematic of the bellows, the container, and the servoactuator;

Figs. 6-4 and 6-5 show the feed system assembled and partially disassem-

bled. As shown in Fig. 6-3, a plug is mounted in the rear of the bellows

to partially reduce the quantity of lithium remaining in the bellows when

it is fully compressed. This was done in order to minimize the rate of

accumulation of impurities in the bellows and to minimize the amount of

lithium that has to be removed before the bellows can be cleaned.

The basc of the plug is connected to a shaft

which in turn is connected to a screw-type linear actuator. 1In the

original form of Mark I, this linear actuator exerted the fo.ce required

to expel the lithium., However, it was later modified so that tie force

was provided by gas admitted into the space between the bellows and the

container. This modification prevented buckling of the bellows by in-

suring that the outside pressure was higher than the inside pressure.

If the bellows were to buckle, mass flow rate could not be measured

accurately because the bellows change of volume due to changing pressure

differential is nonlinear and n.nrepeatable. Figure 6-6 is a photograph

of the bellows with internal pressure 15 psi higher than the external
pressure, and buckling of the bellows is apparent.

With this gas-actuated system the lead screw
then controls the displacement rate of the bellows but does not apply
the compressive force. The bellows pressure differential is approxi-
mately proportional to the force between the actuator and the bellows.
It is measured with a force transducer. The pressure surrounding the
bellows is manually controlled so that the actuator force is maintained
constant and in slight tension. With the force and the lithium tempera-
ture held constant, the flow rate is proportional to the speed of the
actuator, which is regulated by the closed loop servosystem shown in
Fig. 6-7.

The servosystem consists of a split phase

induction motor which drives the lead screw through a speed reducer;
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FIG, 6-4 LITHIUM FEED SYSTEM

FIG. 6-5 LITHIUM FEED SYSTEM COMEONENTS
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FIG., 6-6 BELLOWS WITH INTERNAL PRESSURE 15 psi
HIGHER THAN EXTERNAL
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a tachometer which senses the angular speed of the motor and provides
rate feedback to the servoamplifier; a servoamplifier which responds to
the tachometer and provides power to the motor to maintain the output
of the tachometer equal to the voltage from the set-point control; a
sct-point device to provide voltage to the amplifier corresponding to
the desired mass flow rate; a calibration source for fine adjustment
and calibration of the set-point control and fced rate meter; and a
feed rate meter to indicate both the mass flow sct point and the actual
mass flow indicated by the output of the tachometer.

The lithium inside the feeder is maintained
at a temperature above its melting point by nichrome wire heating coils
cemented to the outside of the cylindrical container, the end flanges
of the container, the compensating plug, and the thrustor feed tube.
The heater wires for these sections of the feeder are each connected
to a separate heater power supply. Each heater power supply has a
variable autotransformer (Variac), an isolatiorn transformer, and an
ammeter. The isolation transformers are necessary to prevent shorting
of the thrustor electrodes to ground in the cvent that a heater wire
shorts to the feed system, which is at an electrode potential. The
temperature of ecach separately heated section of the feed system is
measured with a thermocouple and indicated on a meter at the appropri-
ate heater control panel. These temperatures are manually controlled
during a run to maintain the feed system temperature between 200° and
225°¢.

6.2.2.2 Mark II Feed System
The Mark II feed system shown in Fig. 6-8

uses the same type and size bellows as that used in Mark I, but the
lithium is contained between the outside of the bellows and the tubular
container. Mark II also has an annular space around the tubular con-
tainer for containment of tin metal which helps to maintain the lithium
at a constant temperature. Since the melting point of tin is slightly

higher than the melting point of the lithium, tin can be maintained in

38




QITAIAON T-XW - INOAVT WALSAS @ddd WAIHLIT 8-9 °9Id

: T o R il W o P o
————— =
1 . Oy
' r r = g o T

|
i_

|
|

|
39

AFAPL-TR-65-48

_ Y]

_ TJ= — - —yar=t |

==l @ﬂum:

R o AR -S5O 7 I A 7S 7T 55 \\\1\
- AL

Y= . ; T AP 7 7 ..,.\nﬁm\m? a.\
e 5 2 | i

i ICE NS H

bt 7 _
FIanas DAL L...u.._..__(..
FANS G T F 02 OWETHL Py




AFAPL-TR-65-48

a two-phase (solid-liquid) state and the latent heat of fusion helps
to control the temperature. As in Mark I, the bellows expansion force
is provided by gas admitted between the bellows and the container.
Mark II also has a speced-regulated drive system and a force transducer
for sensing the actuator force.

The scheme of speed regulatior for Mark II
is somewhat different than that for Mark I. Mark II employs an open
loop servosystem consisting of a step-motor contvolled by an accurate

variable frequency oscillator (Fig. 6-9). At one instant during each

} cycle of the output of the oscillator, the motor power supply admits
a signal to the step-motor, advancing the step-motor shaft through an
0 . ,
angle of 90 . Since the motor drives the linear actuator through a i

20:1 spced reducer, the lead screw rotates in steps of e B Although

this motor actuates the lead screw in steps, the flow of lithium out
of the system should be fairly uniform because of the damping provided

by the actuator, force transducer, and the bellows itself. This design

&

is somewhat simpler than that used in Mark I since a tachometer is not
required and it will be more precisely regulated through the use of an
oscillator which can be frequently calibrated to a crystal frequency
standard. It should be possible to obtain an independent measurement

of the mass flow rate from determining the period of the slight oscilla-
tions in the output of the actuator force transducer which result from

the step motion of the drive —ystem.

6.2.3 Feeder Filling Procedure

Both the Mark I and Mark II fee. systems are filled with

liquid lithium from the transfer container shown in Fig. 6-10. 1t holds f
4 pounds of lithium which is put into the container in solid billets as

receivad from the manufacturer. The lithium in the transfer container

is melted usiag nichrome heater wire and the heater power supplies as

described above. Lithium is forced out of the transfer container into §

the feed systems by gas admitted above the lithium. In flowing out of

the transfer container, the lithium passes through a stainless steel 10,
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filter for removal of solid-state contaminants. The bellows is filled
with the axis of the feed system vertical and with the feed tube at the
top so that gas entrained in the lithium will rise to the top of the
feed system. After filling, the tube between the feed system and the
transfer container is allowed to cool below the melting point of lithium

and vacuum is applied to the feed system to remove any entrained gas.

6.2.4 Feed System Calibration

The feed system was calibrated with water to determine
the effective area of the bellows. Effective area is the volumetric
displacement of the bellows divided by the linear displacement of the
end of the bellows. The effective area from the water calibration was
later verified by measuring the weight of lithium expelled for known
lincar displacements of the end of the bellows. Figures 6-11 and 6-12
show the water calibration setup. Water was forced out of the bellows
and into the inclined metal tube by the actuator. A small glass tube
connected to the metal tube at either end enabled measurement of the
height of the water in the tube and thus the volume of water displaced
by the bellows. In this calibration the height of the water was
measured as a function of the position of the end of the bellows for
various pressure levels both above the water and between the bellows and
the bellows container.

The actuator force and pressure inside and outside the
bellows were also measured during the calibration. Figure 6-13 shows
some of the calibration results in terms of volume of water displaced
versus deflection of the end of the bellows. These results were obtained
for constant values of the actuator force. Constant actuator force would
correspond to constant pressure differential if the bellows had no
stiffness; liowever, since the stiffness of the bellows structure is
significant, constant actuator force corresponds to a slightly variable
pressure differential.

It is to be noted that the slope of the curve of Fig.

6~13 is the same for the three values of actuator force which were used.

43




AFAPL-TR-65-48

METER STICK

FIGQ 6-11

178 LD
SIGHT
GAUGE KL DA Pt WATER CALIBRATION
APPARATUS FOR LITHIUM
FEED SYSTEM
——— |
FEED ASSEMBLY
I
&
[ FIG, 6-12

LI''HIUM FEED SYSTEM
WATER CALIBRATION

APPARATUS
50 T |
§
% 40— —
E ; ZILA ACTUATOR
g2 TENSION FoRCE OLS  ACTUATOR FORCE FIG, 6-13
&
ié 30 2318 acruaton councsson | LINEAR DISPLACEMENT OF
S8 END OF BELLOWS AS A
ot FUNCTION OF HEIGHT OF
g e ] WATER IN CALIBRATION
E 3 TUBE
58
%E 0 —
¥:
0 | ] | | 1
(o} | 2 3 4 S 6

LINEAR DISPLACEMENT OF END OF BELLOWS, in.

44




AFAPL-TR-65-48

The figure also indicates that, when the displacement at the end of the
bellows exceeds about 4 inches, the effective area decreases. This is
caused by nonlinearity in the stiffness of the bellows when it is almost
fully compressed.

In the following table the effective area determined
from Fig. 6-13 is compared with the effective area determined from the

calibration with lithium.

Calibration Medium Actuator Force Effective Area (inz)
Water + 23 1b 5.17
Water 0 5.17
Water - 23 1b 5.17
Lithium 32.5 1b (average) 5.10
Lithium 58.5 1b (average) 5.06

The value for effective area of 5.17 in2, determined from the water
calibrations, was used for calculation of the lithium mass flow rates
presented in this report. This value is more accurate than those from
the lithium calibration because the actuator force and the temperature
were more nearly constant. However, the results from the lithium calibra~
tions confirm, under actual thrustor operating conditions, the effective
areca established from the water calibrations., It is to be noted on

Fig. 6-13 that a change in the actuator force for a given position of

the end of the bellows corresponds to a change in volume displaced.

This indicates that, if the force is changing during a run, the effective
area is different from that determined for constant force. This is the
largest source of error in an instantaneous mass flow rate measurement.

A changing temperature of the lithium in the bellows causes a corres-
ponding change in the effective area because of the expansion of the
lithium in the bellows. Therefore, changing temperature also affects

the accuracy of an instantaneous measurement of the mass flow rate.

The situation is different, however, for the determination of an average

flow cover a finite period of time during the run. If, for such a finite

period of time, the actuator force and temperature at the end of the

.
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period are the same as at the beginning of the period, the average flow
rate over the period is not affected. Also, changing actuator force

and changing temperature do not affect mass flow rate from the thrustor
as much as mass flow rate out of the bellows. Fluctuations in mass flow
rate leaving the bellows are damped partially by the restrictor between
the bellows and the thrustor and also by the volume of the lithium

passages in the feed-tube and the thrustor.

6.2.5 Feed System Bellows Data

The bellows is a standard stock item, Model No. 52671,
manufactured by the Metal Bellows Corporation by welding disks together
with an electron beam welder. The bellows material is 347 stainless
steel which is not attacked by lithium at tempcratures up to 600°C.

The pertinent data and dimensions describing the bellows are listed

below:

Outside Diameter 3 in.

Inside Diameter 2 in.

Effective Area 4 .87 in2 (specified by manufacturer)

5.17 in2 (determined from calibration)

: Material Thickness 0.005 in.
. Free Length 5.40 in.

Extended Length 7.455 in.

Compressed Lengti 2.55 in.

Usable Length 5.00 in.
] Usable Volume 26 in3

Spring Constant 4.3 1b/in. (Approx)

} 6.3 Test Facility Description

f During Phase I of this program, a special facility has been

l fabricated for the purpose of testing lithium arc jets. Prior to comple-
tion of this facility, a small, more general purpese vacuum chamber
was used. Figures 6-14 and 6-15 show the installation of the thrust

balance and an arc jet in the small chamber and the large chamber, re-

spectively.
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The new special purpose facility was used in the last quarter
of the first phase, during which ancde-feed engines later than Model
LAJ-AF -3 wvere tested. AF-1, -2 and -3 and all cathode-feed models were
tested in a small chamber which is 3 ft in diameter and 6 ft long.

This chamber proved to be too small for the lithium arc jet experiments
because of the size and complexity of the equipment which has to be
installed on the balance. Also, the small chamber is constructed of
mild steel, which is subject to corrosion by lithium and its > mpounds,
whereas the large test chamber is constructed of stainles: Wl

The new lithium test chamber is 6 ft in diamelc: k
6 ft long between the extremities of the domed access d
important features of this chamber, shown in Figs. 6-16 and 6-17, are
as follows:

1. The chamber provides enough space for a long-pendulum
balance and a large propellant feed system which is required
for long endurance tests (100 hours).

2. The large doors allow full access to the chamber interior
so that assembly of the thrustor and feed system can be
made with ease, and so that the balance is not disturbed
after final adjustments and calibrations are made. (In
the small 3-ft x 6-ft chamber, the only access to the inside
of the tank was through small viewing ports on the side of
the tank.)

3. The test chamber has adequate inside surface area and adequate
cooling on the tank walls to effectively condense and thereby
cryopump the lithium vapor.

4, The chamber is also connected to a diffusion pump in addition
to the large 5,000-cfm 3-stage vacuum pumping system.

5. The chamber is fabricated out of nonmagnetic stainless steel
to eliminate the effect of the tank on the applied and induced
magnetic fields in the thrustor.

6. Since the tank is constructed out of stainless steel, the
walls may be casily cleaned and are resistant to corrosion

by lithium and its compounds.
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FIG. 6-16 LITHIUM ARC JET TEST FACILITY
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7. The arc jet exhaust may be directed diametrically across the
chamber as shown in Fig. 6-16 or it may be directed across the
tank in an axial direction.

8. & portable A-frame structure and hoists provide for easy
cemoval of the access doors and for rotation of the chamber
if desired.

6. Provision has been made for removal of molten lithium from

the chamber during long endurance tests. E

6.3.1 Facility Pressure Capabilities

—

With the lithium test facility pumped by the 5,000-cfm
pumping system, the minimum pressure capability normally was in the
range of 5-1Q, Hp (measured by a McCloud vacuum gage and a Hastings
thermocouple gage). With a single 12-in. diffusion pump the chamber
was pumped dovn to the 10-Smm Hg range without the engine operating.
This pressure was indicated by an ion gage. When a valve between the
chamber and the diffusion pump was opened with the engine operating,

the pressure dropped rapidly to about 5 x 10"5

mm Hg but remained at
this level for only a few minutes or less. Then the pressure increased
to greater than 100, Hg and the valve to the chamber had to be closed.
It is possible that this pressure rise was caused by the desorption of

gases from the lithium which condensed on the surface of the tank. !
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i3 THRUSTOR DESIGN DETAILS

This section presents the design details for all of the arc jet
thrustors which were designed and tested during Phase T of the program.
These thrustors consisted of three general types: thrustors with
lithium injected at the cathnde; thrustors with lithium injected at
the anode; and thrustors with lithium injected at the anode and hydro-
gen injected around the cathode. These will be referred to as anode-
feed, cathode-feed, and bipropellant thrustors, respectively. Thrustors
with lithium injected at both the anode and cathode were considered,
but not tested during Phase I.

The main parts of these thrustors are anode, cathode, cathode-to-
anode insulator, main body, and magnet coil. Some of the models also
used a heat-radiation disk attached to the anode. The bipropellant
engine had, in addition to the above components, a buffer or arc con-
strictor and a cathode-buffer insulator. With a few exceptions, the

materials used for fabrication of the thrustor components were as fol-

lows:

Anode Pressed and sintered tungsten containing
1-2 percent thoria

Cathodes Pressed, sintered, and swaged tungsten
containing 1-2 percent thoria

Insulators Pressed and sintered boron nitride, com-
mercial grade or low hygroscopic grade

Main body ATJ graphite or commercial grade boron
nitride

Anode radiation disk AT graphite

Magnet coil Copper

Nuts aud bolts used Arc-cast molybdenum

in assembly
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7.1 Description of Thrustor Configurations in Chronological Order

Table 7-1I lists the thrustors tested in Phase I along with
location of the lithium injection, identification of critical materials
used, anode diameter, type of cathode, coil internal diameter, and coil
position. The listing in the table is in chronological order. Discus-
sions of ecach model are in the following paragraphs.

Each of the thrustors listed had either the anode or cathode
connected to the Mark I lithium feed system described in Section 6.

Model LAJ-CF-1

Figure 7-1 shows the design details of this thrustor which
consisted of radiation-cooled tungsten electrodes and a boron nitride
insulator between the electrodes. The electrodes were mounted inside
a solenoidal magnet coil which has approximately 20 turns of rectangular
(0.25 inch x 0.38 inch) tubing. With the maximum current of 2000 amperes
through the coil, the axial magnetic field strongth at the center of
the coil was about 5000 gauss. The lithium was injected through a small
hole (0.030 inch diameter) at the center of the cathode.

Thrust and specific impulse of this thrustor were not meas-

ured. It was mounted vertically in the test chamber (3 feet in diameter
ﬁ x 6 feet long) facing downward so that any excess liquid lithium would
not short the electrodes. This technique was utilized until proper
control of the lithium flow was achieved.

| Model LAJ-CF-2

This thrustor as shown in Fig. 7-1 was the same as 1LAJ-CF-1
except the anode internal diameter was increased to 2.0 cm. The larger
anode arc voltage (40 to 50 volts) was higher than Model LAJ-CF-1 due
to greater interaction with the applied magnetic field. This thrustor,
like the first model, was mounted vertically because of lithium feed
problems and hence thrust measurements were not made.

Model LAJ-AF-1

Figure 7-2 shows this configuration, the first in which lithium

was injected through the anode. 1In this case, the two-piece anode was
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FIG. 7-4 LITHIUM ARC JET MODEL LAJ=-CF-4 DISASSEMBLED
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made of molybdenum by electron-beam welding. The cathode was solid
tungsten and the insulator was boron nitride. Molybdenum was used for
the anode to simplify its fabrication, although tungsten is capable of
withstanding higher power levels. The electrodes were placed inside
the same magnet coil used with the thrustors described above. In this
configuration, the cathode was conpletely radiation-cooled and the
anode was coolcd by regeneration, radiation and, to a '“sser degree,
by conduction to the water-cooled magnet coil.

This thrustor was first mounted in a vertical position. It
was later mounted horizontally with the exhaust directed into a target
balance; however, the inner piece of the anode melted before thrust
was measured,

Model LAJ-CF-3

This thrustor was identical to the first two configurations
with cathode feed (Models LAJ~CF-1 and LAJ-CF-2) except the anode
diameter was increased to 3 cm as shown in Fig. 7-1.

This thrustor was tested in a horizontal position with a
target balance.

Model LAJ-CF =4

Figures 7-3 and 7-4 show this thrustor configuration. It is
essentially the same as Model LAJ-CF-3 with lithium injection at the
cathode and with an anode diameter of 3 cm.

The anode structure was improved to eliminate fractures
caused by thermal shock and thermal stresses. The method of assembly
was also improved. As an additional change, the flow-restricting plug
in the lithium passage through the cathode was relocated closer to the
cathode tip in order to reduce the volume of lithium downstream of the
plug.

This thrustor and the feed system were mounted on a direct

thrust balance. Figure €-2 shows the thrustor on the balance before

the magnet coil was placed around the thrustor.




AFAPL-TR-65-48

Model LAJ=CF-5

The new cathode configuration of Model LAJ-CF-5 was designed
to provide a more uniform and stable arc at the cathode surface. As
Fig. 7-% shows, the lithium was injected through the cathode into the
apex of a tapered hole at the end of the cathode. The anode was identi-
cal to that used in Model LAJ~=CF-4 with the exception of the beveled
outside edge which was included only to smooth the cdge after it had
been chipped during the machining process. The other components of
this model were also very similar to those of Model LAJ-CF-4 and the
same coil was used. The boron nitride cathode-to-anode insulator was
modified slightly to make it more compatible with the new cathode design.

Model LAJ=-AF -2

Figure 7-6 shows Model LAJ-AF-2, the second thrustor configura-
tion with lithium injected through the anode. In this model the lithium
was injected through an annular slot inside the anode whereas in Model
LAJ-AF-1 it was injected through a slot on the downstream face of the
anode. The lithium in Model LAJ-AF-2 is pumped into the large annular
volume behind the injection slot through a 0.250-in,-diam molybdenum
tube. Inside this volume, the lithium is normally in the vapor state
and thus the flow through the slot into the arc region is uniformly
distributed around the circumference. The cathode was a solid tungsten
rod which tapers to a point at the downstream end. The anode-to-cathode
insulator was boron nitride with four equally spaced holes for injection
of argon during startup of the thrustor. A graphite disk was connected
to the downstream face of the arode to increase the surface area (and
emissivity) for better radiation-cooling of the anode. The anode was
clamped between the graphite disk and the graphite main body with six
molybdenum bolts as illustrated in Fig. 7-6. The magnet coil used with
this model and all subsequent models had the same number of turns as

the previous coil, but its inside diameter was increased from 3.25 in.
to 3.75 in.
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Model LAJ-AF -3

Model LAJ-AF -3 was the same as Model LAJ-AF-2 cxcept for the
cathode and anode-to-cathode insulator. The cathode was changed to the
inverted-cone configuration shown in Fig. 7-6 in an attempt to make the
arc attach to the cathode in a stationary region on the convex conical
surface rather than have it mcve about randomly over a convex surface
as in Model AF-2. The insulator was modified slightly to conform to
the new cathode shape. The remaining components were identical to those
of Model AF-2.

Model LAJ-AF =4

Model LAJ-AF-4 was identical to Model LAJ=-ATr -3 except in the

cathode configuration. The new cathode shape was designed to promote
attachment of the arc to the cathode in a region farther away from the
anode-to-cathode insulator in order to decrease the temperature and
erosion of the insulator. As Fig. 7-6 shows, the cathode was extended

so that its hemispherical tip was located 3 c¢m downstream of the face

of the anode. It was thought that the arc would attach either cn the
hemispherical tip or on the cylindrical surface between the tip and the
insulator. The extended cathode had another advantage in that the surface
area was increased for larger thermionic emission and radiation cooling.

Model LAJ-AF -5

The bipropellant Model LAJ-AF-5 had a pointed conical cathode
tip and a cathode buffer (or arc constrictor) downstream of the cathode
(Fig. 7-7). Hydrogen was injected around the cathode through the buffer-
to-cathode insulator and then through the buffer. The purpose of the
buffer and the hydrogen gas was to maintain the cathode at a pressure
high enough to promote attachment of the arc at a small spot on the
cathode tip. The cathode and the buffer were cooled with water in this
model although it is possible to design such a thrustor which would be
cooled by radiation heat transfer. The anode for this model was similar
to those used in Models AF-2, -3 and -4, The lithium injection slot
was identical and was located at the same distance from the downstream

face of the anode. The anode had Lnie same diameter as the previous
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models in the region of the lithium injection slot but was changed
upstream of the slot to accommodate the buffered cathode. The graphite

main body and radiator disk had the same configurations as those used

g

in Models AF-2, -3 and -4. The coil was also the same and was located
in the same position relative to the anode downstream face as in these E
carlier models.

Model LAJ-AF-6

The endurance-tested Model LAJ-AF-6D is shown in Fig. 7-8 '
along with Models AF-6A, -6B and -6C. These models had electrode con-
figurations similar to Model LAJ-AF-4. The anode designs are essentially
identical and the cathodes were 211 extended various distances beyond
the face of the anode. The AF-6 versions have the magnet coil in a
forward location (its centerline either at or slightly downstream of
the anode face) whereas the AF=-4 had the magnet centerline about 3 cm
upstream of the anode face. Also, in the AF-6 versions, the graphite
radiator disks were upstream of the coil and attached to the rear face
of the anode, whereas in AF-4 the disk was downstream of the coil and
attached to the front face of the anode.

The cathodes in Models AF-6A and -6B were extended so that
their hemispherical tips were 2 cm downstream of the anode face. Both
cathodes had the 0.050-in.-high ridge on the cylindrical surface located
in the plane of the anode face. The only difference between AF=-6A and
-0B was the magnet coil location. For AF-6A the coil was centered at
the plane of the anode face; for AF-6B it was centered 1.0 cm downstream
of the anode face.

Model AF-6C wis identical to AF-6B except that the protruding
ridge on the cathode was not included.

Model LAJ-AF-6L, the thrustor which was endurance-tested, had
a shorter cathode than the previous versions. The tip of the cathode
was located 1.0 cm downstream of the anode face. The cathode of AF-6D

was water-cooled, as shown in Fig. 7-8, whereas in the previous versions

it was cooled primarily by heat radiation. It was water-cooled because the
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rear portion of the cathode had to be covered with insulation to prevent
external arcs. It can be shown by heat zransfer calculations that the
cathode can be radiation-cooled if a sufficient area is exposed. The
cathode can be exposed at sufficiently low ambient pressures - certainly
in space. However, in the vacuum test chamber the pressure was not low
enough to prevent external arcs. Figure 7-9 consists of photographs

of the Model LAJ-AF-6D thrustor which was delivered to the Air Force
after the original thrustor of this design had been endurance-tested.

Model LAJ-AF-7

In the Model AF-7 thrustor, lithium was injected at the anode
through four holes aligned tangentially to the inside cylindrical surface
of the anode. Other than this change to vortex injection from the uniform
radial injection previously used, the anode was like those used in
Models AF -2 through AF-6. Model AF-7 had the same buffered cathode
used with Model AF-5 and the same magnet coil used with Models AF -2
through AF-7. The magnet coil polarity for Model AF-7 was such that
the azimuthal JxB force due to radial current and axial magnetic field
was in the same direction as the vortex flow from the lithium=-injection
holes in the anode.

Model LAJ-AT -8

The last new thrustor tested in Phase I of this program was
Model LAJ-AF-8, which was like the endurance-tested Mouel AF-6D except
for the length of the anode. The front face of the anode was extended
C.5 inch downstream as shown in Fig. 7-10. The magnet coil was in the

same position relative to the cathode as in Model AF-6D.
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8. THRUSTOR PERFORMANCE ANALYSIS
There are a number of unresolved problems in connection with the E

performance of Hall current accelerators that require intensive

investigation. Whether or not ambient gas from the vacuum tank is ?
entrained in the exhaust jet is a question that can determine the mini-
mum size and pumping capability of the test facility. The parameters
which determine the anode power loss also have a very strong influence
upon the performance capability of the engine and must be determined.
In the following analysis, the significance of some very general
conservation principles will be emphasized. Some empirical relations
will be used to make the analysis tractable. It is not expected that
the results obtained here will be applicable to all configurations of

Hall current accelerators; however, it is hoped that the assumptions

made are adequate for explaining most experimentally observed trends
and for predicting the performance capability of most practical engines.
The following are the most important assumptions made, based upon
data taken with tests on hydrogen and lithium.
1. The cathode attachment should occur on the tip of a cone which
extends so that it is flush with the anode face.
2. The anode attachment occurs on the front face of the anode.
3. The magnetic field strength is maintained in a range where
the thrust is independent of the field strength.
4. The thrust is linearly dependent upon the arc current.
The power loss to the anode is all due to convection of elec-
tron energy with the arc current. The electron energy depends
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