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Foreword
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Mr. D.J. Connolly of NASA was Project Manager for
the program.
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Other personnel who contributed to the program
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Abstract

A radiation cooled MPD arc thruster was designed and tested in a power range of 14 to 41
kilowatts and specific impulses between 800 and 3200 seconds, using ammonia as the pro-
pellant. Thrust performance was obtained for throat diameters from 1.524 to 2.286 cm, mag-
netic fields from 0.1 to 0.18 tesla, arc currents from 300 to 700 amps and mass flow rates
from 0.020 to 0.040 g/sec. An uninterrupted lifetest was conducted for 508 hours at a nominal
power of 32 kW, thrust 57g (0.126 1b), and a specific impulse level of 1900 seconds.
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Summary

This report describes the design work, performance
and duration testing of a lightweight radiation-cooled
MPD arc thruster. The design phase of the work con-
sisted of a heat transfer analysis and a radiation-
cooled magnet study which in conjunction with some
experimental thruster results established a preliminary
thruster design (X-7) for testing evaluation.

Design study

The thruster incorporated a composite anode
assembly with a cylindrical tungsten inner core sur-
rounded by a graphite radiation flange with the elec-
tromagnet located to the rear of the unit. The electro-
magnet was designed to simulate an annular permanent
magnet. Radiation shields were placed between the
magnet and anode assembly to reduce heat to the
magnet.

The heat transfer study utilized a computer solu-
tion of the heat balance equations applied to the thrust-
er assembly under the assumption that the anode heat
load was incident at the nozzle throat of the device.
The solutions provided temperature distributions
throughout the thruster assembly and allowed an evalu-
ation of various geometrical changes. The calculated
temperatures agreed with the experimental thruster
measurements.

The results of the mass optimization study pro-
vide the geometry of a minimum mass magnet when the
required field, internal radius, and distance between
magnet face and cathode tip are specified. These re-
sults were obtained under the assumption of constant

magnetization throughout the magnet volume. Experi-
mental measurements on Alnico-5 and Columax-9 mag-
nets showed this assumption to be in error. A semi-
empirical investigation of the effects of flux leakage
on the field distribution of annular permanent magnets
was then conducted and yielded fair agreement between
predicted and measured centerline field distribution for
thirteen (13) Alnico-56 magnets provided an empirical
B/H curve was used. Application of this technique to
several Columax-9 magnets did not produce good agree-
ment.

Thruster tests

Parametric testing of the X—7 thruster was carried
out for nozzle throat diameters of 1.524, 1.780, 2.032,
and 2.286 cm. Arc current levels up to 700 amps, bias
magnetic fields between 0.1 and 0.18 tesla, and ammonia
propellant flow rates between 0.020 and 0.040 g/sec
were conditions covered in the parametric tests. Arc
powers tested ranged between 14.4 and 41.3 kW. The
results of these tests showed that MPD thrust efficiency
is a linear function of specific impulse between the
range of 800 and 3200 seconds with a slope proportional
to mass flow rate. The average thrust to power ratios at
mass flow rates of 0.040, 0.030 and 0.020 g/sec were
2.2, 1.95 and 1.7 g/kW,respectively.

A 508 hour uninterrupted lifetest of the X—7 thrust-
er was conducted-after a modification to the initial
cathode electrode geometry was made. Upon inspection
of the thruster an additional 46 hours of test time was
logged on this unit. Duration testing of the X—7 thruster
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produced a transfer from low voltage to a high voltage
mode of operation after some 4 hours of test duration
and a gradual increase in arc voltage from 50 to 64
volts was recorded over the length of the lifetest. The
nominal power level during the lifetest was 32 kW with
a specific impulse of 1900 seconds, thrust efficiency
without magnet power of 15.6% and with the magnet
power an efficiency of 14.5%.

Erosion of the tungsten graphite anode, cathode
and boron nitride electrical insulator was 2.2% of their
combined original weight with the electrical insulator
undergoing the greatest erosion percentage of 41.4%.

Report MDC H296 — July 1969

SUMMARY

Motion pictures of the cathode-anode region taken dur-
ing the lifetest revealed several modes of cathode spot
attachment which correlated closely with arc voltage.

Hardware delivery

Delivery of two (2) McDonnell X—4A and eight (8)
X7 radiation-cooled thrusters was made during the
contract period. Tests of an X—4A and an X-7 thruster
in the NASA Lewis 15-foot diameter facility were in
good agreement with the data obtained in this laboratory.

MCDONNELL DOUGILAS v
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1 Introduction

Background

The magnetoplasmadynamic (MPD) arc thruster is
a low voltage (approximately 50 volts) device which
consists of an arc discharge located between a central
cathode and a coaxial anode with an applied axial
magnetic field. Acceleration of the propellant is ac-
complished via the electromagnetic body forces that
result from the interaction of the magnetic fields and
the currents in the ionized propellant. The MPD arc
thruster is considered a primary propulsion system
candidate due to its relatively high thrust density,
simplicity, favorable current-voltage characteristics,
and high power capability. Recognition of the poten-
tial advantages of MPD arc thrusters has been based
upon investigations carried out during the last several
years with a variety of propellants and thruster geom-
etries. Specific impulse levels up to 10,000 seconds,
input powers between 3 and 300 kW and thrust efficiency
up to 40% have been reported in the 1iterature.1_6 The

majority of the investigations have been carried out on
water cooled devices. The eventual usefulness of

the MPD arc thruster depends upon the success
achieved in duplicating or improving water-cooled
thruster performance in a radiation-cooled configura-
tion.

Radjation-cooled thruster performance has been
reported by Bennett, et a1l on an ammonia thruster and
by Cann and Nelson2 on a lithium fueled unit. The
results of these studies showed that radiation-cooled
thrusters gave performance levels comparable to the
water-cooled design although some differences in
thruster electrical characteristics were noted.

Report MDC H296 — July 1969

Objectives

The work conducted under this study was directed
towards two major objectives: (1) establishment of a
minimum weight thruster design with a radiation-cooled
magnet, and (2) determination of the reliability of a
radiation-cooled thruster by means of a 500 hour life-
test. The specific goals of the work were as follows:

(a) Design — A radiation-cooled MPD thruster
including electrode system (anode, cathode),
electrical insulators, thermal insulators, and
radiation-cooled magnet system shall be designed
to meet the following requirements:

Power input — 25 kW
Propellant — NH3

Efficiency — 40% at a given specific
impulse between 2000 and 3500 seconds

Maximum heat transfer to the magnet
coils of 100 watts

Maximum electrode erosion of 1% by
weight per 500 hours at design perform-
ance

Minimum weight consistent with reliable
performance and minimum electrode
erosion

Capability to start and stop ten (10)
times without failure to restart.

(b) Testing — The designed radiation-cooled
anode-cathode insulator assembly and a

MCDONNELL DOUGLAS 1



INTRODUCTION

water-cooled version of the magnet system will
be fabricated and tested under the following
requirements.

Thruster performance shall be paramet-
rically mapped in the vicinity of the de-
sign operating point. This mapping

shall be done by varying the input power,
mass flow, and magnetic field by + 10%

of the design power.

A 500 hour lifetest shall be conducted
to demonstrate that the design require-
ments have been met. The lifetest shall
be conducted in a vacuum facility with
a background pressure of 0.1 torr or
less.

(¢) Delivery of Hardware — Two (2) thrusters of
the McDonnell Douglas X—4A (see Appendix A)

MCDONNELL DOUGLAS

design will be delivered to the NASA Lewis Re-
search Center within the first two months of the
contract. These thrusters will be operated by
NASA so that thrust performance obtained in the
NASA facility may be compared with that obtained
in the McDonnell Douglas facility. After the de-
sign study has been completed and within the first
five months of the contract, two (2) anode-cathode
insulator assemblies and one (1) magnet assembly
conforming to the configuration approved under
the design phase shall be delivered to NASA.
Upon completion of the 500 hour lifetest and with-
in the twelfth month of the contract, six (6) anode-
cathode insulator assemblies and two (2) magnet
assemblies of a configuration which passed the
500 hour lifetest shall be delivered to NASA/Lewis.

Report MDC H296 ~ July 1969



2 Design study

The objective of this phase of the work was the estab-
lishment of a thruster configuration capable of radia-
tion-cooled operation at the conditions specified in the
contract goals (see Introduction, Section 1). The
quantities to be determined were the thruster inde-
pendent operating parameters (i.e., mass flow rate, arc
current and applied magnetic field) and the physical
dimensions of the unit.

A number of design guidelines and considerations
were set forth which further delineated the design
problem. These conditions are given below and the
rationale pertinent to their selection is given in
Appendix B.

Operating parameters

e Propellant mass flow rate — 17 to 52 mg/sec
e Arc current ~ 400 to 750 amps
e Power radiated from anode assembly — 12.5 kW

e External magnetic field at cathode tip —
0.05 to 0.2 tesla

Thruster geometry

e The diameter of the cathode rod or support
exterior to the thruster should be minimized so
that the inner radius of the magnet may be as
small as possible.

Report MDC H296 — July 1969

e The distance between the cathode tip and the
downstream face of the magnet should be mini-
mized.

e Provisions should be incorporated for chang-
ing the electrode gap and nozzle throat diameter
so the thruster performance may be optimized
with respect to these two dimensions.

e A composite anode assembly consisting of a
tungsten inner core and a graphite radiation
flange should be utilized to provide a low
thruster weight.

e Thermal conduction paths between the magnet
and rear surface of the anode should be minimized.

e Propellant should be introduced through the
cathode. The high current operation required
that the limited regenerative-cooling capability
of ammonia be utilized in the cathode region to
reduce erosion.

Using the above guidelines a preliminary thruster geoms-
etry was set and is shown in Fig. 2.1. This configura-
tion (designated X—6) is similar in design to the X—4A
thruster (Appendix A) which had been tested at
McDonnell Research Laboratories. The anode structure
consists of an inner tungsten annulus and two graphite
flanges lap fitted and bolted to the tungsten annulus.
The tungsten core forms the nozzle throat and housing
which supports and seals the cathode and electrical
insulator assembly. The graphite flanges provide a
large surface area of high emissivity for radiation of
the anode heat load with relatively low mass. The

MCDONNELL DOUGLAS 3



DESIGN STUDY
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Fig. 2.1 X-6 MPD thruster configuration

cathode consists of a pointed rod with a hole bored
along the axis for propellant supply. The propellant is
injected through ports drilled into the cathode behind

the tip. The cathode has

a tapered flange lap-fitted to

a boron nitride insulator which in turn is lap-fitted to
the anode to form a gas tight seal. Located between the
rear graphite flange and the face of the magnet are a

series of radiation shield
tion heat transfer.

s which reduce rearward radia-

With the X-6 thruster geometry set up as a pre-
liminary model the design study was subdivided into
two areas; 1) a heat transfer study (described below)
to determine the temperature distribution in the thrust-
er and evaluate the effects of geometry changes on the
temperature distributions, and 2) a radiation-cooled

magnei

study (see Appendix C) which for a given

magnetic field and separation from the cathode would

provide the geometry of the minimum mass magnet.

MCDONNELL DOUGLAS
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2.1 Heat transfer study

Heat transfer calculations for the MPD thruster geom-
etry were made by subdividing the assembly into a
number of volume elements or nodes and simultaneously
solving the heat flux balance equations for each node
by means of a computer. The computer program uses
the method of finite differences with the heat balance
equations solved in the implicit or backward difference
method. An initial temperature distribution is esti-
mated, and the program iterates to the correct solution.

Two computer programs were used in the heat
transfer calculations. The first program was limited to
approximately 144 nodes. The initial calculations were
made in the anode region using this program. The sec-
ond program became available during the study and had
a capacity for at least 250 nodes. This program was
set up on a high speed digital computer and resulted in
shorter computation times.

Assumptions and approximations

The assumptions made for the calculations include
the following:

(1) heat into the anode was at the arc attachment
region,

(2) arc attachment on the anode takes place in the
last 0.508 cm length of the throat, and

(3) no heating or cooling by the propellant.

In addition to assigning values to the different co-
efficients such as conductivity and emissivity, other
approximations perhaps less accurate were required.
These quantities include several interface resistances
and the convective heat transfer coefficient in the
water-cooled magnet.

The interface resistance was approximated by first
analyzing the surface contact. A point contact may

Report MDC H296 ~ July 1969
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exist with almost zero transfer area which may appear
as follows:

or an exact surface contact could be assumed such that
100% of the area would transfer heat by conduction.
These surfaces may appear as follows:

———— NN

However, if these two surfaces were only slightly mis-
matched as follows:

2 Y W e Y

then about 50% of total contact exists. The probability
of this condition is small because the grooves on the
two surfaces will seldom be alike.

One would conclude that the point contact condition
would represent the actual interface without any force
applied to cause deformation of the peaks. All inter-
face surfaces of the thruster were under load. There-
fore, the contact area was actually increased. A value
of 0.25 of the total interface area was chosen to repre-
sent the heat transfer area by conduction.

A comparison of conduction over 0.25 of the area
and radiation over the remaining 0.75 showed that con-
duction far exceeds radiation as the mode of heat trans-
fer across the interface.

MCDONNELL DOUGLAS 5



DESIGN STUDY

The interface conductance was chosen fo be 0.25
of the average quotient of the thermal conductivity of
the two materials divided by the total height of surface
roughness. If the interface was a lapped joint, then a
value of 0.5 of the total area was used to describe the
heat conduction area.

An estimation of the convection coefficient was
made using an empirical expression recommended by
Wiega.nd7 for a fluid in a flat or annular passage. This
expression is valid for Reynolds numbers greater than
5000.

h Dg
- 0.023 (R,)08 (P13 (2.1)

where h = convective heat transfer coefficient,

k = thermal conductivity of fluid,

De = equivalent diameter of passage,

Re = Reynolds number at film temperature,

Pr = Prandtl number at film temperature.
Calculations

In the initial phase of the MPD heat transfer analy-
sis only the anode assembly was considered since in
this region the highest temperatures occur and a rela-
tively simple thermal model was desired for initial
checkout procedures and program debugging.

A radiation sink temperature of 296°K was assumed
for the surfaces viewing the vacuum facility. Thermal
conductivity and emissivity of the tungsten and graphite
were considered as functions of temperature. The
tungsten-graphite interface conductance was neglected
in the initial phase of the calculations. Figure 2.2
shows the initial temperature distribution calculated
for the X—6 anode assembly. The heat input was 12.5
kW and the throat diameter was 1.524 cm. As indicated,
the temperature of the throat region of the anode is
slightly above the melting point of tungsten (3683%K).

The first geometry change was adjusting the graph-
ite expansion angle so that it was equal to the tungsten
expansion angle. Figure 2.3 shows the temperature

6 MCDONNELL DOUGLAS
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Fig. 2.3 Calculated temperature distribution in X—6
thruster for Qin‘ 12.5 kW
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distribution for this case and comparison with Fig. 2.2
shows a slight reduction which in conjunction with the
reduced mass of the graphite makes this feature desir-
able,

The next step in the heat transfer analysis was a
systematic variation of the anode geometry to determine
which configuration gives the lowest temperature at the
throat and rearward heat transfer to the magnet consis-
tent with reasonable thruster weight. The parameters
that were varied are:

(a) throat heat flux, total power to anode ranged
from 12.5 to 6 kW,

(b) throat diameter, 1.52 to 2.03 cm,

(c) graphite radiation flanges, outside diameter
and internal expansion angle,

(d) tungsten anode geometry, external ramp
angle was changed,

(e) rearward radiation shields, materials and
number of shields.

The total power to the anode was supplied in 8
steps ranging from 12.5 kW to 6 kW. The temperature
distributions were calculated for each power step and
for throat diameters of 1.524, 1.778, and 2.032 cm. For
these three diameters the maximum throat temperatures
were 3617, 3675 and 3740°K respectively, for 12.5 kW
power to the anode. An increase in throat temperature
with throat diameter occurs because the effects of the
lower incident heat flux are outweighed by the reduced
radiation surface area. Enlarging the throat diameter
is one method of increasing the power capability of the
thruster since it is usually accompanied by an in-
crease in arc voltage.

For the purpose of discussion, three characteristic
nodes are shown in Fig. 2.3. These are the ‘*i node’’
which is the maximum throat temperature and the inci-
dent heat flux location, the ‘‘f node’’ which is the front
surface location, and the ‘‘o node’’ which is on the
outer diameter surface of the graphite radiation flange.

Table 2.1 presents the temperatures for the char-
acteristic nodes for the X—6 thruster where the outer

Report MDC H296 — July 1969
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Table 2.1 Calculated X—6 characteristic node
temperatures as a function of radiation flange radius
and incident heat load

Radi ation Heat Node temperatures (°K)
flange outer load
radius (cm) (kW) T, T T
14 12.5 3727 1813 1702
14 12.0 3621 1795 1687
14 11.0 3414 1757 1656
14 10.0 3205 1716 1622
14 9.0 2994 1671 1586
14 8.0 2783 1622 1545
14 7.0 2572 159 1500
14 6.0 2354 1508 1449
16.5 12.5 3582 1664 1489
16.5 12.0 3474 1646 1476
16.5 11.0 3270 1608 1450
16.5 10.0 3056 1567 1420
16.5 5.0 2845 1523 1389
16.5 8.0 2633 1475 1353
16.5 7.0 2423 1424 1315
16.5 6.0 2207 13%6 1271
20.3 12.5 337 1517 1198
20.3 12.0 3262 1439 1188
20.3 11.0 3057 1460 1169
20.3 10.0 2851 1419 1148
20.3 9.0 2644 1375 1124
2.3 8.0 243 1327 1098
20.3 7.0 2231 1277 1069
20.3 6.0 2019 1220 10%

radius of the graphite radiation flanges was varied be-
tween 14 and 20.3 cm and the heat into the anode was
varied between 6.0 and 12.5 kW. A significant reduc-
tion in the throat temperature can be obtained by in-
creasing the outer diameter of the radiation flanges.
Increasing the radiation flange diameter thus allows a
scaleup in the power capability of the thruster.



DESIGN STUDY

Figure 2.4 illustrates the effect of thruster mass
on throat temperature when the outer radiation flange
diameter is increased. A throat temperature decrease of
approximately 3109K per kg of mass can be expected by
increasing the radiation flange diameter.

4000

3000

3500 \§\~\\
o

Throat temperature (°K)

2500

2000 6.0

Thruster mass (kg)

Fig. 2.4 X-6 throat temperature vs thruster mass for
various heat inputs

The effect of changing the tungsten geometry on
the temperature distribution was also investigated. The
maximum radius Rg (see Fig. 2.3) of the tungsten anode
was varied from 2.54 to 5.72 cm. In changing this diam-
eter, both ramp angles were varied and the axial loca-
tion of the apex of the angles was maintained so that
the apex remained in the middle of the slot between the
radiation flanges. Table 2.2 shows the characteristic
node temperatures for the three cases considered.

co

MCDONNELL DOUGLAS

Table 2.2 Calculated X—6 characteristic node
temperatures as a function of maximum tungsten
anode radius

Tungsten
anode Heat Node temperatures (°F)
maximum foad
radius (cm) (kW) i T T
5.72 12.5 3506 1761 1672
5.72 12.0 3810 1744 1677
5.172 11.0 3222 1708 1646
5.72 10.0 3033 1669 1612
572 9.0 2842 1627 1575
5.72 8.0 2648 1580 1534
5.72 7.0 2454 1530 1489
5.72 6.0 2253 1474 1438
3.18 12.5 3701 1800 1730
3.18 12.0 3595 1783 1715
3.18 11.0 3389 1745 1683
3.18 10.0 3181 1704 1647
3.18 9.0 2973 1661 1608
3.18 8.0 2763 1612 1566
3.18 7.0 2554 1560 1520
3.18 6.0 2339 1501 1466
2.54 12.5 3761 1831 1684
2.54 12.0 3650 1813 1669
2.54 11.0 3437 1774 1639
2.54 10.0 3221 1732 1606
2.54 9.0 3007 1687 1571
2.54 8.0 2792 1637 1530
2.54 7.0 2578 1582 1486
2.54 6.0 2358 1521 14%

Figure 2.5 shows that a throat temperature decrease
of approximately 210°K per kg of mass can be realized
by increasing the tungsten outside diameter. Therefore,
for a given heat load into the anode a reduction in the
throat temperature is best accomplished by enlarging
the radiation graphite flanges rather than the tungsten
anode section.

A limited amount of work was done on the rearward
radiation shields up to this point due to the node limita-
tion of the program.
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Fig. 2.5 Effect of increasing mass of tungsten in
X-6 thruster, Q =125 kW

2.2 X-7 thruster design

At this stage in the design study and after three months
into the contract period, the contract work schedule
called for the definition of an initial thruster design.
The heat transfer and radiation-cooled magnet design
studies were being carried out concurrently with con-
tinued experimental tests on the X—4A thruster. The
results of these tests and the design work were used
to establish the X—7 thruster configuration shown in
Fig. 2.6.

The basic features of the X—4A thruster geometry
were included in the X-7 design. The design aspects
which were considered to be basically proven were as
follows:

Report MDC H296 — July 1969

(a) a composite anode comprised of an inner 2%
thoriated tungsten surrounded by a graphite
radiation flange and in contact with the tung-
sten annulus by means of a lapped taper joint;

(b) a central rod cathode incorporating propellant
feed through the rod; thereby, providing regen-
erative-cooling to the cathode;

(c) a magnet located to the rear of and concentric
with the anode assembly, with radiation
shields interposed between the magnet and
anode to reduce rearward heat transfer to the
magnet.

Continued operation of the X—4A served to point out
several design aspects which appeared marginal for long
duration tests. These critical areas were as follows:

(a) The bolts securing the graphite radiation
flanges to the tungsten annulus loosened with
continued operation. The loosening became
aggravated as the test continued indicating a
stretching and expansion of the bolts under
the high temperatures encountered.

(b) The screws holding the cathode holder and in-
sulator in compression within the tungsten
annulus also loosened with continued operation;
thereby allowing some propellant leakage at

the rear of the thruster.

(¢) The internal expansion surface of the down-
stream radiation flange suffered some erosion
near the downstream edge of the tungsten annu-
lus. This erosion is thought to be caused by
either friction with the high temperature plasma
flow or some arc current attachment in the

location of the erosion.

(@) The forward edge of the boron nitride insulator
which viewed the arc discharge and was in
contact with tungsten annulus at its outer
edge suffered some erosion.

(e) The internal surface of the boron nitride insu-
lator immediately surrounding the propellant
inlet holes in the cathode suffered erosion.
This erosion was due to the impingement of
the propellant on the insulator surface and was
clearly defined near the three propellant inlets.

MCDONNELL DOUGLAS 9
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Fig. 2.6 X-—7 Radiation cooled MPD thruster

The X-7 design was aimed at circumventing the above
problem areas and the especial aspects of the design
are enumerated below.

(a) The anode-cathode insulator assembly is held
in compression with the magnet by means of
four compression springs. This arrangement
allows for thermal expansion of the unit during
warm-up while still maintaining a compressive
load for gas sealing.

(b) The dual radiation flange geometry was re-
placed with a single flange.

This feature in combination with compression
springs was designed to eliminate the problem assoc-

10 MCDONNELL DOUGLAS

iated with the bolts of the X—4A. The tungsten annu-
lus came in contact with the radiation flange along a
single surface rather than at the double ramp angle of
the X—4A design. This feature served to reduce the
applicability of the X—6 heat transfer calculations to
the X—7 design; however, it was felt that the change
in tungsten geometry was not so great as to invalidate
the qualitative results obtained on the X—6 unit.

(¢) The tungsten annulus of the X—7 design pro-
vided a greater surface area in the expansion
region than the X—4A design. This feature
coupled with the continued expansion of the
graphite radiation flange along a 459 angle was
aimed at reducing the erosion problem.
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(1) The X-7 boron nitride cathode insulator was
designed to move the loaded surface or gas
seal surface upstream to a lower temperature
region and also the forward end of the insu-
lator was in direct contact with the tungsten
anode. This change should decrease the ero-
sion problem stated in (g).

(m) A tungsten gas shield was placed concentric
to the cathode in the X—7 design. This shield
floats electrically and eliminated the direct
impingement of the propellant on the cathode
insulator.

The X—7 unit had a tungsten maximum diameter of
6.35 cm and graphite radiation flange diameter of 20.3
cm. Based upon extrapolation of the X—6 heat transfer
calculation it was estimated that this unit would be
capable of steady operation in the range of 40 kW.

A water-cooled electromagnet was used in the X-7
configuration as a simulated permanent annular magnet.
A design field of 0.1 tesla at a distance of 3.81 ¢m from
the cathode tip was chosen as a condition which could
be supplied by a radiation-cooled permanent annular
magnet. The water-cooled magnet core dimensions were
chosen to be the same as a minimum mass Columax—9
magnet. The magnet dimensions were Ry = 4.18 cm,

Rj = 1.27 cm and L. = 16.1 cm and were dictated by the
results of the radiation-cooled magnet study.

A bar magnet would provide the lowest weight mag-
net; however, an annular magnet of internal radius of
1.27 cm requires an increase of only 1.77 kg over the
bar magnet case. In view of the complexity of turning
the cathode 90° to allow positioning of a bar magnet
and the asymmetry thereby produced, it was concluded
that the additional weight of the annular magnet was
more than compensated for by design simplicity. Opera-
tion of an annular magnet on the Bz maximum was re-
jected because of the large weight required. This elec-
tromagnet incorporated a core of type 410 stainless
steel and was wound with 80 turns of insulated 0.685 cm
diameter copper tubing. Magnetic fields up to 0.18 tesla
could be provided at the cathode tip.

Report MDC H296 — July 1969
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Heat transfer to the magnet of the X-7 thruster
was reduced below that of the X—4A unit (approximately
1 kW) by increasing the number of radiation shields to
nine, seven adjacent to the thruster and two near the
radiation flange. Located between the radiation shields
and secured to the tungsten annulus was a pyrolytic
graphite radiation plate 0.635 c¢m thick. This plate
combined with a boron nitride shield, electrical insula-
tion, and radiation shield was anticipated to reduce the
heat transfer to the magnet to a range of several hundred
watts.

X~—7 heat transfer calculations

A heat transfer analysis of the X~—7 radiation-
cooled thruster was conducted to determine the steady
state temperature distribution throughout the thruster
assembly. This analysis was similar to that made on
the X—6. The heat load was assumed incident at the
anode in the throat region over an axial length of 0.508
cm. Calculations were set up to cover input heat loads
between 8and 20 kW.

The first node set up did not cover the entire
thruster assembly because of the limited capacity of the
computer program. The node size was next enlarged in
the low temperature gradient regions to permit the per-
formance of calculations over the entire thruster and
water-cooled magnet. Although these calculations were
qualitative they did yield several interesting results.

The heat transfer into the magnet was 1 kW with 16
kW as an input anode heat load. The maximum throat
temperature was below the melting temperature of the
tungsten with 16 kW applied to the anode. The tempera-
ture distribution in the pyrolytic graphite plate indicated
that there was not a significant axial temperature gradi-
ent across it as was expected and that it was not serv-
ing as an effective thermal insulator.

The radial conduction path between the pyrolytic
graphite and tungsten nozzle was broken by enlarging
the tapered hole in the pyrolytic graphite. This in-

MCDONRNNELL DOUGLAS 11
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creased hole size made the pyrolytic graphite a more
effective insulator; however, the maximum throat tem-
perature also increased. Therefore, one can choose

the direction of heat flow depending on whether it is de-
sirable to decrease the heat flow back to the magnet.

The second heat transfer computer program with an
increased nodal capacity became available at this
period. This allowed a more refined analysis of the
thruster. Areas that were refined included the forward
end of the magnet where the cathode holder backing
plate and insulator were undercut to reduce the conduc-
tion area. This modification resulted in about 35°K de-
crease in temperature at the magnet surface. Computa-
tions were extended to include the cathode holder re-
sistive heating and the pyrolytic graphite plate nodes
were subdivided.

Since the pyrolytic graphite plate in effect placed a
high temperature surface between the radiation shields,
a calculation was made wherein this plate was elimi-
nated. The throat temperature increased 58°K, the
graphite radiation flange surface temperature increased
16°K, and the magnet face temperatures were reduced by
1°K. Thus, simple elimination of the pyrolytic graphite
does not produce an improvement in the temperature
distribution.

For the next calculation a 0.025 cm thick sheet of
molybdenum replaced the pyrolytic graphite. The sur-
face temperature on the graphite flange and the maximum
throat temperature were increased 1°K and 2°K,respec-
tively, while the temperature on the radiation shield
next to the magnet was reduced 50°K from the condition
with the pyrolytic graphite.

Figure 2.7 shows a typical temperature distribution
for the X—7 thruster with 16 kW applied to the anode
and with water cooling supplied to the magnet housing.

To ascertain the operating temperature for a radia-
tion-cooled permanent magnet thruster the water cooling
was eliminated and the compression joint between the

magnet and thruster assembly was moved to the upstream

end of the magnet. In the water-cooled magnet calcula-
tion the pressure joint was at the downstream end. Fig-
ure 2.8 shows the complete temperature distribution for

a radiation-cooled permanent magnet coated with lamp-
black on its outer surface (¢ = 0.95). As shown, the
maximum temperature in the magnet is near 800°K, well
below the Curie point of Columax—9. The total heat
flow through the magnet at 16 kW into the anode was
0.41 kW.

The final calculations were made to investigate the
use of more efficient insulators to replace the seven re-
flector shields. Three sheets of 0.254 cm thick zirco-
nium felt were assumed. The calculated temperature
on the thruster end magnet face at a radial position of
3.378 cm was 815%K with the zirconium felt and 730°K
with the molybdenum reflector shields. It is therefore,
still believed that the radiation shields are the pre-
ferred method to thermally insulate the magnet.

Report MDC H296 — July 1969

12 MCDONNELL DOUGLAS



DESIGN STUDY

(1288)
i -4 1389 ® 10 ® 1109 1385
(1228)
(1293)
—_— MWW (1303)
(1133)
§ ‘ (1013)
\0 1? rir 1554 ? 1658 ® 1663 ® 1% @ ltn 164
(1343)
g \} ' T b 1 @ 181 ® i ® 105
T o s 1629
) < 1 03 a2
T% ® ® 2072
£ ® 1
\é’: 25 |2 g 3 .
4 : 2 @183 o (] Zn.z -
=4 = ®nn 2R
[ ]
0 e 2099
1767
[ ]
vt __xm ° 115 ® 28 @ 28 @®u2 @51 @u; en 21
caohing \ig
4
o up B0 —
02 @ W @ @ BM e ens ® 2526
o | w ®lgry  @xy  @ns N.U.. :gi e o s Measured data ~ ( )
we o e B 0 W
o @ © 0@ kiki]
o Temperature — °K

7 L /AN

Fig. 2.7 Measured and calculated temperature distribution in X—7 thruster for Qin--lb kW

Report MDC H296 ~ July 1969 MCDONNELL DOUGLAS



DESIGN STUDY

e=0.95

573

Temperature — °K

g

368

578

@577

@580

k!

@68

o569

R

N w0 4‘{ Em‘am
/ o5 2 g o
— N 1

14

Fig. 2.8 Complete calculated temperature distribution for X—7 thruster Qj,, = 16 kW

MCDONNEILL DOUGLAS

Report MDC H296 - July 1969



DESIGN STUDY

1362
1382
P 1365
P18

1292 1384
= BEA =
- e o ¢
g =
= E g
q ®e o 1517
no
£
[ 2%) L]
[ ] 1* ®1983
@186
e m | = = 3 > b4
L& gl=ls)=] [ & | ®071
¢ tddse o oun
@200 el 02141 @041
154!
B o e onxn ® 256 en 0215
o759 oun enu  enw onx @
w0 w2 BM B
oun 0 ® e o o
LT )
N e © seee
i"« 175,
lj ® 550
@ ] A

e

e

Arc attachment region

®w ®1092

/1 /AN

Fig. 2.8 Complete calculated temperature distribution for X—7 thruster Q;, = 16 kW (Continued)

Report MDC H296 — July 1969 MCDONNELL DOUGLAS

15



DESIGN STUDY

16

MCDONNELL DOUGLAS

Report MDC H296 — July 1969



3 Experimental results and
discussion of results

In this section the experimental results of the X-7

parametric tests and the 500 hour lifetest are presented.

Tests were conducted on the X—4A thruster during the
design phase for comparison with tests conducted in
NASA LeRC’s high vacuum facility on a similar X—4A
unit. The X—4A unit and the results of the tests are
described in Appendix A.

3.1 Experimental apparatus

All the experiments were conducted using ammonia as
the propellant and were performed in a 0.91 meter diam-
eter, 4.0 meter long vacuum chamber. Background
pressure was a function of mass throughput with a
typical value of 10"2 Torr attainable with an ammonia
flow rate of 0.040 g/sec, as measured with an alpha-
tron vacuum gauge.

Thrust measurement — Thrust performance measure-
ments were obtained by means of a single pendulum
thrust stand. This stand, shown schematically in

Fig. 3.1, has a pendulum 1.78 meters in length and is
suspended by two thin stainless steel flexures. Cool-

ing water and propellant lines are brought in through the

top of the stand by means of rubber hoses. Electrical
power for the thruster and magnet is connected to the
stand by mercury pots and is brought to the thruster

Report MDC H296 - July 1969
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Fig. 3.1 Thrust stand

through coaxial buses. Power is supplied by four (4)
60 kW Miller welding rectifiers. The pendulum bar and
mounting plate are water-cooled to reduce thermal
drift. Deflection of the pendulum is determined by a
linear displacement transducer with output indicated
on a strip chart recorder. A calibration of thrust
versus deflection is obtained by a pulley and known
weight arrangement. A thrust *‘killer’’ or flow deflec-
tion bucket is attached to the stand and can be swung
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in front of the thruster to turn the exhaust flow 90° to
the thrust direction. Thrust was measured by blocking
the exhaust with the ‘killer’’ for a period of 10 to 15
seconds and recording the change in deflection of the
pendulum. Use of the ‘‘killer’’ technique has been
previously reportedlzand is particularly useful for
radiation-cooled thruster work where thermal drift of
the stand is usually encountered.

Thruster measurements —Current and voltage to thruster
and magnet were measured by standard dc current
shunts and voltmeter. Ammonia mass flow rates were
measured by use of sonic flow nozzles and water flow
rates were recorded with standard rotometers. Cooling
water temperatures were obtained with differential
thermopiles located in the inlet and outlet cooling
lines. Magnetic field measurements were determined
using commercial Hall effect probes. Thruster operat-
ing temperatures were measured with 97 tungsten 3
rhenium versus 75 tungsten 25 rhenium thermocouples.

Experimental measurements of thrust, arc current,
voltage and ammonia mass flow rate were used to
determine the specific impulse and thrust efficiency
from Eqgs. (3.1) and (3.2):

T
Isp =T (3.1)
mg
T2
77: Zrh Pa’ (3.2)

where T = thrust,
m = mass flow rate,

Pa = arc power,

g = gravitational constant.

Thruster — The X—7 thruster was described in detail
in Section 2. Figure 3.2 is a photograph of the com-
ponent parts of the first X—7 thruster which was fab-
ricated. Figure 3.3 is a photograph of the unit assem-
bled with its water-cooled magnet. The axial and
radial magnetic field distributions of this magnet at

18 MCDONNELL DOUGLAS
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a magnet current of 400 amps is shown in Figs. 3.4
and 3.5

3.2 X-7 parametric testing

The program for this phase as originally outlined called
for testing of nozzle throat diameters of 1.524, 1.780,
2.032 and 2.286 cm at mass flow rates of 0.040, 0.030
and 0.20 g/sec, magnetic fields of 0.1, 0.14 and 0.18
tesla and arc current levels of 300, 400, 500, 600 and
700 amps. Various difficulties which were encountered
prevented testing at all of these points. The test data
to be presented was generally taken during runs which
lasted for periods of between 3 and 6 hours. The
thruster was operated at each test point for approxi-
mately 0.5 hours before thrust data was recorded. A
period of approximately 20 minutes was required be-
fore thermal equilibrium of the anode assembly was
obtained.

1.524 c¢m throat diameter — Thrust performance of the
X-—7 thruster with a throat diameter of 1.524 cm was
obtained for ammonia mass flow rates of 0.40 and
0.030 g/sec and for magnetic field values of 0.10,
0.14, and 0.18 tesla. Figure 3.6 shows the specific
impulse and thrust efficiency characteristics obtained.
The performance is similar to that recorded on the
X—4A thruster in that the thrust-to-power ratio is
mass flow dependent. The effect of increasing the
magnetic field at constant mass flow rate serves only
to increase the power of the device and not the thrust -
to-power ratio. A summary of the data obtained on the
1.524 cm unit is shown in Table 3.1.

Testing at flow rates below 0.030 g/sec were
scheduled; however, throat erosion was observed dur-
ing a test at 700 amps. Subsequent checkout revealed
an obstruction at the throat of the sonic flow nozzle
used in controlling the mass flow rate, and conse-
quently the erosion occurred due to reduced flow. In-
spection of the thruster upon disassembly indicated
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Fig. 3.2 X—7 Radiation cooled thruster components

that the tungsten ggs shield had loosened consider-
ably due to a loss of the boron nitride sleeve which
maintains the shield concentric to the cathode.
Erosion was also observed on the downstream edge of
the main cathode to anode insulator.

1.780 cm throat diameter — The throat of the tungsten
nozzle was remachined to a diameter of 1.780 cm and
the thruster was reassembled. A new anode-cathode
insulator, gas shield, and gas shield sleeve insulator
were used in this assembly. The anode-cathode in-
sulator was machined from an improved grade of boron
nitride (Union Carbide grade HDO092) rather than the

Fig. 3.3 X-T7 thruster assembled previous hot pressed boron nitride.
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Fig. 3.6 X~—7 Thrust petformance

Performance data obtained on the 1.780 throat
diameter X—7 thruster is shown in Fig. 3.7 for mass
flow rates of 0.040, 0.030, and 0.020 g/sec and for a
magnetic field of 0.14 tesla. Data at field values of
0.10 and 0.18 tesla were measured only at a flow rate
of 0.040 g/sec. The 1.780 diameter performance data
were slightly below (approximately 1 to 2%) those re-
corded on the 1.524 cm diameter engine. Testing of
this unit was discontinued when a water leak was ob-
served on the electromagnet. A maximum power of
37.9 kW was recorded during performance tests. A
summary of the data obtained on the 1.780 cm throat
is presented in Table 3.2.

The thruster was disassembled to repair the water
leak and it was decided to rebore the nozzle throat to
2.032 cm at this time rather than obtain further data
on the 1.780 cm diameter. It was felt that the time
required to obtain additional 1.780 cm data would be
better utilized investigating the higher input power
range possible with larger throat diameters.

22 MCDONNELL DOUGLAS

Inspection of the 1.780 cm thruster after testing
showed the tungsten gas shield to be loosened as
observed with the previous 1.524 c¢m diameter tests.
The shield design was definitely marginal and required
improvement. The HDOO92 boron nitride anode-cathode
insulator showed a marked improvement over the hot
pressed BN material. The forward edge of the insula-
tion suffered only a slight erosion of approximately
0.025 cm.

2.032 ¢m throat diameter — The tests conducted on the
2.032 cm throat configuration were made without the
tungsten gas shield which surrounds the cathode since
the previous tests at the small throat diameters re-
vealed problems with the shield design. Table 3.3
summarizes the 2.032 cm test data. The arc voltage
was generally lower than the data previously recorded
on the 1.780 cm throat diameter engine at comparable
operating conditions. An increase in arc voltage is
normally observed with an increase in throat diameter.
The reduction in voltage was attributed to the elimina-
tion of the gas shield which served to increase the gas
pressure at the cathode tip. Observation of the arc
discharge at the cathode tip revealed an intermittent
wandering of the cathode spot off the cathode tip at
the lowest flow rate tested, 0.020 g/sec. A change in
exhaust flow luminosity was also associated with the
wandering of the cathode spot. The tests of the 2,032
cm diameter unit were terminated when evidence of
throat erosion was observed. Upon disassembly and
inspection it was apparent that the arc discharge cath-
ode attachment spot had transferred from the conical
tip to a position on the cathode slightly upstream of
the propellant injection ports. Evidence of this attach-
ment mode was shown by eroded grooves located on
the cathode diameter upstream of the injection ports
and on the anode throat diameter. In view of the re-
sults of thruster tests with and without the cathode
gas shield it appears that the shield is supplemental
in providing a higher arc voltage and also in maintain-
ing arc attachment at the cathode tip.
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Table 3.1 Test data for X—7 MPD arc thruster
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Fig. 3.7 X-7 Thrust performance
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3500

1.524 cm throat diameter NHj - propeliant

Arc Arc Flow Thrust Power Specific Thrust Magnetic
current voltage rate impulse efficiency field

(A) (V) (g/sec) (® (kW) (sec) (%) (tesla)

300 50.0 40 34.9 15.0 876 9.76 0.10

400 45.0 40 42.8 18.0 1075 12.24 0.10

500 41.0 40 49.3 20.6 1238 14.26 0.10

600 39.0 40 57.4 23.5 1442 16.93 0.10

700 39.0 40 63.0 21.4 1582 17.49 0.10

700 43.0 40 67.1 30.2 1685 17.99 0.14

600 44.0 40 59.6 26.5 1491 16.15 0.14

500 45.0 40 51.7 22.6 1298 14.29 0.14

400 45.0 40 44.1 18.0 1108 12.99 0.14

300 48.0 40 35.0 14.4 879 10.23 0.14

300 57.5 40 38.2 17.3 959 10.17 0.18

400 54.0 40 47.83 217 1200 12.72 0.18

500 53.0 40 58.6 26.6 1472 15.59 0.18

600 54.0 40 70.7 32.5 1776 18.56 0.18

700 50.0 40 78.7 35.1 1977 21.29 0.18

500 56.0 30 58.2 28.1 1949 19.40 0.18

400 97.5 30 48.5 23.1 1624 16.40 0.18

300 59.0 30 37.6 17.7 1259 12.81 0.18

600 47.0 30 64.5 28.3 2160 23.66 0.18

400 571.5 30 48.0 23.1 1607 16.06 0.18
B, (tesla) ! 2.286 cm throat diameter — The X—7 tungsten nozzle was
Z g}g rebored to a diameter of 2.286 cm and the thruster was
o 0.18 L reassembled with a new anode-cathode insulator and
v 0:14 \ass Flow gas shield of the initial design. Thrust measurements
< (.14 were obtained with this unit during a test which lasted

Small variations in the arc
voltage of the order of 1 to 4 volts were recorded during

a period of 260 minutes.

operation at constant arc current and at approximately
240 minutes into the test an abrupt decrease in arc
voltage of approximately 14 volts was observed. In-
spection of the throat region just after the reduction
in voltage revealed that the cathode spot was located
on the edge of the gas shield and at this time the test
was stopped. Table 3.4 presents the thrust data ob-
tained during this test. The last two data points in
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Table 3.2 Test data for X—7 MPD arc thruster

1.780 cm throat diameter NH4 — propellant

Arc Arc Flow Thrust Power Specific Thrust Magnetic

current voltage rate impulse efficiency field
(A) (V) (g/sec) (g) (kW) (sec) (%) (tesla)
300 52.5 40 36.5 15.8 917 10.17 0.14
400 51.0 40 44.8 20.5 1125 11.83 0.14
500 50.0 40 53.4 25.1 1341 13.72 0.14
500 50.0 40 53.0 25.1 1331 13.51 0.14
600 51.0 40 63.9 30.7 1605 16.05 0.14
700 50.0 40 72.5 35.1 1821 18.06 0.14
700 42.0 40 62.8 29.5 1577 16.13 0.10
600 42.0 40 52.8 25.3 1326 13.30 0.10
500 40.0 40 45.2 20.0 1135 12.28 0.10
400 44.0 40 37.7 17.6 947 9.71 0.10
300 48.0 40 30.3 14.4 761 7.67 0.10
300 63.0 10 40.4 18.9 1015 10.38 0.18
400 64.0 40 53.3 25.7 1339 13.35 0.18
500 62.5 40 66.3 31.4 1665 16.92 0.18
600 60.0 40 75.2 36.1 1889 18.89 0.18
600 50.0 30 65.3 30.1 2187 22.80 0.14
500 50.0 30 52.2 25.1 1748 17.48 0.14
400 50.0 30 42.7 20.0 1430 14.62 0.14
300 51.0 30 34.2 15.3 1145 12.26 0.14
700 50.0 30 73.0 35.1 2445 24.42 0.14
300 55.0 20 27.8 16.5 1396 11.27 0.14
400 54.0 20 35.7 21.7 1793 14.19 0.14
500 53.5 20 453 28.8 2276 18.45 0.14
600 53.0 20 55.0 31.9 2763 22.88 0.14
700 54.0 20 63.9 379 3210 25.99 0.14

Table 3.4 were taken with cathode spot attachment on

the gas shield.

Gas shield modifications — Since the gas shield sur-
rounding the cathode provided a high arc voltage and
greater arc stability, it was decided to attempt modi-
fications to this component. The initial design of the
gas shield was marginal and required improvements in
maintaining electrical isolation between the shield and
cathode. Figure 3.8 shows a redesign of the gas shield
and main anode-cathode insulator. The gas shield wall
thickness was increased to 0.158 ecm and the flared end
was changed to a right angle flange. A tungsten washer
pinned to the downstream end of the shield tube
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secured the shield to the main anode-cathode insulator.
The washer has a diameter of 1.780 cm and serves to
shield the anode-cathode insulator from arc radiation.
This modification was tabricated and installed in the
X—7 thruster with a 2.032 cm throat diameter. A test
of this thruster was made at an ammonia mass flow rate
of 0.020 g/sec. After approximately thirty minutes of
operation at a current level of 300 amps and as the
current was increased to 400 amps erosion of the tung-
sten gas shield was observed, after which the test was
concluded. Inspection of the shield after thruster
disassembly showed that melting occurred at approxi-
mately the mid-point of the shield leaving two ring
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EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS

segments. A second test of this shield configuration
was made to insure that the first failure was not due
to a material defect. Observation of the shield assem-
bly was made visually during this second test. Stable
arc operation was achieved for a period of approxi-
mately one hour during which the arc current was varied
between 300 and 500 amps. However, as the current
level was increased to 600 amps a portion of the cath-
ode emission spot wandered to the base of the cathode
cone and intermittently attached to the shield. After
several minutes at the 600 amp condition continuous
arc attachment was observed on the shield with sub-
sequent melting and erosion of the shield.

Report MDC H296 - July 1969

2.032 cm throat diameter NH3 — Propellant
Arc Arc Flow Thrust Power Specific Thrust Magnetic
current voltage rate impulse efficiency field
(A) V) (g/sec) (8 (kW) (sec) (%) (tesla)
300 56.0 0.040 35.0 16.8 879 8.77 0.14
400 95.0 0.040 45.8 22.1 1150 11.47 0.14
500 56.0 0.040 56.0 28.1 1406 13.47 0.14
600 55.0 0.040 64.7 3.1 1625 15.26 0.14
700 47.5 0.040 71.0 33.4 1783 18.24 0.14
700 41.0 0.030 59.2 28.8 1983 19.58 0.14
600 41.0 0.030 53.1 24.7 1778 18.38 0.14
500 43.0 0.030 45.9 21.6 1537 15.71 0.14
400 46.0 0.030 37.8 18.4 1266 12.45 0.14
300 49.0 0.030 30.7 4.7 1028 10.28 0.14
300 51.0 0.040 32.3 15.3 811 8.20 0.10
400 44.0 0.040 38.0 17.6 954 9.87 0.10
500 41.0 0.040 46.0 20.6 1155 12.41 0.10
600 39.0 0.040 51.2 23.5 1286 13.47 0.10
700 38.0 0.040 58.1 26.7 1459 15.26 0.10
700 38.0 0.030 49.9 26.7 1671 15.01 0.10
600 38.0 0.030 45.5 22.9 1524 14.56 0.10
500 38.0 0.030 40.5 19.0 1356 13.84 0.10
400 40.0 0.030 34.4 16.0 1152 11.86 0.10
300 44.0 0.030 26.0 13.2 870 8.21 0.10
300 43.0 0.020 23.0 12.9 1155 9.86 0.10
400 40.0 0.020 28.4 16.0 1427 12.12 0.10
500 39.0 0.020 31.8 19.5 1597 12.47 0.10
600 38.0 0.020 38.3 22.9 1924 15.48 0.10
700 39.0 0.020 42.5 274 2135 15.92 0.10
700 40.0 0.020 43.0 28.1 ] 2160 15.88 0.10

A third test was conducted, in which the retaining
washer attached to the shield was removed. Arc at-
tachment to the shield took place at a current level of
650 amps, and continued operation resulted in complete
melting of the shield with the shield material being
deposited in the throat.

Based upon the above tests and previous results
of the X—7 thruster it is apparent that high current
operation of an exposed gas shield is not feasible in
a configuration such as the X—7 electrode geometry.

An unexposed shield design as shown in Fig. 3.9
was fabricated and tested in an X—7 thruster having a
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Table 3.4 Test data for X—7 MPD arc thruster

2.286 cm throat diameter NH3 — Propellant
Arc Arc Flow Thrust Power Specific Thrust Magnetic
current voltage rate impulse efficiency field
(A) (V) (g/sec) (g) (kW) (sec) (%) (tesla)
300 73.0 0.040 42.1 22.6 1057 9.47 0.18
400 60.0 0.040 56.1 4.1 1409 15.77 0.18
500 95.0 0.040 58.8 27.6 1477 15.12 0.18
500 58.0 0.040 63.2 29.1 1587 16.57 0.18
600 95.0 0.040 71.0 33.1 1783 18.37 0.18
600 58.0 0.040 71.8 34.9 1803 17.82 0.18
600 56.0 0.040 71.7 33.7 1801 18.40 0.14
500 62.5 0.040 59.7 3L.4 1499 13.72 0.14
500 61.0 0.040 59.4 30.6 1492 13.91 0.14
400 62.5 0.040 51.3 25.1 1288 12.66 0.14
300 60.0 0.040 39.8 18.0 999 10.58 0.14
300 62.5 0.040 35.2 18.8 1179 10.60 0.14
400 64.0 0.030 45.9 25.7 1537 13.20 0.14
500 63.0 0.030 57.9 31.6 1939 17.07 0.14
600 49.0 0.030 94.8 29.5 1835 16.38 0.14
700 49.0 0.030 65.0 34.4 2177 19.75 0.14
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Fig. 3.9 Unexposed shiefd design

Fig. 3.8 X-7 Thruster gas shield design modification
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1.780 cm throat. This shield arrangement worked satis -
factorily until erosion of the boron nitride by the pro-
pellant left a portion of the tungsten shield exposed;
thereby, resulting in arc attachment to it.

X—7 Magnet heat transfer — Measurements of the thermal
power recorded in the two magnet cooling circuits minus
the dc power supplied the magnet are shown in Fig. 3.10
for each of the test conditions recorded during the para-
metric study. The excess power scales roughly as the
thruster power ranging between 0.40 and 1.2 kW. There
is considerable data scatter, some of which is due to
recording small differences between two large numbers.
The lower flow rate conditions generally produced high-
er excess power in the magnet.

There is some question whether the excess power
absorbed in the magnet should be assigned as radiated
power from the thruster. Two water circuits were in-
volved in the above measurements, one circuit consist-
ing of the 80 turns of copper tubing and a jacket circuit
which completely surrounds the coil circuit and should,
in theory, absorb the majority of radiated power to the
Approxi-
mately 66% of the excess thermal power was recorded
in the coil circuit and between 100 and 300 watts re-
corded the jacket circuit, in general. In addition,
the coil temperature increase was generally 3 to 69K
higher than the jacket water so that heat would be trans-
A possible
explanation of the above results is that ac power com-

magnet before it could enter the coil circuit.

ferred from the coil to the jacket system.

ponents due to power supply ripple and interactions
between the arc discharge and electromagnet (rotating
arc spokes) were supplying additional power to the elec-
tromagnet which is not acoounted for in the power bal-
ance. Scheduling difficulties prevented a detailed in-
vestigation of this point and consequently the question
has not yet been resolved.

X—=7 Temperature measurements — Figure 2.7 shows a
comparison between the numerical predictions for a
heat input to the anode of 16 kW and the measured tem-
peratures at several locations on the thruster for an arc
power input of 35 kW. The predicted values are be-
tween 76 and 134°K higher than the measured values.
Based upon previous calculations a heat input of 13.6
kW would produce good agreement.
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The results of temperature measurements obtained
at the downstream face of the graphite radiation flange
are presented in Fig. 3.11. Data are presented for the
four throat diameters tested and verify the calculations
which show that for a constant power input the tempera-
ture distribution is lowered as the throat diameter is in-
creased. There is only a slight dependence of mass
flow rate on the measured temperatures.

Figure 3.12 shows a plot of the temperatures re-
corded on the outside diameter of the graphite radiation
flange as a function of the input power to the 1.524 cm
throat diameter thruster. Also shown on this plot is the
calculated temperature at this location assuming a con-
stant thermal efficiency of 50% and 60%. It can be seen
that at 30 kW input power the thermal efficiency of this
device is approximately 60%.

3.3 Parametric test conclusions

Several conclusions were made based upon the results
of the parametric test phase:

e MPD thrust efficiency is a linear function of
specific impulse over the range of interest and
The
thrust to power ratio which is proportional to the
slope of the 3 vs ISp lines averaged 2.2 g/kW at
0.040 g/sec, 1.95 g/kW at 0.030 g/sec, and

1.7 g/kW at 0.020 g/sec.

has a slope proportional to mass flow rate.

e Some small variations of the thrust to power
ratio were observed for different throat diameters
and magnetic field strengths: however, these
variations were within the experimental error.
The data obtained on the X—4A thruster gave al-
most identical results. Thus changes in geometry
and magnetic field serve mainly to affect the
voltage level and consequently the power but

not the thrust-to-power ratio.

e The measured thrust performance precluded
operating at the contract design goal of 40%
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Fig. 3.11 Temperature measurements on X—7 radiation
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thrust efficiency, 25 kW input power and specific
impulse between 2000 and 3500 seconds. To
achieve the design efficiency in the specific
impulse range specified, the input power must be
raised above 25 kW.

e Attempts to raise the input power into the
range of 40 kW for extended durations proved un-
successful with the X—7 configuration. The cur-
rent level of the X—7 unit was limited to approx-
imately 700 amps. Thus higher power operation
dictated a higher arc voltage. Higher MPD arc
voltages could be effected by increasing the
magnetic field (an undesirable technique due to
magnet weight requirements), increasing the
throat diameter and providing a gas shield around
the cathode. Larger throat diameter operation
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Fig. 3.12 Measured temperature on graphite radiation

flange outer diameter

was unstable without the gas shield and could
not be maintained at high currents with the shield
for long duration,

e Since attempts to increase the arc power
capability of the X—7 thruster with a gas shield
cathode proved unsuccessful, a decision to per-
form the 500 hour lifetest at a performance level
below the contract design goal was made after a
meeting between MDC and NASA contract per-
sonnel. The initial duration test was to be con-
ducted at the following operating conditions:

Ammonia mass flow rate — 0.030 g/sec

Arc current — 650 amps
Magnet field — 0.14 tesla
Throat diameter ~ 1.780 cm.

Based upon previous performance tests this con-

dition would provide a thrust efficiency of 22%
at a specific impulse of 2200 seconds with an

electrical power input of 28—32 kW depending
upon the arc voltage recorded.
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3.4 500 hour lifetest

A new X—7 tungsten nozzle, cathode and anode-cathode
insulator were fabricated, and the vacuum chamber was
prepared for duration testing. On 10 February 1969 at
9:00 a.m., a duration test of the X—7 thruster was initi-
ated. The propellant mass flow rate was set at 0.030
g/sec and the magnetic field at 0.14 tesla. The arc cur-
rent was increased gradually from a light-off value of
300 amps at t = 2.5 hours. The arc voltage at these
current values ranged between 66.6 and 67.5 volts, sug-
gesting that the arc was operating at the high mode.
Cathode spot attachment was observed to occur on the
cathode tip. As the test proceeded, the attachment spot
moved sporadically off the tip to the shoulder of the
cathode with a resultant drop in arc voltage to a value
of 51 to 53 volts. It was found that a slight reduction
in are current would drive the attachment spot to the
cathode tip and into the higher voltage mode.

Since a power level of approximately 30 kW could
be supplied in the high voltage mode, it was decided to
vary the arc current so as to maintain high voltage mode
operation. After approximately 6 hours of operation a
current range of 420 to 450 amps generally maintained
the high voltage mode condition. The thrust to power
level at this condition was measured to be 1.75 g/kW
with a specific impulse value of 1750 sec. It was noted
that during the thrust measurement arcing to the thrust
“killer’’ occurred. Due to this arcing, thrust measure-
ments were deferred until t = 73 hours; however, when a
thrust measurement was attempted, arcing became quite
severe and the drive motor failed to remove the *‘killer’’
from the exhaust flow. After approximately 5 minutes
with the killer blocking the exhaust flow the test was
terminated with power shutdown.

The vacuum was released and a visual inspection
of the thruster was made. Slight erosion of the tungsten
nozzle in the expansion region approximately 1 cm down-
stream of the throat was indicated. This erosion ap-
peared as a rippling of the surface to a depth of several
mils. The edge of the graphite radiation flange which
forms a portion of the expansion nozzle was eroded uni-
formly about its circumference to a depth of approxi-
mately 2 mm. The main cathode to anode insulator
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suffered erosion of its downstream edge to a depth of 2
or 3 mm. The greatest erosion occurred about the pro-
pellant injection ports. The arc cathode appeared in
good condition.

After the visual inspection had been completed it
was concluded that the thruster was in a satisfactory
condition and that testing could be continued. At 1:00
p-m., 13 February 1969, the X—7 was restarted at the
following operating conditions:

Ammonia mass flow rate — 0.030 g/sec

Arc current — 650 amps
Magnet field — 0.14 tesla
Throat diameter - 1.780 cm

Approximately 5 hours after light-off the arc voltage
dropped from a value of 55 volts to 44 volts with an
attendant change in arc cathode attachment from the tip
to the cathode shoulder. Continued operation at this
condition revealed erosion of the cathode and the anode
throat. The cathode tip appeared to be completely
molten and the conical definition of the tip severely
distorted. After 16.3 hours into the second test the
thruster was shut down because the tip of the cathode
was eroded to the point that a portion of the tip was
ejected from the throat.

The thruster was disassembled and the following
weights recorded.

Weight Weight
Part prior to after
test (g) test (g)
Graphite radiation flange 2194.2 2167.25
Tungsten anode nozzle 4725.2 4726.0
Cathode 27.24 -
Anode-cathode insulator 27.64 15.50

The increase of the nozzle weight was most probably
due to deposition of a portion of the cathode material
on the throat. The cathode could not be removed from
the cathode holder and had to be machined out. The
portion of the cathode tip retrieved in the vacuum cham-
ber weighed 5.6 gm. The main anode-cathode insulator
suffered the greatest percentage erosion and was due to
the proximity of the cathode arc attachment.
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Upon inspection of the thruster and after a discus-
sion of the problem with the NASA Project Manager, it
was decided to enlarge the cathode diameter and to pro-
vide the connection to the cathode holder as shown in
Fig. 3.13. A new tungsten nozzle, cathode and anode-
cathode insulator were fabricated and the X—7 thruster
was reassembled for testing.

Fig. 3.13 X-—7 Cathode modification

The third duration test of the X—7 thruster was
initiated at 8:30 a.m., 26 February 1969, at the following
operating conditions:

Ammonia mass flow rate — 0.030 g/sec

Arc current — 560 amps
Magnetic field — 0.14 tesla
Throat diameter - 1.780 cm

This test was terminated at 1:04 p.m., 19 March 1969,
for a total uninterrupted test duration of 508.5 hours.
Termination of the test was made for the purpose of in-
spection of the thruster. After the inspection had been
completed, the thruster was restarted and operated for
an additional 45.5 hours, providing an accumulated oper-
ating test time of 554 hours. Shutdown of the unit was
voluntary and was made when a shift from a high volt-
age to low voltage mode had occurred. Previous dura-
tion tests in the low voltage mode indicated that elec-
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trode erosion is greater in the low voltage mode; thus,
shutdown was ordered so that erosion measurements
applicable to the previous 554 hours of test time could
be made.

During the lifetest the thruster operated in a high
voltage mode condition, which through photographic
evidence appears to be associated with cathode spot
emission from the extreme tip of the cathode. Figure
3.14 presents the voltage and power time history of the
lifetest. Photographs of the arc discharge region ob-
tained during the lifetest are presented in Figs. 3.15
and 3.16. Up to t = 2.0 hours the cathode attachment
periodically moved to the base of the cathode, and this
is shown in the first picture on Fig. 3.15. Evidence is
seen in this picture of a small melted area at the top of
and upstream of the nozzle throat which occurred some
time within the first two hours of run time. The arc
voltage did not remain steady but increased from 51
volts at an elapsed time of several hours to 62 volts
after 30 hours of operation. At that time the magnetic
field was reduced until the voltage decreased to 56
volts. Then a gradual increase in voltage was observed
reaching a value of 63-64 volts at 425 hours elapsed
time. During this period, the cathode tip appeared to
grow a nodule or tit which was approximately 2 mm in
diameter. The formation of this nodule is clearly evi-
dent in the photographs of Fig. 3.15. It is noted that
the different intensity levels of the photos are not due
to temperature changes on the thruster but to changes in
camera settings required to offset clouding of the ob-
servation port which increased as the test progressed.
At t = 428 hours a portion of the tit left the cathode and
was deposited on the anode expansion angle; there was
an attendant decrease in arc voltage to a level of 58 to
60 volts. The voltage remained between 58 and 61 volts
until t = 505 hours when upon insertion of the thrust
killer into the exhaust flow the voltage decreased to 51
to 52 volts. Due to variation in arc voltage the thruster
input power ranged between 28 and 35 kW.

Figures 3.17, 3.18 and 3.19 are photographs of the
thruster looking upstream after the shutdown at 508.5
hours. Figure 3.17 shows the general conditions of the
unit and the erosion which occurred on the graphite

radiation flange. The shape of the cathode and anode

MCDONNELL DOUGLAS 317



EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS

70 = "
B, = 0.1 tesla_ B increased -
o to0140)

w
o

Hiiil
nm ﬂﬂmmﬁﬂw i
) Hﬂﬂﬂﬂwﬁmﬁﬂ

Arc power (kW)
Arc voltage (volts)
-+

T

B

B
wmxmmmm
: mE

10 i L S i
S e L S R PR e
£ ] T 4 M 0 S e O R R Hﬁﬁﬂﬁﬁﬁﬁﬁﬁﬁ
v e o R B B B R B il
0 1 T O G %

| 0 10 20 30 40 5 60 70 80 90 100 110 120 130 140 150 160 170 180

Elapsed time (hours)

Fig. 3.14 Lifetest arc voltage and power histogram

Arc power (kW)
Arc voltage (volts)

Eﬂﬂgmﬁggn el
%gﬂgﬂﬂlﬂﬁ

: SRR :
80 190 200 210 220 230 240 250 260 270 280 290 300 310 320
Elapsed time (hours)

Fig. 3.14 Lifetest arc voltage and power histogram (Continued)
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Fig. 3.14 Lifetest arc voltage and power histogram (continued)

throat are shown in Fig. 3.18 whereas Fig. 3.19 shows
the downstream edge of the boron nitride cathode-anode
insulator.

After the inspection of the thruster was completed
the unit was restarted and brought to the same condi-
tions as immediately prior to shutdown. The arc volt-
age remained fairly constant near 52 volts up to 529

hours when oscillations to a slightly lower voltage mode

appeared. The pictures taken at this time indicate that
the cathode attachment no longer was completely on the
tip as in the high voltage mode but appeared to be emit-
ting from an annular ring at the base of the cathode and
also from the tip. The third row of pictures on Fig.
3.16 shows a sequence during one of these voltage
oscillations. At t = 543 hours the arc attachment ap-
peared to move completely to the base and rod section
of the cathode and a definite increase in visible radia-
tion from the cathode was observed. This increased
radiation is shown in the last two photos taken during
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operation. Since the erosion was suspected to be great-
er in this mode the test was terminated at t = 554 hours.

Erosion — Figure 3.20 shows the dimensional changes
to the tungsten nozzle which occurred during the life-
test. A net increase in weight of 0.6 g was recorded on
this component which is due in part to the deposition of
a portion of the cathode tip on the nozzle expansion
angle (see Fig. 3.17). The nozzle suffered an elonga-
tion of 0.33 to 0.35 mm from its initial length and a re-
duction of 0.23 to 0.35 mm on the outer diameter. The
original 2.032 cm internal diameter was decreased by
0.38 to 0.76 mm, and since this surface did not appear
to be eroded, it can be assumed that further sintering
of the pressed and sintered tungsten material is respon-
sible for the reduction. The throat region (original
1.780 cm internal diameter) underwent a reduction in
diameter of 1.01 to 1.27 mm of which approximately
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Fig. 3.15 Photographs of arc discharge during life test
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Fig. 3.16 Photographs of arc discharge during lifetest
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1.778 cm

Fig. 3.17 X-—7 Thruster after 508.5 hr life test

0.35 mm may be attributed to sintering while the re-
mainder is most likely due to deposition of cathode
material and recrystallization of the base metal. Two
small radial fractures occurred in the throat which ap-
pear to be approximately 1 mm in depth. The final
shape of the cathode is shown in Fig. 3.21. A decrease
in weight of 2.4377 g represents an erosion of 2.9% of
its initial weight. The erosion occurred mainly on the
diameter of the cathode which was reduced by 1.55 mm
on its downstream end and in the injection ports which
increased in diameter by almost 50%. The tit which
formed at the cathode tip had an average diameter of
2.54 mm and a length of 1.5 mm which at times during
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the lifetest appeared longer. Figure 3.22 shows the life-
test cathode and a newly machine cathode. Figures
3.23 and 3.24 are microphotographs of the lifetest
cathode after it was sectioned along its length. The
structure of the cathode tip for a distance of 2—3 mm
appears to be more dense than the base metal with a
fairly sharp zone separating the two regions. The
cathode-insulator surface reveals a structure character-
istic of a tungsten boride eutectic to a depth of several
millimeters. Again a sharp division is observed be-
tween the base metal and the column-like structure of
the eutectic.
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1.778 cm

Fig. 3.18 X-—7 Thruster after 508.5 hr. life test

Figure 3.25 shows the geometry of the graphite
radiation flange which lost a net weight of 164.1 grams.
The majority of this erosion occurred on the downstream
internal surface and would appear to be due to shear
effects of the exhaust propellant. The external surfaces
of the flange were reduced in depth by approximately
0.9 mm and can be attributed to surface vaporization
and/or sintering of the material. A significant reduc-
tion in erosion of the radiation flange should be possible
by removing the flange from the expansion region of the
exhaust.

The erosion which occurred on the main cathode-
to-anode insulator is depicted in Fig. 3.26. This com-
ponent suffered the greatest percentage erosion with a
value of 41.4% of the initial 24.55 g. A significant
amount of this erosion took place during the last 45
hours of test operation. A measurement of the distance
between the downstream edge of the insulator and the
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1.778 cm

Fig. 3.19 X—7 Thruster after 508.5 hr. life test

front surface of the radiation flange at t = 508.5 and at
t = 554 hours indicated that an erosion of 1.47 mm of
insulator length took place during this period. Inspec- |
tion of the cathode assembly before the unit was dis- |
assembled revealed that the insulator and cathode were
firmly seated,thus indicating that the compression
springs moved the cathode and insulator forward as the
forward edge of the insulator eroded. This forward )
movement of the cathode probably served to effect the
arc voltage; however, it is unknown whether this move-
ment would increase or decrease the arc voltage since
the effects of cathode position on the high voltage mods¢

condition are not well known.

If the total material loss of these four components
is divided by their initial weight, then the erosion rate
per 500 hours would be 2.22%.
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5.946
5628  (.910)
(5.595)
(9.525)
9.502
7.666
(7.701)
4 -
11%5953‘ . 1.651 - 1.676
(2.032) (1.778)
{ t |-

Notes

1. All dimensions in centimeters

2. Original dimensions shown in parentheses
3. Original mass - 4781.2g

4. Final mass - 4781.8g

Fig. 3.20 X~7 Tungsten nozzle geometry before
and after 500 hour life test

Lifetest thrust performance — Thrust measurements
were recorded during the 500 hour lifetest at intervals
of approximately 50 hours. More frequent measurements
were not made due to sporadic arcing to the thrust killer
while it was in the flow blocking position and also be-
cause the thrust killer drive motor had difficulty posi-
tioning the killer. This latter condition appeared only
during the duration tests and was probably due to heat
warpage in the drive gear train. It is noted that the first
duration test was terminated because of this condition.
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Notes

1. All dimensions in centimeters

2. Original dimensions shown in parenthesis
3. Orginal mass - 82.8543g

4. Final mass — 80.4166g

(2.794)
2.743
2.237 - 2.286
(2.286)
2.379
(2.540) ,/,/
4
1.061
Three holes
Initially 0.101 dia
0.116 - 0.157
0.132 - 0.157
0.139 - 0.167

Larger dia indicates hole exit

Fig. 3.21 X—7 Tungsten cathode geometry before
and after 500 hour life test

The times at which thrust measurements were taken
are shown on Fig. 3.14 and also in Appendix D. The
first measurement was obtained at t = 4.0 hours and
yielded the following values:

Thrust
Specific impulse
Thrust efficiency without

—-53.0¢g
— 1767 seconds

magnet power -17.1 %
Thrust efficiency with
magnet power —14.9 %
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Fig. 3.22 X-—7 Life test cathode and new cathode

These data are close to the average values recorded
during the parametric testing phase and are representa-
tive of a low voltage mode condition. Shortly after this
first thrust measurement the voltage began to increase
to the level shown in Fig. 3.14 and indicate the thruster
moved gradually into a high voltage mode condition.
The second thrust measurement, taken at t = 52 hours,
showed only one gram increase in thrust for approxi-
mately 4 kW increase in power. The specific impulse
increased to 1800 seconds; however, the thrust-to-
power ratio dropped to 1.72 g/kW, and the thrust effi-
ciency without magnet power decreased to 14.9 %. The
thrust efficiency with magnet power was 13.9%. These
values are characteristic of the high voltage conditions.
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The thrust measurements taken at t = 100 and 150
hours show a slightly improved performance; however,
a gradual decrease in thrust stand sensitivity was ob-
served during this period. The drop in thrust stand
sensitivity increased slowly with time, and the meas-
urements at t = 196, 240, 251, 266 and 290 hours were
taken with this condition. After some experimentation
with the stand, which involved loading and unloading
the calibration weights, it became clear that the oil used
for damping low frequency vibrations had formed a high
viscosity surface layer. It was found that the deflection
per 25 g weight increased with the number of times the
weight was loaded and unloaded. The initial sensitivity
was attained after 45 to 50 weight drops and suggested
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Sectioned Cathode

Cathode Tip

Fig. 3.23 Microphotographs of life test cathode

that the pendulum had to be swung through the oil a suf-
ficient number of times to break up the surface layer.
This procedure was followed for the last thrust measure-
ment taken at t = 504 hours. The thrust measurements
reported at t = 100 and 150 hours are most likely sev-
eral grams too high while the measurement at t = 196,
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Cathode — [Insulator Surface

Fig. 3.24 Microphotographs of life test cathode

240, 251, 266 and 290 hours indicate the maximum and
minimum thrust which could be inferred. The minimum
values are those obtained from the initial sensitivity
values, and the maximum values are those derived using
the reduced sensitivity values obtained for one weight
drop after the thrust measurement. The correct value of

Report MDC H296 — July 1969
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Notes Notes
1. Al} dimensions in centimeters 1. All dimensions in centimeters
2. Original dimensions shown in parenthesis 2. Original dimensions shown in parentheses
3. Original mass - 2049.8g 3. Original mass — 24.5531g
4. Final mass — 1885.7¢g 4. Final mass — 13.6050g
5.704 (2. 540)
5980 T 5gs
f=—(2.687) — ——(1.524) ——
{ —3\ — 1092—1173!——|
—
‘ Y N\
= |=|— N o
\\ g
= -———A T I g
g =
! 3 {5 0
— 1T T E , i =
w
H’ 1 = ———- l
| = |
| g maaell pud hemm— ———n——
! l = |
S | 0.261
s ' 036 ]
S +— — i ( Lo |
N | (1.061)
S | = 1.244 —
| = 1676 ~ 1.828
I
| Fig. 3.26 X—7 Boron nitride cathode insulator
- geometry before and after 500 hout life test
pR
\l
- thrust lies within the range shown and most probably is
5758 g. The performance recorded at t = 504 hours was:
Thrust -57.0¢g
-1 Specific impulse — 1900 seconds
L Thrust efficiency without
magnet power - 156 %
Fig. 3.25 X—7 Graphite radiation flange before and Thrust efficiency with
after 500 hour life test magnet power — 14.5%
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Assuming an average thrust value of 57 grams over
the lifetests, then for the 504 hours of operation a total
impulse level of 2.29 x 105 Ib-sec was developed.

Lifetest thruster measurements — Temperature measure-
ments on the radiation flange outer diameter and down-
stream face were recorded during the lifetest. Figure
3.27 shows the temperature-time history for these two
locations. These data exhibit significant scatter and
fluctuations, some of which correlate with the changes
in magnetic field mode during the first 100 hours of
operation. The rather abrupt rise in the face tempera-
ture during the period between t = 100 and 300 hours is
unexplained. It is noted that the erosion of the graphite
flange at the termination of the lifetest had proceeded
to the thermocouple location and this loss of material
would affect radiative heat transfer at this location.
Referring to Fig. 3.12 a temperature of 1250°K on the
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radiation flange face would infer a thermal efficiency
of 60%.

The power to the electromagnet and excess power
recorded in the two magnet cooling circuits are shown
in Fig. 3.28. The excess power ranged between 0.7 and
0.1 kW with a nominal value of 0.3 kW. Figure 3.29
shows the thermal power received by the magnet cooling
jacket, which is the cooling circuit surrounding the coil
circuit. A nominal value of 80 watts was recorded in
the circuit and it is conjectured that this measurement
is more indicative of the heat transfer which would be
recorded on a permanent magnet thruster (see Section 2.2).

At t = 460 hours erratic readings were encoun-
tered on the jacket cooling water flow rates and temper-
atures, which were due to a hole which had developed
in the coil circuit within the magnet. This hole evi-
dently caused by electrochemical erosion served to
place the two cooling circuits in parallel.
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80 100 120 140 160 180 200 220 240 260 280 300
Elapsed time (hours)

Fig. 3.27 Radiation flange temperature histogram

460 480 500 520
Elapsed time (hours)

Fig. 3.27 Radiation flange temperature histogram (continued)
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Power to magnet (kW)
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Fig. 3.28 Magnet power and excess power histogram
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Fig. 3.29 Power to magnet cooling jacket histogram
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3 Fig. 3.29 Power to magnet cooling jacket histogram (Continued)
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4 Conclusions

The following conclusions are made on the basis of the
results of this study program.

magnet weight design information can be provided
if the magnetic field distribution of an actual

Report MDC H296 — July 1969

Thruster design

e A radiation-cooled thruster configuration has
been established which is capable of extended
operating duration of over 500 hours at anominal
power level of 32 kW.

e Use of a composite tungsten-graphite anode
with a simulated permanent magnet located to the
rear of the anode-cathode insulator assembly
provides a relatively lightweight thruster geom-
etry. The total weight of the lifetest thruster
with electromagnet is 17.2 kg, yielding a specific
weight of 0.54 kg/kW.

e Replacement of the electromagnet with an
annular Columax—9 petmanent magnet should re-
duce the specific weight to near 0.45 kg/kW.
Little or no additional thermal insulation between
the permanent magnet and the anode assembly
would be required to convert the present thruster
design to a completely radiation-cooled configu-
ration.

e Specification of minimum weight annular per-
manent magnet geometry was made which involved
an assumption of uniform magnetization. The
design curves generated for this case provide a
qualitative estimate of permanent magnet weight
for comparison with other magnet systems. Exact

permanent magnet could be accurately predicted.
Comparisons between predicted and measured
distribution on several Alnico-5 magnets yielded
fairly good agreement, provided an empirical

M/H curve was used.

Thruster performance

e Thrust performance recorded during short term
tests (approximately 3 to 6 hours) on radiation-
cooled thrusters of several different thermal diam-
eters gave results comparable to water-cooled
thruster performance previously reported. MPD
thrust efficiency was a linear function of specific
impulse with a slope proportional to mass flow
rate. The thrust-to-power ratio averaged 2.2 g/kW
at 0.040 g/sec, 1.95 g/kW at 0.030 g/sec and

1.7 g/kW at 0.020 g/sec.

e Changes in thruster geometry and external
magnetic field serve mainly to affect the voltage
and power level but not the thrust-to-power ratio.
Some small variations of the thrust to power ratio
were observed for different throat diameters and
magnetic fields; however, these were within the
experimental error.

e The performance attained during the short term
tests was not duplicated in the 500 hour lifetest
due to a time variation of the arc voltage. A
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change from low voltage to a high voltage mode
occurred after some 4 hours of test time, and a

lower thrust efficiency associated with the high
voltage mode was recorded.

e Photographic evidence of the cathode arc spot
during the lifetest suggests that the high voltage
mode is associated with arc attachment at the
cathode tip, and low voltage mode operation oc-
curs when the attachment area is at the base of
the rod cathode. An intermediate voltage mode
consisting of spot attachment on both the tip and
base of the cathode was also observed.

e Cathode erosion was greater in the low voltage
mode than in the high voltage mode and indicates
that reliability is best in the high voltage mode
while thrust performance is lower. The difference
in arc voltage with and without a cathode gas
shield and the increase in current level (while
maintaining the high voltage mode) afforded by
enlarging the cathode geometry indicate that the
cathode temperature and consequently the cath-
ode heat balance is a major factor in determining
whether high or low mode operation is attained.

e The critical thruster component which deter-
mines the performance level and power capability

MCDONNEILL DOUGLAS

is the cathode. The cathode configuration was
the significant factor in setting the maximum
possible current level and also the voltage mode.
Cathode erosion rather than anode erosion ap-
pears predominant in determining thruster elec-
trode life.

e The main cathode to anode insulator erosion
was the highest of all critical thruster compo-
nents. Based upon the insulator erosion rate re-
corded during the lifetest the projected life of

the thruster was 1000 hours. The insulator ero-
sion rate is a function of the cathode temperature
level and mode of arc attachment with insulator
erosion greatest in the low voltage mode condition.

e On the basis of measured and calculated tem-
peratures of the radiation flange, the thrust effi-
ciency of the radiation-cooled unit at the lifetest
condition was approximately 60%. The agreement
between measured and calculated temperature
distribution indicates that the assignment of heat
transfer into the anode at the downstream end of
the anode throat for the purpose of calculating
temperature distributions and thermal design anal-
ysis appears to be valid.
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5 Recommendations for
future work

The MPD arc thruster has been brought to an intermedi-
ate stage of development where duration testing of the
device up to 500 hours has been accomplished. While
power levels up to 40kW have been tested for short
periods, problems associated with the present cathode
electrode configuration limit significant improvements
in thrust performance, power capability and operational
life beyond 1000 hours. Thus it is suggested that the
next stage of work be focused upon the development of
a high current MPD cathode configuration and the life-
test of a complete radiation-cooled thruster and magnet
assembly.

To accomplish the above task the following future
work is recommended:

e An experimental parametric study of high cur-
rent MPD cathode electrode configurations be
conducted within a radiation-cooled thruster de-
sign. Geometries to be investigated should
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include at least solid conical, hollow and gas-
shielded or buffered cathodes with special atten-
tion to voltage and arc attachment modes. The
test duration should be at 4-5 hours to ascer-
tain thermal transient effects.

e An analytical and experimental study of
annular permanent magnets be made with atten-
tion focused on the prediction of the magnetic
field distribution away from the magnet and the
effects of geometry on the distribution. Upon
completion of this task a weight optimization
study should be conducted to provide design
curves of minimum mass magnet systems.

o A lifetest should be conducted of a radiation-
cooled thruster incorporating an optimized high

current cathode and a radiation-cooled minimum
weight permanent magnet.
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Appendix A
X-4A radiation cooled thruster

Two radiation-cooled MPD thrusters of the McDonnell
X—4A design were delivered to NASA on 13 May 1968.
The X—4A thruster was developed under McDonnell’s
independent R&D program and is shown in Fig. A—1.
This unit incorporates a composite tungsten-graphite
anode assembly and a rod cathode electrically isolated
from the anode by a cylindrical boron nitride insulator.
Propellant is introduced into the discharge region through
the cathode, and the arc chamber is sealed by means of
lapped taper joints. The cathode is held in compression
by means of six molybdenum screws attaching to the
anode. The magnetic field coil is placed to the rear of
the thruster. Radiation shields of 0.0254 cm molyb-
denum sheet are located between the magnet and the
graphite radiation flanges to reduce the radiation flux

to the magnet. The throat diameter of this thruster is
1.524 cm (0.6 inch) and the cathode tip is located at

the convergence point of the tungsten nozzle.

The initial X—4A thrust performance data were ob-
tained on a linear bushing thrust stand which did not
possess a thrust killer or flow deflection bucket. This
stand exhibited thermal drifts in the thrust reading over
a period of several hours. Consequently, thrust meas-
These
measurements were determined by operating the thruster
for approximately 30 to 45 minutes at the condition de-
sired, abruptly kiliing the power to the thruster and re-
cording the difference in thrust stand deflection between

urements were obtained by shutdown tests.

power on and power off. A calibration of deflection as
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a function of force (graduated weights) was obtained
immediately after power was terminated and was used
to convert the deflection to thrust. A thrust reading
correction varying between 0 and 3 g (depending upon
current level) was made to account for current ‘‘lead
in’’ and magnetic field interactions. The correction
curve was established for the current range tested by
shorting the anode and cathode with a copper bar. Data
obtained with the linear bushing stand were suspected
of being in error due to thermal drift, and since this
stand was also inadequate for long duration tests, a
new single pendulum stand which incorporated a thrust
killer was designed and fabricated. This stand is de-
scribed in Section 3 and was used to measure the X—4A
Figure A—2 shows the thrust efficiency
and specific impulse characteristics of the X—4A unit
obtained with the new thrust balance. Also shown as a
shaded region is the performance recorded with the
linear bushing stand. The effect of mass flow rate on
thrust efficiency is clearly evident whereas it was ab-

performance.

sent in the earlier measurements with the linear stand.
The single pendulum measurements are in very good
agreement with the performance obtained at the NASA
Lewis Research Center on an identical X—4A unit. 10

The results of the X—4A thrust measurement serve
to emphasize the importance of having flexibility de-

signed into the stand;whereby,the effects of thermal
drift,magnetic,and cooling water tare forces may be
effectively cancelled during the thrust measurement.
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Fig. A-1 X-—4A Radiation cooled thruster
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Appendix B
Design study guidelines

The guidelines used in the design study were estab-
listed upon the following rationale:

Thruster parameters

e Mass flow rate - The mass flow rate range
was determined quite simply from the thrust
efficiency equation

4.81 x 105 M Igp
7= B.1
Pin

where n = thrust efficiency, (%),

m = mass flow rate (g/sec).
specific impulse (sec),
= input power (kW).

ISp

Pin
For specific impulses between 3500 and 2000
seconds at a constant thrust efficiency of 40%
with 25 kW of input power, Equation (B.1) re-
quires the mass flow rate to be within 17 to 52
mg/sec.

e Arc current — For MPD thrusters the arc volt-
age is a function of arc current, applied magnetic
field, mass flow rate, and electrode geometry;
however, past experimental results on a variety
of configurations, propellant flow rates and field
levels show that generally the arc voltage will
be between 35 and 60 volts. Thus, to provide a
power input of 25 kW the arc current is required
to be within the range of 400-750 amps.
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Thermal efficiency (%)

o Power radiated from anode assembly — The
anode power loss which is radiated from the
engine structure was estimated from thermal
efficiency data obtained on water-cooled thrusters.
Figure B—1 presents thermal efficiency measure-
ments for several different ammonia MPD thrust-
er configurations as a function of specific im-
pulse. Data obtained in the 7 to 50 kW power
range in this laboratory, AVCO RAD!! and NASA
Lewis Research Center!? laboratories are plotted
on Fig. B—1. In general, the themmnal efficiency
shows little sensitivity to thruster geometry and

100 ] -
O MDC data
80 B,-133kg |
O Data from Ref. 11
B,=1.25 kg
60 2 -
R o e Q —
7 d a o o
40 \‘ZData from Ref. 12 7]
600< B, t 1.40 kg
20f-—-- S -
0
0 1000 2000 3000 4000 5000 6000 7000

Specific impulse (sec)

Fig. B-1 Thermal efficiency for various MPD
ammonia thrusters
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is only a slight function of applied magnetic
field. The majority of reported data fall within
the range of 45 to 55%. Thus for a thruster oper-
ating at an Igp between 2000 and 3500 seconds,
a thermal efficiency of 50% is anticipated and
consequently 12.5 kW of power must be radiated
from the anode structure.

o External magnetic field at cathode tip — The
external magnetic field required is not simply
specified since the performance of MPD thrusters
is not particularly sensitive to field strength or
shape as long as a solenoidal field is used. A
minimum field would be desired for power and
weight considerations; however, a sufficiently
large field must be maintained to provide arc
stability and to maintain the arc voltage at a
level where excessive current levels are not re-
quired. Laboratory experience has shown that
extemal fields at the cathode tip between 0.05
and 0.2 tesla are required. In the design study
this range was assumed to be necessary although
the final choice was determined in the parametric
testing phase.

Thruster geometry considerations

Figure B—2 shows the typical axisymmetric con-
figuration of the MPD thruster with critical design
dimensions identified. The dimensions can be roughly
divided into design groups. Dimensions Dy and L¢
determine the size and weight of the radiation-cooled

magnet assembly once the field shape and strength have
been established. Studies® on radiation-cooled magnets
indicate that the mass of the magnet for a fixed value
of B at the cathode tip varies approximately as the cube
of L and also as the cube of Dy;.  Since the magnet
mass is generally greater than the anode-cathode-insu-
lator assembly hence:

o the diameter of the cathode rod or support
exterior to the thruster should be minimized so
that the inner radius of the magnet may be as
small as possible, and
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e the distance between the cathode tip and the
downstream face of the magnet should be mini-

mized.
The dimensions Dt and Lg, the throat diameter and

electrode gap respectively, determine to a large degree
the interaction volume of the accelerating J x B forces
which are the predominant thrust-producing mechanisms
in the MPD arc thrusters. However, the precise J x B
terms (i.e., Hall current effects, self-induced field
effects, or thermal expansion through a magnetic nozzle),
are not clearly understood at the present time. More-
over, there is a body of evidence that indicates the cur-
rent discharge acts in the manner of a rotating
spoke.6'13'14'15 Since there is no satisfactory theory
concerning the MPD accelerating mechanism which
allows a calculation of the optimum interaction volume,
Dt and I_,g must be empirically determined. Therefore,

e provisions for changing the electrode gap and
nozzle throat diameter should be incorporated so
that thruster performance may be optimized with
respect to these dimensions.

For a one piece solid anode as shown in Fig. B—2, the
dimensions Dy and L are determined by the requirement

— Thermal
insulator

Fig. B—2 Radiation cooled MPD thrustor geometry
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of conducting the anode heat (approximately 12.5 kW)
from the throat region to the surface, where it would be
radiated from the anode structure. However, the require-
ment of & minimum weight configuration and maintaining
the heat transfer from the thruster assembly to the mag-
net below 100 watts eliminates the simple cylindrical
anode from consideration.

Operation of a 7.62 cm diameter composite fungsten-
graphite anode in this laboratory (X4 thruster) has re-
sulted in a maximum power capability ( 30.8 kW) which
is approximately 10% lower than that obtained on a7.62
cm tungsten enginel; however, the weight of this unit
(7 1b) was approximately one-third that of the tungsten
engine., Thus it is apparent that a significant weight
reduction can be accomplished through the use of a com-
posite anode structure. Consequently, a composite
anode assembly consisting of a tungsten inner core and
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a graphite radiation flange should be utilized to provide
a low thruster weight.

The heat transfer condition of 100 watts between the
anode assembly and the magnet coupled with the 1200°K
anode assembly operating temperature requires that
thermal conduction paths between the magnet and the
rear surface of the anode be minimized.

Tests conducted in the laboratory on a regenera-
tively-cooled anode injection MPD thruster showed no
performance advantage to anode injection and a dis-
advantage in terms of gas sealing difficulties. Cathode
injection results in less severe seal problems between
anode, cathode and insulator. Consequently, the pro-
pellant should be introducted through the cathode. The
high current operation requires that the limited regen-
erative-cooling capability of ammonia be utilized in the
cathode to reduce erosion.
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Appendix C

Radiation cooled magnet study

Past analysesl'z's of the weight of MPD magnet sys-
tems have assumed the electromagnet can be located
such that the maximum field region coincides with the
cathode electrode. For a single solenoid this requires
the electromagnet to surround the cathode and have a
bore large enough to accommodate the anode assembly.
For MPD operation in the 15 to 50 kW range an anode
outer diameter of at least 10 cm is necessary to radiate
the anode heat loss. In view of the large bore require-
ments and the high temperatures encountered near the
anode, relocation of the magnet upstream of the thruster
appears to present fewer problems in terms of radiation-
cooling and reliability. The field distribution of an
annular permanent magnet is particularly well suited
for magnet location upstream of the thruster, and there-
fore an analysis of optimum permanent magnet weight
was conducted.

Mass optimization

The general centerline field distribution of an annular
permanent magnet is shown in Fig. C—-1. The field
distribution of the axis possesses a maximum at a
distance zZ, from the magnet face located at z = 0.
The optimization problem involves a determination of
minimum mass magnet dimensions for a required axial
magnet field value and distance from the magnet end
face. The thruster design and performance dictate the
selection of magnetic field and (z) distance. For this
study a range of magnetic field values between 0.1
and 0.2 tesla and (z) distances between 2.4 and 5.08

constraint on the analysis requiring a minimum internal
magnet diameter which will accept the cathode holder.
A range of internal radii between 0.95 cm and 1.9 cm
was also considered in this study. Specification of
B,,
mine a minimum mass magnet, and for the range of
values considered the cathode tip or z distance is
located in a field region downstream of the B, maxi-

z and R4 provides sufficient conditions to deter-

munm.

Johansen and Palmer® have calculated optimum
permanent magnet weights with the constraint that the
cathode tip be coincident with the field maximum at

= zo. With this condition, only specification of By
and z is required to obtain a minimum mass; however,
as will be shown, this condition results in heavier mag-
nets than if Ry is specified and operation off the field
maximum is allowed.

The analysis has been performed for only one mag-
net material, Columax—9, since this material has the
highest energy density product. The demagnetization
curve for Columax—9 is shown in Fig. C-2, and is es-
sentially the same material as Alnico—9. It is noted
that the demagnetization curve for Alnico—9 used in
Ref. 9 shows a larger coercive force than Columax-9
and was based upon a vendor’s estimate of the mate-
rial’s performance. Subsequent verification of Alnico—g9
performance shows it identical to the Columax—9 curve
in Fig. C-2.

The magnetic potential ¢ at a point in space due to
a volume v of magnetized material is given by

cm were considered. Conventional thrusters utilizing ¢ = 1 s [M - ds _ V-Mdv (C-1)
a rod cathode and holder place an additional design 4n ) S R v R
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Fig. C=1 Permanent magnet geometry and centerline field distribution
where M is the magnetization vector, R is the distance 0.15
between the point in space and the volume element, o
is the permeability of free space, and s is the surface
area of the magnet. The magnetizing field (H) is re-
lated to ¢ throu 1.2111.0
by 4 0.7
H=-Voa. (C-2) =
m 0.6
The magnetic induction is given by = 1 05
B =y, (H+an) (C-3) Eos / / - -
= Uy + 4nM). —i -
/ 03
If we make the assumption that M is uniform and parallel BH =
to the axis of the annular magnet, then the expression // 0 le 1‘0_5
for ¢ simplifies to a surface integral over the end faces ’
of the magnet, and application of Egs. (C-2) and (C-3) GD 5 10 154108
results in the following expression for the centerline Demagnetizing force — H (amps/me{er)

field distribution of the magnet . L
Fig. C—2 Demagnetization curve for Columax -9
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The magnetization (M) is a function of the magnet mate-
rial and geometry and is determined by the intersection
of the M/H line on the demagnetization curve, Fig.
C—2. The demagnetization coefficient(M/H)ts derived
from the free pole formula of Evershed? and is given by
the expression

Le 1/2
M/H = (Ro+RiXRp —Rj+L) ,

5 (C-5)
(RO —R; )
where L, is an effective length which varies between
L and 0.7 L, depending upon the ratio of end surface
area to lateral surface area, and was assumed constant
at a value of 0.7 L, for the present calculations. The
final equation required is that of the permanent magnet
mass Mp which is given by
2 2
Mpzpmﬂ(Ro _Ri)L' (C-6)
where p, is the mass density of the magnet material.
The mass optimization procedure was as follows:

(1) Choose values for Rj, z, and Bzo' The values
of Rj and z are chosen so as to be consistent
with the thruster geometry. Bzo is chosen to
be a value that results in satisfactory thruster
performance.

(2) Plot Bz and Rg for various values of L. The
values of Rg and L are chosen such that the
calculated Bg values are in the range contain-
ing BZO.

(3) From the graph in ( 2) above, obtain values for
plotting R versus L for By = BZO.
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(4) On the Rg versus L for constant BZO graph,
plot Rp against L for constant Mp values. The
minimum value of Mp is that which gives a
curve tangent to the Ry versus L for BZ=BZ0
curve.

Figures C-3, C—4, and C-5 represent design curves
which provide Columax—9 magnet mass and length as a
function of axial magnetic field, magnet internal radius
and z distance.

Use of the design curves is illustrated for the fol-
lowing set of conditions: By = 0.1 tesla, z = 2,54 cm
and Ri = 0.952 cm. From the solid curve of Fig. C—-3
at Bz = 0.1 tesla and Rj = 0.952 cm the magnet mass is

Mp = 1.60 kg.

From the dashed curve of Fig. C-3 at BZ = 0.1 tesla,
Rj = 0.952 cm, the magnet length is

L = 10.7 cm.

From Eq. (C—6) for the magnet mass, inserting a mass
density of 0.00728 kg/cm3, the magnet outer radius is

Ro = 2.73 cm.

The results presented in Figs. C—3 to C—6 show
that for a given set of By and z values a bar magnet
provides the lowest permanent magnet mass and increas-
ing Ri produces a corresponding increase in the mass.
Thus for a low weight thruster system it is necessary
to minimize the cathode holder or rod diameter which
passes through the magnet. [t is also clear that the
value of z should be minimized.

The results of Johansen and Palmer® for a system
producing 0.096 tesla at a z distance of 2.5 cm from the
magnet follow, for comparison. A combined permanent
magnet-Bitter electromagnet was found to be optimum
with the permanent magnet supplying 0.075 tesla having
a mass of 2.57 kg, while the electromagnet supplied the
remaining 0.021 tesla with a mass of 0.91 kg. The total
system mass of 3.48 kg is significantly higher than the
1.6 kg required by the Columax—9 magnet illustrated
above, which provides a higher field. The difference in
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mass between the two systems is a penalty imposed by
the condition that the cathode tip coincide with the mag-
net field maximum.

After completing the mass optimization study dis-
cussed above, the calculation method was changed. A
computer program was written to determine the minimum
mass magnet for given Ry, z and BZO values. This pro-
gram is discussed below.

Experimental magnet measurements

In order to check the validity of the mass optimization
study, twelve Alnico—5 magnets were purchased and
their axial and radial field distributions were meas-
ured. Figures C—6 and C—7 show typical field distri-
butions for an annular magnet. These distributions
were obtained before the magnet was remagnetized to
saturation, but the essential features of the distribu-
tions are not greatly affected by the level of magnet-
ization. Table C—~1 gives the magnet dimensions, the z
location and magnitude of the calculated field peak ob-
tained using Eqs. (C—4) and (C-5). It is noted that the
measured and calculated locations of the peak are in
approximate agreement: however, the magnitudes of
the measured and calculated maximum field points
differ widely. Comparison of magnetic field measure-
ments on several Columax—9 bar magnets showed

Egs. (C—4) and (C—b) to over-predict the centerline
field. In the actual magnet since uniform magneti-
zation is not realized due to leakage effects, it is ex-
pected that the uniform calculations would over-predict
the field as observed for bar magnets. For annular
magnets, a uniform magnetization calculation should
over-predict the field at the magnet face; however, on
the axis of the magnet, the leakage through the inner
lateral surface serves to increase the axial field at

the peak above the uniform magnetization calculations
as observed for the Alnico—5 magnets.

As a result of these measurements it was con-
cluded first that the design curves of Figs. C-3, C—4
and C—5 do not provide true minimum weight values.
Hence the weights for bar magnets will be low whereas
high weights for annular magnets are predicted. Sec-
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ondly, true optimum weight calculations require a more
accurate field distribution than afforded by Egs. (C—4)
and (C-5).

Table C—=1 Alnico—5 magnet dimensions and
maximum field values

Catculated
Measiied |/ Equations 2.4 and 2.5
thagnel R, R, L )
No. e ceme L B, 4 .

destar emn| B, Z,

teslar oom

i 3.80 307 3.81 6.4 28 36l 3.04
? 3.55 1.00 1.90 8.0 2.0 5.54 1.72
3 4.55 3.60 3.30 44 3.5 1.2 3.78
4 3.80 2.38 9.52 2.6 210 1 2.20
5 5.54 2.57 176 11.2 29 3.35 3.22
6 3.50 2.00 | 1241 $6.8 16 | 534 1.88
7 5.16 365 4.45 1.3 36 323 3.86
8 3.52 2.54 2.86 6.2 2.5 2.75 2.70
9 3.80 kNY) 3.81 6.6 2.8 361 3.04
10 4.44 3.21 428 1.4 31 4.08 328
11 5.08 1.90 5.55 16.9 2.3 9.65 2.45
12 4.76 3.99 3.10 3.3 4.0 1.35 4.18

Field calculations including feakage

In order to take flux leakage effects into account the
distribution of M, the magnetization, must be specified.
Once M is known, the integration of Eq. (C—1) may be
carried out.

In the absence of any demagnetizing effects the
magnetization of a sample which has been saturated is
equal to the saturation value. However there is always
present the self-demagnetizing field of the magnet which
results from the formation of surface poles during the
magnetizing process. Therefore when the magnetizing
field is removed the magnetization at a point in the
material will move along the hysteresis curve into the
second quadrant to a point where the self-demagnetizing
field and the magnetization are compatible. This operat-
ing point is a function of the geometry of the magnet,
the magnet material and the reluctance of the magnetic
circuit. For a magnet operating with no external circuit
other than air the operating point is a function only of
the material and the magnet dimensions because the
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Fig. C—5 Optimum magnet mass for z = 5.08 cm (Columax-—9)
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Fig. C—6 Measured B, distribution for Alnico 5, magnet No. 2
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reluctance of the external circuit is a function only of
the magnet dimensions.

Before the field of the magnet can be calculated
the magnetization must be determined at all points with-
in the volume. One method of doing this is to determine
the magnetization at a particular volume or plane over
which the magnetization is assumed to be constant and
then by some extrapolation procedure calculate the mag-
netization throughout the volume.

One such extrapolation technique was proposed by
Evershed.” His method assumes that the length of the
magnet may be subdivided into shorter length zones over
which the magnetization is constant. The magneto-
motive force can then be calculated at the junction be-
tween each pair of zones and then related to the leakage
flux. The permeance to be used in this procedure is
the leakage permeance of the lateral surfaces. All
leakage is assumed to take place at the junctions be-
tween the zones. This method of extrapolation produces
a parabolic variation in magnetization along the length
of the magnet. An example of the Evershed technique
is given below. The length of the magnet is divided into
four pairs of zones, i.e., four on either side of the neu-
tral section as shown in Fig. C-8.

The flux is considered to be uniform in the region
14 1y I
from Z= -— to+-— and from z = + — to +
2 2 2

I 1g _

(— + —) ete., i.e., from points 1 to 2 and 2 to 4.
etc. A value of M at the neutral section is chosen. For
purposes of this discussion it is arbitrary: however,
Eq. (C-5) provides a good initial choice. H at the
neutral section is obtained from the demagnetization
curve. The mmf (Vl) between points 1 and 2 is comput-
ed from

Vi=Ho O (C-7
The leakage flux can then be computed from
F1=V1®p. (C~8)

P1 is the leakage permeance of the zq. For this dis-
cussion it need not be defined, but it is usually calcu-
lated by considering the total leakage permeance to be
given by the free pole formula

P =rS. (C-9)
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Fig. C—8 Schematic of magnet for Evershed
extrapolation technique

S here is the leakage surface area, i.e., the pole face
is excluded. For a round bar magnet

$S=2Ln R, (C—10)

Then P1 is taken to be the leakage permeance per unit
length times the length of the zone.

(C-11)

The loss in magnetization at the end of the first zone is
then

7S 9
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Table C—2 Magnetic field calculation method of Evershed
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M H Length |eakage permeance
of zone of zone| of zone | mmf at zone junction of zone AM at zone junction

)

My Hy | Ly Vi=HiL; Pr=—L1 AMy = V{P{/A
7S

MZ:MI—AMI H2 L1+L2 V2=H2(L1+L2)+ Vl PZ:T(L1+L2) AM2=V2P2/A
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Fig. C—9 End and outer tateral surface normal
magnetic field distributions for magnet No. 6
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Fig. C-10 Inner lateral surface normal magnetic field
distribution for magnet No. 6
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where A is the cross-sectional area of the magnet. This
decrease is then subtracted from the neutral section
magnetization to obtain M in second zone. The proce-
dure is then repeated along the length of the magnet
until the face is reached. The value of B obtained at
the face is checked by insertion into the following
equation:

B-A=H.-L-P (C-13)
with P equal to the over-all air gap permeance. If Eq.
(C—13) is not satisfied, then the initial choice of B at
the neutral section must be rechosen until agreement is
obtained. The use of Eq. (C-5) for the initial choice of
the neutral section B value usually expedites this iter-
ation. The graph in Fig. C—8 is then plotted and a
smooth curve drawn through the steps as illustrated by
the dashed curve. The entire calculation for the ex-
ample magnet is shown in Table C—2. The above pro-
cedure provides a method by which the axial variation
of B and M within the magnet may be estimated. Thus
from the M(z) curve, the axial gradient M/ 8z may be
determined.

As a check on the validity of the Evershed tech-
nique the normal field distribution on several of the
Alnico—5 magnets were measured over the pole face,
inner and outer lateral surfaces. The distributions
obtained on magnet No. 6 are shown in Figs. C—9 and
C-10. Using the above surface distribution and a macro-
scopic application of V- B = 0, the By distribution in-
side the magnet was inferred and is shown in Fig. C-11.
The distribution is nearly parabolic and qualitatively
agrees with the results of the Evershed extrapolation
technique. Thus it is reasonable to assume that

dM/dz =V -Mis given by this method.

Specification of the surface distribution of M is not
straightforward;, however, as an approximation it was
assumed that the flux density surface distributions were
the same as the magnetization distribution. The experi-
mental measurements were used to obtain functions of
the distributions as follows:

M(z=0,R)=Q, (C-14)
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Fig. C—11 Calculated axial magnetic field within
magnet No. 6

Mg (z.R = Ry) = (L/2-2)%, 2 <L/2, (C-15)
(L/2)%
- (L/2-2)% z>L/2, (C-16)
(L/2)
-Q >
Mg (2, R=R;) =—— (L/2-2), (C~17)
L/2)7

where Q is the average value of the magnetization at
z = 0 and is related to the neutral section M through the
extrapolation procedure.

The functions of Eqs. (C—14) through (C—~17) were
inserted into Eq. (C—1) and the indicated integrations
carried out over the magnet volume to yield a calculated
centerline field distribution.

Figure C—12 shows the results of a sample calcula-
tion with the contributions from each of the integrals in
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Fig. C—12 Calculated centerline field distribution for Alnico 5 magnet No. 6

Eq. (C-11) identified. As indicated, inclusion of the vol-
ume and surface contributions to the field preserves the
essential features of the centerline axial field distribu-
tion. The initial results of these calculations showed
good agreement with measured field distributions on
several of the magnets; however, good agreement could
not be obtained for all the magnets. The requirement of
satisfying Eq. (C—~13) at the end of the extrapolation
scheme was then released and the following form for

Mg was assumed

2
2
My, = Mg — <T> (Mo - Q) (L/2 - 2)°,  (C—18)

This re-
lation preserves the functional form of the Evershed ex-

where Mg is the neutral section magnetization.

Report MDC H296 — July 1969 MCDONNELL

trapolation scheme. Equation (C-18) was used in the
integration of Eq. (C—1) with the value of Q as a free
The value of Q was then chosen such that
the calculated peak and the measured peak in the cen-
terline distribution agreed. A partial check on the
validity of the calculations is the agreement obtained
between measured and predicted values of z,, the loca-
tion of the field maximum. Table C-3, gives the results
for all the Alnico-5 magnets.

parameter.

Agreement within * 15% is obtained for all the mag-
nets and in terms of the previous calculations it is the
best agreement to date.

The values of (Mg/H)* required to match the field
maxima were compared with the expression for M/H
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Table C—3 Measured and calculated location
of magnetic field maximum

Magnet Measured Calculated
No. Z, (cm) Z, (cm)
1 2.8 2.9
2 2.0 1.7
3 3.5 3.7
4 2.1 1.8
5 2.9 3.2
6 1.6 1.4
7 3.6 3.8
8 2.5 2.8
9 2.8 2.9
10 3.1 33
11 2.3 2.3
12 4.0 4.2
13* 2.4 2.3

* Magnet 13 is formed by joining 1 and 9 end to end

based upon Evershed’s free pole formula given by Eq.
(C-5). Figure C—13 shows this comparison for the case

Le =1 If (MO/H)* is substituted into Eq. (C-5) and a
value of L, extracted, we find a range of L between
1.4 and 0.6; however, no systematic correlation of Lg
with the ratio of lateral to end surface could be estab-

lished.

The above procedure was carried out for several
Columax~9 bar magnets; however, poor agreement was
obtained between measured and predicted field values.
Since leakage effects produce opposite contributions to
the centerline field for annular and bar magnets it is not
too surprising that the empirical M/H curve (Fig. C—13)
obtained for annular magnets did not produce good agree-
ment. It is quite possible that the procedure is adequate
for annular Columax—9 magnets and a different B/H
curve is required for bar magnets.
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Fig. C-13 (MO/H)* versus M/H calculated by Eq. (2.6)

Computer program for mass optimization

The computer program for the determination of the
geometry of a minimum mass annular magnet is given in
Table C—4. The program is written in the BASIC lan-
guage and represents the case of a uniformly magnet-
ized Columax—9 magnet with an effective length value
of 0.7 times the actual magnet length.

The design equations for the magnet mass and the
centerline magnetic field distributions are given by
Egs. (C—4), (C-5), and (C—6). Statement 160 of Table
C—4 is the mass Eq. (C-6) and statements 205, 210 and
215 provide the magnetic field distribution given in
Eq. (C—4). Statement 165 represents Eq. (C-5) and the
demagnetization curve is tabulated via statements 515
through 885.
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5 D
10
15
20
25
30
35
4
45
53
55
¢
65
70
75
a0
25
Q2
Q5
13
125
112
115
120
125
130
135
140
145
150
155
160
1€5
179
175
18@
185
197
195

220

Report

RINT "THIS PROGRAM DETERMINES THE
PRINT "MAGNET NF MINIMIIM YASS,

PRINT "DELTA 3@, L, AND DELTA L, RESPECTIVELY."
PRINT
PRINT “YHAT ACCURACY IS DESIRED--1, 2, NR 3":
INPUT A
PRINT
PRIMT "INPUT VALURS OF 7, B7¢, RI, RZ, DTLTA R4, I,

PRINT "DELTA L,
PRINT
INPUT Z,P0,R1,%(,R3,L,L3
PRINT
PRINT "72z"¢7Z
N A (0 TO 7
LET aAt=1.
LET A2=12,
LET A3=z1@0,
G2 TD 132
LT al=12,
LET A2=130C,
LET AZ=1320.
30 TO 132
LET Al=z122
LT 42=123
LET A3=120
LT Do=@ .2
LET D=g .0
LET D2 =0.0
LET D3=0.2
LET D1 =R3
LETRI =N .
LET Wzo8325%(R2 "2=-R1 )]

RESPECTIVKELY,."

(2‘:":8@:"?1:":?‘1
115

e
20 .

LET M=(.7*L/(RAT2=R1"2))I%SARC(RP+RII*(RZ-R1+L))
LET UzINT(™

IF U<l .3 THEN 875

IF U>18 THEN 200

G539 TO 515

LET B=24+(S=-*x(M=1])

G0 TO 205

LET B=4240

LET X3=(Z+L)/SARCRA 2+ (Z+L) *2)=Z/SARCRY 24+ 7°2)
LET ¥3=X3+7/SOAR(CR1 "2+Z"2)~(Z+L) /SAR(R] "2+ (Z+L) *2)
LT B=BxX3

IF INT(B*xA1)zINT(RO*Al) THEN 285

I INTCEXA1)>INT(BZ*xAl1) THEN 25@

LET Dz=R2

LET R@=RO+R3

IF R@>1d .0 THEN
GO TO 168

475

Table C—4 Mass optimization computer program
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LET

LET

R3=zR3/10 .0
IF D=2 THEN 595
IF R3>E-12 THEN 275

R@=D6

GO TO 155
LETRG=D+R3

=N TO 162

1=
TF

LET
LET
LZT
LET
LET
LET
=T
LET

IF D5=0.¢&
I¥ ARS(TDT7-D6)<5,2%~5 THEN 365
M= (DE=D4)/(D7-NAR)
D=+ DT7T-DR) /M

LET
L=T
L=ET

D3

N5z N3
D7=N&

DT =74
P=1.0
29:=-0D%+1,
D4azh
D&z RE
L=L-13

D:S =

G0 TO 155

IF ?=a.0
L3z213/12 ¢
I D5<>3 .8 THINADS

LET

LET
LET
LET
LET
LET
LET
=T
ET

[

ET
ET

LET

D5 =213
D7=D&
N =n4
L=DNR-13
D3 =05
D6z=NT
Daz=D¢
Ds=@
DT7=9
|9 2825
RA =08

Gn TO 155

PRINT "MIN MASS(ILRBRS) ="
TLCIN) =" e L

"ROIN) ="« RA
"B(GAUSS)Y="¢R

PRINT
PRINT

PRINT
G0 TO 5¢

TF Dozl, THEN

IF T=0,0 THIY 495

PRINT "DELTA L IS TO LARGE,

tn TO 593

Table C—4 Mass optimization computer program {continued)

APPENDICES

=0 THIM 325
IF INTC1%42)=INTCD4*A2) THEN 450
MTC'A3) = INTCD3%A3) THEN
IS INTC"a3)>INT(D3*A3) THEN 375

THEN 365

TH=ZN 495

OR L IS BELOW NMIN MASS POINT"
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495
5400
505
51@¢
515
520
525
53@
535
549
545
559
555

562
565
570
575
5%
585
590
595
€22
€05
€12
215
£20
€25
€30
€35
¥
645
€5¢
€55
£E2
665
£7@
£75
620
825
697
€05

Report MDC H296 — July 1969

GO TO 59
PRINT"R@# IS TO LARGE"
GO TO 58
IF U=l THEN 6@5
IF U=2 THEN 620
IF U=3 THENG35
IF U=z4 THEN 658
IF Uz5 THEMN 665
IF U=6 THEN 680
IF U=z7 THEN €95
IF U=g THEN 710
IF U=S THEN 725
IS =1 THEN 748
T !Iz211 THEN 755
IF ilz12 THEN 770
IF U=13 TH=ZN 785
IF U=14 THEN €20
IF U=15 THEN 215
IF U=16 THEN 233
IF U=17 THEN 245
I¥ Uz18 THEN 269
LET N=0249

LZT 5=1572

510 TOo1on

LET Nn=157¢2

LFET S=2245

N TN 1¢¢

LET "N=29245

LET S=2024

GO TO 19u

LET N=z29243

1LET S=347¢

G0 TO 192

LET N=3470

LET Sz397a

GO TS 197

LET 2=3872

LET S=4132

50 TO (o8
LETN=4132

PRINT "L IS BELOW MIN MASS POINT"

122
705
e
715
728
725
739
735
742
745
758
155
764
165
772
775
787
725
7R
795
2a2
805
210
215
goQ
25
23¢
235
249
245
25a
255
862
865
879
875
BRA
g5
897

LET S=43202
20 TO 190
LET V24328
LETS=4415
GO TO 1o
LET N=z4415
LET S=z4585
GO TO 1@
LET N=4525
LETS=4572
GO TO 192
L=T Nn=457¢
LET Sz462¢
GOTO 194
LET Nz4€23
LETS =465
R0 TO 198
LETA=46&0
LET S=z471%
0 TO 1908
LET Nn=a71
LETS=z4748
GN TO 1S¢
LET N=4743
LET S=4770
G0 TO 194
LET N=4778
L%T Sz4%22
e TH 1op
LET 9=4822
LET S=z4324a

GN TO 190
LET Nz4820
LET S=4R248
GOTO 1904
LETS=02¢
GOTO 1°o¢
END

03 .0 SECS

Tabie C—4 Mass optimization computer program (continued)
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The inputs for the program are given below. All
dimensions are in inches and the field is in gauss.

Accuracy — . . . The desired degree of accuracy —
1,2,0or3 *“3”’ is the most accurate and ‘1"’

is the least.

Zove e Selected distance from the pole
face to the point at which By
(centerline axial field) is to be
calculated.

Bzo ........ Selected design value of By.

Ri ......... Selected inner radius of annular
magnet.

Ry -ovvovnns Initial estimate of outside radius
of minimum mass annular magnet.

ARy v oo vt Initial increment by which Rg is
varied in the iteration scheme.

L.o......... Initial estimate of length of mini-
mum mass annular magnet.

AL......... Initial increment by which L is

varied in the iteration.
The analysis then proceeds as follows:

(1) Choose values for Bz, z and Rj. These chosen
values will be called Bzo, Zg, and Rio.

(2) Choose a value for L.

(3) Find the value of Ry which satisfies Eq. (C-5)
for Bz = BZO. This step usually requires an
iteration due to the functional form of Eq. (C-5)
and (C-6).

Min. mass pt

(4) Calculate Mp.

(5) Choose a new value of L.

(6) Repeat steps 3 through 5 until Mp passes through
a minimum value.

Figure C—14 is a plot of L versus R for B, = By.
This graph is not actually used in the program and is
only included here to clarify the procedure. The input
values of Rg and L must be chosen to be in the shaded
region of Fig. C—14 and AL must be small enough that
L is not taken below L* on the first iteration. This
limitation on AL is caused by the fact that the By =
BZO curve is very nearly parallel to the Rg axis for
values of L less than L* which causes the iteration
time to become indefinitely long.

The following example illustrates the use of the
computer program. All user inputs are underlined in
Table C—5. Upon starting the run sequence of the pro-
gram, a brief summary of the program’s purpose is
stated. The accuracy to which results are desired is
then requested. When this information has been sup-
plied, values of z, BZO, Ri, Ro, ARg, L, and AL are
requested by the computer. z, Bz ., and Rj are, of
course, design parameters, i.e., they are fixed, and
values of R and L are to be found. In Table C-5 the
first estimate values produced the error message that L
was below the minimum mass point. In the second esti-
mate L. was increased, but apparently the initial esti-
mate of Ro was too large. In the third estimate Rq is

L* —_— . e ——— e —

Re

Fig. C—=14 Magnet length vs outer diameter for constant By , R; and z

76
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THICS PIAGTAM ne-'r-j—s\n- MRS THT ATAMTTOIV BAD 4 TIXED T ANMILAY
VARNTT OF MINTM macq. gIYEN THT VALLTG AF 7, 5750 31, )

NELTE G, L, 2ND ITLTa f, RTEPEICTIVYRLY,

’

HAT ATCSHRANY I DRATITS--1, 2, 02 3 7 1

INPHT val

L=
nFLTA L, DT

2 1,100 ,.75,2,41,5,] €= 1st Estimate

7z 1 73z 100 Rl= 75
LTS 2RLOW ¥IN MASS POIMT

? 1,1')":’,07q.o,.1 ,6,]‘—_—an EStImate

7z 1 B7z 10X Uz LTS
PATS TH LARGT

? 1, :'-33,.75,],.1,6,14—-———3!dEStimate

IS T LeRkRZ, 2% L IS SRLOYW MIN MASS POINT

21,1200, 475,14l 46y o2 —————Iith Estimate

7z | R77z 1338 R1= .75

MIN MASS(ILBS)z 7,.,9573°
(I = 5,99 Results
RCIND = 1,47

P(AMISSY T 1000 .83

7?7 <
7.2 SECS RuADY

THI® PROA=EAY DRTERMINRL THT AT2I0TY 50
MAGNET OF MINIWIM vags, GI VEN THI VALLTS
DELTA R4, L, AND DELTA L, RESPECTIVELY.

W) )

WHAT ACCURACY IS5 DESIRED--1, 2, 02 3 272 3

INPUT VALHRS OF 7, 572, 21, 23, DELTA R¢, 1, AND
DELTA L, RESPECTIVILY.

? lylg?(.’)’c75’l,.1,6,.?

= 1465 = .75
(LRES)z 7.93472

25
(4,7 STAS RTADY

Table C—5 Sample readout for mass optimization computer program
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decreased, but the error message indicates the AL was
chosen too large. The fourth estimate gives results to
the accuracy requested (in this case ‘*1’’, the least
accurate). Greater accuracy may be obtained by chang-
ing the ‘“1’”’ to a “*3’’. To do this it is necessary to
reinitiate the run sequence. The initial estimates of
Ro. L, ARO, and AL can be taken from the results of
the less accurate calculation.

Magnet study conclusions

In summary, it is clear that the work is far from
complete and the results obtained should be considered
tentative until checked with further experimental meas-
urements. The results to date are summarized below.

1. A computer program has been devised which
will calculate the minimum mass magnet for a

78 MCDONNELL DOUGLAS

given centerline field value and location once
an expression for the field distribution is
available.

2. Design curves for minimum mass magnets using

the uniform magnetization field expression have
been constructed.

. The uniform magnetization calculations over-

predict the field of bar magnets and under-predict
the field of annular magnets.

. A calculational procedure which accounts for

leakage effects has been devised which when
used with an empirical M/H curve (Fig. C-13)
predicts the field distribution of thirteen (13)
Alnico-5 annular magnets with fair accuracy.
Additional measurements are required to further
check the validity of this procedure.

. The above procedure does not apply to bar mag-

nets and implies that a separate M/H curve
would be required for bar magnets.

Report MDC H296 — July 1969



Appendix D
500-hour lifetest data

Table D—1 Test data for 500 hour lifetest

Surface
Qutput | Output

Input Heat temperature
Time | Current | Voltage m Thiust | Power Isp T/P ] By magnet "L%E\L]:rt mpaog“r;:rt 10 Bapcrléﬁgﬂ:gd Outer
(hr} | (amps) | (volts) | (g/sec) (g | (kW (sec) | (&/kW) (%) |[(tesla) | power i "rw (kW) magnet -3 | Face |diameter
(kW) (jacket) | (coil) (kW | (107° Tormi| (0K) | (oK)

0 0 0 0 0 0.14 |3.7994 ] 0.0580 | 3.4515 | -0.2899 6
1 320 63.7 0.03 20.4 0.14 | 3.7994 | 0.1077 | 3.9825 0.2908 10 1162 1186
2 430 54.0 0.03 . 232 0.14 (37994 0.1162 | 4.1152 0.4320 10 1186 1261
25| 520 52.0 0.03 21.0 0.14 37994 0.1346 | 3.9825 0.3177 10 1236 1281
3 560 49.2 0.03 27.6 0.14 3.7994 | 0.1346 4,2480 0.5832 10 1357 1301
4 560 47.0 0.03 53 26.3 1767 2.01 17.11 | 0.14 3.7994 | 0.1298 4.2480 0.5784 10 1226 1321
5 560 56.4 0.03 316 0.14 137994} 0.1346 | 4.2480 0.5832 10 1321 1296
6 560 50.5 0.03 28.3 0.14 3.7994 | 0.1358 4.1522 0.4886 10 1276 1296
7 570 54.7 0.03 30.6 0.14 3.7994 | 0.1394 4.2116 0.5516 9 1265 1301
8 560 54.0 0.03 30.2 0.14 3.7994 | 0.1334 4.1872 0.5212 8.8 1276 1301
9 560 52.0 0.03 29.1 0.14 3.7994] 0.1381 | 4.0181 0.3568 8.7 1246 1291
10 560 63.9 0.03 35.8 0.14 |3.7994 | 0.1243 | 4.0181 0.3430 8.6 1265 1321
11 560 63.5 0.03 356 0.14 3.7994 | 0.113 4.0181 0.3380 8.8 1265 1316
12 560 62.4 0.03 349 0.14 3.7994 | 0.1247 4.0521 0.3774 8.8 1270 1316
13 560 61.7 0.03 34.6 0.14 3.7994 | 0.1087 42519 0.5612 8.9 1260 1316
14 560 61.1 0.03 34,2 n.14 3.7994 | 0.1346 4.0521 0.3873 89 1255 1316
15 560 59.9 0.03 33.5 0.14 3.7994 | 0.1331 1.1872 0.5209 8.9 1255 1311
16 565 59.1 0.03 33.1 0.1406 | 3.8997 | 0.1267 4.3223 0.5499 8.9 1246 1311
17 560 58.6 0.03 32.8 0.1402 ( 3.8430 | 0.1285 4.2519 0.5374 8.8 1246 1306
18 560 57.0 0.03 319 0.1402 | 3.8430 | 0.1267 4.1872 0.4709 8.8 1236 1301
19 560 57.5 0.03 32.2 0.1406 | 3.8674 | 0.1267 4.1872 0.4465 8.9 1236 1301
20 560 59.3 0.03 33.2 0.1400 | 3.7837 | 0.1247 4.2519 0.5929 8.8 1251 1306
21 360 60.5 0.03 33.9 0.1392 ] 3.7200 | 0.1263 4.1148 0.5211 8.9 1255 1306
22 560 60.2 0.03 33.7 0.1392 | 3.6890 | 0.1304 | 4.1148 0.5562 8.8 1251 1306
23 560 61.6 0.03 34.5 0.1385] 3.6108 | 0.1306 4.0521 0.5719 9.0 1255 1306
24 560 61.7 0.03 34.6 0.1400] 3.7994 | 0.1552 4.1872 0.5430 9.0 1255 1311
25 560 61.7 0.03 34.6 0.14001 3.2994 | 0.1524 4.3223 0.6753 9.0 1255 1306
26 560 61.9 0.03 34.7 0.1400] 3.7994 | 0.1630 4.3223 0.6859 9.0 1251 1311
21 560 62.1 0.03 34.8 0.1400( 3.7984 | 0.1524 | 4.2860 0.6390 9.0 1255 1311
28 560 62.2 0.03 34.8 0.1400] 3.7994 ] 0.1429 4.1872 0.5307 9.0 1251 1306
29 560 54.7 0.03 30.6 0.1107712.1840 | 0.1111 2.7014 0.6285 9.0 1214 1276
30 560 54.8 0.03 30.7 0.1120] 2.2599 | 0.1155 | 2.8367 0.6923 9.0 1214 1276
31 560 95.7 0.03 31.2 0.1137] 2.3341 | 0.1121 2.8365 0.6145 9.0 1226 1281
32 560 55.6 0.03 311 0.1148] 2.3750 | 0.1155 | 2.8367 0.5772 8.7 1221 1281
33 560 55.3 0.03 31.0 0.112812.3030 | 0.1121 2.8367 0.6458 8.7 1221 1281
34 560 56.2 0.03 3L.5 0.1120] 2.2599 | 0.1123 | 2.8805 0.7329 8.7 1226 1286
35 560 5.4 0.03 316 0.1128]2.3030 § 0.1161 2.7016 0.5147 8.7 1231 1251
36 560 56.2 0.03 315 0.112812.3030 | 0.1089 | 2.7433 0.5492 8.7 1236 1291
37 560 56.4 0.03 31.6 0.1128 | 2.303u | 0.119] 2.7016 0.5177 8.6 1236 1291
38 560 55.8 0.03 31.2 0.1120] 2.2599 | 0.1196 2.7016 0.5613 8.6 1231 1291
39 560 55.4 0.03 314 0.1107{2.2080 | 0.1121 | 2.5665 0.4706 8.6 1231 1291
40 570 56.8 0.03 31.8 0.1141] 2.3312 | 0.0997 2.8367 0.6052 8.6 1236 1296
41 560 55.0 0.03 30.8 0.1115] 2.2506 | 0.0794 2.7016 0.5304 8.6 1231 1291
42 565 56.2 0.03 3.5 0.11281 2.3030 | 0.0747 2.7016 0.4733 8.6 1231 1296
43 560 56.0 0.03 3l.4 U.11281 2.2785 | 0.0847 2.7G16 U.50/8 8.6 1231 1291
44 560 55.8 0.03 31.2 0.1120| 2.2599 | 0.0715 | 2.7016 0.5132 8.6 1246 1311
45 560 56.5 0.03 316 0.11281 2.2785 | 0.0732 2.7016 0.4963 8.6 1251 1306
46 560 56.0 0.03 31.4 0.1107{ 2.2080 | 0.0770 2.7016 0.5706 8.6 1246 1306
47 560 5.2 0.03 31.5 0.1107| 2.2080 | 0.0924 2.7016 0.5860 8.8 1246 1301
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Table D-1 Test data for 500 hour lifetest (continued)

APPENDICES

Surface
Output | Output
Input Heat temperature
Time | Current | Voltage m Thrust | Power Isp T/P n B, magpnet "L%g\,?:: %%gv;];l to B%ﬁ:grs%l:gd : Outer
(hr) | (amps) | (volts) | (g/sec) (g) (kW) (sec) | (g/kw) (%) |(tesla) | power (kW) kW) magnet 3 Face |diameter
’ (kW) (jacket) | (coil) (kW) (107 Tom| (oK) | (9K)
48 560 5.6 0.03 3.1 0.1086 |2.0844 ] 0.0814 | 2.2385 | 0.2355 8.8 1255 | 1306
49 560 55.7 0.03 31.2 0.1090 [2.1122 | 0.6814 | 2.2385 | 0.2077 8.8 1275 1317
50 560 55.3 0.03 31.0 0.1074 | 2.0416 | 0.0799 | 2.3629 | 0.4012 8.8 1275 1317
51 560 53.6 0.03 311 0.1090 | 2.1122 | 0.6772 | 2.3629 | 0.3279 8.8 1275 1322
52 560 56.1 0.03 54.0 3.4 | 1600 172 14.90 (0.1086 |2.0868 [ 0.6773 | 2.2385 | 0.2290 8.7 1270 1311
53 560 55.8 0.03 3.2 0.1082 |2.0709 | 0.0771 | 2.2385 | 0.2247 8.7 1270 1317
54 560 55.9 0.03 31.3 0.1086 |2.0845 | 0.0843 | 2.3394 | 0.3392 8.8 1270 | 1317
55 560 56.2 0.03 3.5 0.1107 | 2.1720 | 0.0672 | 2.4626 | 0.3578 8.8 1301 1321
56 560 56.7 0.03 31.8 0.1116 |2.2264 | 0.0814 | 2.4043 | 0.2593 8.6 1306 1321
57 560 56.7 0.03 31.8 0.1107 | 2.1840 ) 0.0744 | 2.5309 | 0.4263 8.6 1291 1316
58 560 56.5 0.03 3l 0.1107 | 2.1720 | 0.0770 | 2.4043 | 0.3093 8.7 1316 1316
59 560 51.2 0.03 32.0 0.1129 | 2.2785 7 0.0873 | 2.4043 | 0.2131 8.6 1321 1311
60 560 571.3 0.03 32.1 0.1107 | 2.1960 | 0.1029 | 2.4872 | 0.3941 8.6 1326 1316
6l 560 57.8 0.03 32.4 0.1116 | 2.2264 | 0.1032 | 2.5438 | 0.4206 8.8 1341 1306
62 560 98.3 0.03 326 0.1129 {2.2765] 0.0842 | 2.3683 | 0.1740 8.8 1331 1271
63 560 50.7 0.03 28.4 0.1414 | 3.8478 | 0.1089 | 3.9875 | 0.2486 8.7 1261 1162
64 560 50.6 0.03 28.3 0.1414 | 3.8796 | 0.1019 | 3.9791 | 0.2014 8.7 1261 1162
65 560 51.0 0.03 28.6 0.1423 | 3.9360 | 0.1046 | 4.0447 | 0.2133 8.6 1251 1162
66 555 50.8 0.03 28.4 0.1342 | 3.7440 | 0.0953 | 3.8634 | 0.2147 8.7 1246 1167
67 560 50.6 0.03 28.3 0.1404 | 3.8430  0.0972 | 3.8589 | 0.1135 8.7 1256 1186
68 560 50.7 0.03 28.4 0.1423 { 3.9360( 0.0972 | 3.9215 | 0.0827 8.7 1251 1210
69 565 52.0 0.03 29.1 0.1423 | 3.9680 | 0.0424 | 3.9215 | 0.0454 8.7 1240 1230
70 565 53.0 0.03 28.7 0.1420 | 3.8308 | 0.1016 | 3.9215 | 0.1923 8.8 1251 1240
71 560 52.7 0.03 25.5 0.1354 [ 3.5334| 0.0871 { 3.3444 | 0.1019 8.8 1256 | 1220
72 560 53.3 0.03 30.0 0.1400 | 3.7994 | 0.0983 | 3.8189 | 0.1170 8.8 1251 1240
73 560 53.8 0.03 35.1 0.1400 | 3.7994 ] 0.0913 | 13,8589 | 0.2248 8.8 1256 1230
74 560 53.7 0.03 30.1 0.1400 | 3.7994| 0.0983 | 3.8589 | 0.1578 8.8 1261 1230
75 560 54.2 0.03 30.4 0.1400 | 3.7994 | 0.0913 | 3.858% | 0.2248 8.8 1276 1230
76 560 54.5 0.03 30.5 0.1400 | 3.7994 | 0.0451 | 3.8584 | 0.1546 8.8 1266 1230
77 560 54.6 0.03 30.6 0.1400 | 3.7994 | 0.0883 | 3.8589 | 0.1478 8.8 1266 1230
78 560 54.2 0.03 30.4 0.1400 | 3.7994 | 0.0451 | 3.8276 | 0.1233 8.8 1271 1235
79 560 54.0 0.03 30.2 0.1400 § 3.7994 | 0.0870 | 3.9215 | 0.2091 8.8 1276 1230
86 560 33.8 0.03 30.1 0.1385 ] 3.7200 | 0.0919 | 3.6601 | 0.0320 8.7 1281 1230
81 560 53.6 0.03 30.1 0.1400 | 3.7994 | 0.0985 | 3.7908 | 0.0899 8.7 1275 1235
82 560 53.4 0.03 29.9 0.1400 | 3.7994) 0.1040 | 3.7605 | 0.0651 8.7 1276 1235
83 560 53.2 0.03 29.8 0.1400 | 3.1994 | 0.1074 3.7303 | 0.0383 8.7 1281 1240
84 560 53.9 0.03 30.2 0.1400 | 3.7994 | 0.1018 | 3.7303 | 0.0727 8.7 1286 1235
85 560 5.3 0.03 31.5 0.1400 | 3.7994{ 0.1054 | 3.7605 | 0.0665 8.8 1291 1235
86 560 55.2 0.03 30.9 0.1268 | 2.9960 | 0.0885 | 3.1636 | 0.2561 8.7 1291 1196
87 560 54.6 0.03 30.6 0.1268 | 2.9966 | 0.0961 | 3.2157 | 0.3158 8.7 1285 1210
88 560 54.9 0.03 30.7 0.1268 | 2.9960 | 0.0961 | 3.3444 | 0.4445 8.6 1286 1210
89 560 54.6 0.03 30.6 0.1268 | 2.9960 ) 0.0924 | 3.3444 | 0.4408 8.6 1286 1215
90 560 55.4 0.03 31.0 0.1268 | 3.0240 | 0.0924 | 3.2157 | 0.2841 3.8 1281 1220
9] 560 55.0 0.03 30.8 0.1229 | 2.9080 | 0.0833 | 3.2443 | 0.5196 8.8 1301 1206
92 560 54.8 0.03 30.7 0.1250 { 2.8738 ) 0.0905 | 3.1636 | 0.3803 8.8 1301 120)
93 560 54.8 0.03 30.7 0.1224 | 2.8080 | 0.0848 | 3.1443 | 0.4211 8.8 1306 1201
94 560 54.5 0.03 30.5 0.1190 | 2.5740{ 0.0848 | 2.6574 | (.1682 8.8 1331 1152
95 560 54.5 0.03 30.5 0.1190 | 2.5610| 0.0775 | 2.7889 | 0.3004 8.8 1341 1137
96 560 54.9 0.03 30.7 0.1157 | 2.4318) 0.0780 | 2.7012 | 0.3474 8.8 1351 1122
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Table D—-1 Test data for 500 hour lifetest (continued)

APPENDICES

Suiface

Output | Output temperature

Time | Current | Voltage m Thrust | Power Isp T/P n Bz m|:gpr?;t magaet ) magnet Hte:t Background . Outer
(hr) | (amps) | (volts) | (g/sec) | (g) | (kW) | (sec) | (g/kW)| (%) |(lesla) | power ﬂ’ﬁ‘&'ﬁr p&%‘ magnet preBssure Face |diameter
(kW) (jacket) | (coil) (kW) (1077 Tor | (OK) [ (OK)

97 560 54.8 0.03 30.7 0.1148 | 2.4000 | 0.0826 | 2.7012 | 0.3838 8.8 1351 1127
98 560 54.8 0.03 30.7 0.1148 | 2.4000 | 0.0809 | 2.6226 | 0.3035 8.8 1326 1167
99 560 53.7 0.03 30.1 0.1107 1 2.2032 | 0.0792 | 2.5517 | 0.42717 8.8 1356 1147
100 560 54.1 0.03 57 30.3 1900 1.88 17.19 | 0.1107 | 2.2032 | 0.0809 | 2.5517 | 0.4244 8.8 1341 1147
101 360 53.8 0.03 30.1 0.1116 | 2.2385 | 0.0841 | 2.5517 | 0.3973 8.8 1372 1107
102 560 53.7 0.03 30.1 0.1116 | 2.2458 | 0.0792 | 2.5309 | 0.3643 8.7 1346 1167
103 560 53.3 0.03 29.8 0.1107 | 2.2080 | 0.0817 | 2.5517 | 0.4254 8.7 1346 1167
104 560 53.0 0.03 29.7 0.1107 | 2.1960 | 0.0867 | 2.4440 | 0.3347 8.6 1356 1162
105 560 53.2 0.03 29.8 0.1107 | 2.1960 | 0.0852 | 2.4638 | 0.3530 8.6 1356 1167
106 560 52.7 0.03 29.5 0.1098 | 2.1539 | 0.0848 | 2.4241 [ 0.3550 8.6 1372 1157
107 560 52.8 0.03 29.6 0.1107 | 2.2080 | 0.0502 | 2.4043 0.2765 8.7 1367 1167
108 560 52.8 0.03 29.6 0.1120 | 2.2599 | 0.0867 | 2.4440 | 0.2708 8.7 1356 1177
109 560 523 0.03 29.3 0.1107 | 2.2080 | 0.0867 | 2.4638 0.3425 8.7 1377 1177
110 560 53.2 0.03 29.8 0.1120 | 2.2599 | 0.0867 | 2.4628 0.2906 8.7 1367 1187
111 560 53.5 0.03 30.0 0.1128 | 2.3030 | 0.0867 | 2.4638 0.2475 8.6 1362 1196
112 560 53.2 0.03 29.8 0.1107 | 2.2080 | 0.0734 | 2.5590 0.4244 8.6 1356 1196
113 560 52.9 0.03 29.6 0.1107 | 2.2080 | 0.0694 | 2.5871 0.4445 8.6 1356 1191
114 560 53.3 0.03 29.4 0.1107 | 2.1840| 0.0685 | 2.4043 0.2888 8.6 1392 1142
115 360 53.5 0.03 30.0 0.1107 | 2.2080 | 0.0744 | 2.5309 0.3973 8.7 1382 1157
116 560 53.4 0.03 29.9 0.1107 ] 2.2080 | 0.0704 | 2.5871 0.4495 8.7 1367 1162
117 560 53.4 0.03 29.9 0.1107 | 2.2080 | 0.0734 | 2.6012 0.4666 8.8 1367 1172
118 560 53.8 0.03 30.1 0.1107 | 2.2080 | 0.0954 | 2.6726 0.5600 8.6 1377 1167
119 560 53.7 0.03 30.1 0.1148 | 2.3875 | 0.0634 | 2.7136 0.3855 8.8 1372 1177
120 560 54.1 0.03 30.6 0.1148 | 2.4000 { 0.0713 | 2.834] 0.5054 8.8 1377 1186
121 560 54.5 0.03 305 0.1132 | 2.3173 | 0.0654 | 2.6879 0.4360 8.8 1382 1162
122 560 53.1 0.03 29.7 0.1094 | 2.0975 | 0.0833 | 2.4436 0.4294 8.8 1407 1142
123 560 54.9 0.03 30.7 0.1128 | 2.3153 [ 0.0730 | 2.5658 0.3235 8.8 1392 1177
124 560 53.8 0.03 30.1 0.1099 } 2.1320| 0.0653 | 2.4436 0.3669 8.8 1407 1167
125 560 53.2 0.03 29.8 0.1073 | 2.0416 | 0.0553 | 2.4227 0.4364 8.8 1412 1147
126 560 53.4 0.03 29.9 0.1108 | 2.2080] 0.0769 | 2.4436 0.3125 8.8 1407 1162
127 50 53.7 0.03 30.1 0.1108 | 2.2128 | 0.0565 | 2.4872 0.3309 8.8 1443 1142
128 560 53.9 0.03 30.2 0.1116 | 2.2506 | 0.0848 | 2.5309 0.3651 8.9 1443 1132
129 560 53.5 0.03 30.0 0.1116 | 2.2506 | 0.0795 | 2.5309 | 0.3598 8.9 1443 1152
130 560 53.5 0.03 30.0 0.1108 | 2.1840) 0.0759 | 2.4872 0.3791 8.8 1427 1167
131 560 543 0.03 30.1 0.1116 | 2.2506 | 0.0759 | 2.5309 | 0.3562 8.9 1417 1181
132 560 54.3 0.03 30.4 0.1116 1 2.2506 | 0.0777 | 2.5638 [ 0.3509 8.9 1412 1181
133 560 54.2 0.03 30.4 0.1116 | 2.2506 | 0.0795 | 2.5081 | 0.3370 9.0 1417 1201
134 560 54.4 0.03 30.5 0.1128 | 2.3030 [ 0.0769 | 2.4645 | 0.2384 8.8 1417 1210
135 360 54.3 0.03 30.4 0.1128 | 2.3030( 0.0773 | 2.6116 | 0.38%9 8.8 1402 1215
136 560 54.3 0.03 30.4 0.1148 | 2.4000 | 0.0734 | 2.7359 | 0.4093 8.8 1387 1235
137 560 54.6 0.03 30.6 0.1148 | 2.4000 | 0.0773 | 2.7839 | 0.4612 8.8 1397 1230
138 560 54.7 0.03 30.6 0.1148 | 2.3750 | 0.0693 |} 2.6116 | 0.3059 3.8 1407 1215
139 560 55.2 0.03 30.9 0.1148 | 2.3750 | 0.0618 | 2.6807 | 0.3675 8.8 1402 1201
140 560 55.2 0.03 30.9 0.1128 } 2.3030 | 0.0654 | 2.5658 | 0.3282 8.8 1402 1215
141 560 55.1 0.03 30.9 0.1128 [ 2.3030 | 0.0654 | 2.6207 | 0.3831 8.8 1402 1215
142 560 55.6 0.03 311 0.1148 | 2.3750 | 0.0655 | 2.6116 [ 0.3021 8.8 1397 1220
143 560 55.4 0.03 31.0 0.1128 {2.3030 | 0.0655 | 2.5563 { 0.3188 8.8 1412 1201
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Table D=1 Test data for 500 hour lifetest (continued)

ot | Q0o uteut | G
Time} Current | Voltage m Thrust | Power Isp T/P n Bz  {magnet IT:;:)%\[’]:[{ ";g\;:rt to B?Jtilggrs?]lsgd Outer
(hr) | (amps) | (volts) | (g/sec) | (8) | (kW) | (sec) | (g/kW) | (%) |(tesla) | power (W) (kW) magnet 3 Face |diameter

(0 (acket) | (coif) | (KW | (107 Tom | (0K) | (0K)
144 560 54.7 0.03 30.6 0.1112  2.2220 1 0.0324 | 2.6114 0.4218 3.8 1433 1191
145 560 54.5 0.03 30.5 0.1116 1 2.2506 | 0.0815 | 26114 0.4423 8.9 1417 1215
146 560 54.2 0.03 304 0.1116 | 2.2506 | 0.0785 | 2.5876 0.4155 8.9 1412 1220
147 560 54.4 0.03 30.5 0:1128 | 2.3030 | 0.0711 | 2.6114 0.3795 8.7 1402 1230
148 560 53.9 0.03 30.2 0.1168 | 2.2080 | 0.0679 | 2.4870 | 0.3469 8.7 1412 1230
149 560 54.0 0.03 30.2 0.1108 | 2.2032 | 0.0680 | 2.4870 | 0.3518 8.7 1417 1230
150 560 534 0.03 56.5 29.9 1883 1.89 17.12 | 0.1108 | 2.1840 | 0.0791 | 2.4870 | 0.3821 8.8 1422 1230
151 560 53.1 0.03 29.7 0.1112 1 2.1931 | 0.0795 | 2.4435 0.3299 8.8 1402 1261
152 560 3.3 0.03 30.4 0.1120 { 2.2599 | 0.0918 | 25010 | 0.3329 8.7 1372 1261
153 560 55.1 0.03 30.9 0.1108 [ 2.1840 | 0.0944 | 25010 | 0.4114 8.7 1433 1225
154 560 95.2 0.03 30.9 0.1108 | 2.1840 | 0.0851 | 2.4435 0.3446 8.7 1433 1220
155 560 55.7 0.03 3.2 0.1120 [ 2.2599 1 0.0904 | 2.4435 0.2740 8.9 1427 1230
156 560 55.7 0.03 31.2 0.1120 | 2.2599 | 0.085) | 2.4870 | 0.3122 9.0 1412 1230
157 560 55.7 0.03 31.2 0.1128 | 2.3030 | 0.0904 | 2.4870 | 0.2744 8.9 1412 1235
158 560 55.4 0.03 3.0 0.1120 | 2.2599 | (.0870 | 2.4435 0.2706 89 1412 1246
159 560 95.5 0.03 311 0.1120 | 2.2599 | 0.0870 | 2.4870 | 0.3141 9.0 1417 1240
160 560 95.9 0.03 313 0.1128 | 2.3153 | 0.0810 | 2.6392 0.4049 8.5 1443 1256
161 560 56.0 0.03 314 0.1108 | 2.2080 ) 0.0845 | 2.5425 | 0.4190 9.0 1433 1220
162 560 55.7 0.03 31.2 0.1108 | 2.2080 | 0.0815 | 2.4870 | 0.3605 8.8 1427 1225
163 560 35.9 0.03 313 0.1108 | 2.2080 | 0.0784 | 2.4870 | 0.3574 5.0 1427 1225
164 560 56.1 0.03 314 0.1120 | 2.2599 | 0.0740 | 2.5658 | 0.3799 9.0 1427 1240
165 560 55.8 0.03 31.2 0.1116 | 2.2385 | 0.0750 | 2.5115 | 0.3480 9.0 1422 1246
166 560 95.7 0.03 3.2 0.1120 | 2.1960 | 0.0758 | 2.5449 | 0.4247 9.0 1433 1230
167 560 344 0.03 31.0 0.1120 | 2.1720 | 0.0616 | 2.5449 0.4345 8.8 1477 1240
168 560 55.8 0.03 3.2 0.1108 | 2.2080 | 0.0811 | 2.5081 | 0.3842 8.8 1402 1251
169 560 54.8 0.03 30.7 0.1108 | 2.1840 ) 0.0704 | 2.5081 | 0.3945 8.8 1417 1246
170 560 55.6 0.03 311 0.1108 | 2.1720 | 0.0635 | 2.5377 | 0.4792 8.8 1417 1246
171 560 55.6 0.03 3.1 0.1112 1 2.2080 | 0.0653 | 2.4645 | 0.3218 8.8 1417 1251
172 560 56.1 0.03 314 0.1128 | 2.3030 | 0.0811 | 2.487Z | 0.2683 8.8 1407 1261
173 560 55.8 0.03 31.2 0.1108 | 2.2152 | 0.1056 | 2.5000 | 0.2904 8.8 1422 1256
174 560 56.4 0.03 316 0.1128 | 2.3030 | 0.0111 | 25115 | 0.27% 8.8 1412 1266
175 560 5.3 0.03 315 0.1120) 2.2599| 0.0741 | 2.666% | 0.4811 8.8 1427 1271
176 560 55.6 0.03 31.1 0.1116 | 2.2264 | 0.0853 | 2.4872 | 0.3461 8.8 1427 1261
177 560 55.5 0.03 311 0.1108 | 2.1960 | 0.0734 | 2.4645 | 0.3419 6.8 1427 1261
178 560 55.1 0.03 30.9 0.1099 [ 2.1182 | 0.0711 | 2.4872 | 0.4401 8.8 1438 1261
179 560 35.5 0.03 31.1 0.1108 | 2.2080 [ 0.0654 | 2.3214 | 0.1788 8.8 1422 1271
180 560 95.5 0.03 311 0.1108 | 2.2080 | 0.0870 | 2.4208 | 0.2998 8.7 1427 1271
181 560 55.4 0.03 31.0 0.1108 | 2.2080 | 0.0730 | 2.4436 | 0.3086 8.7 1407 1281
182 560 55.5 0.03 311 0.1108 | 2.2080 | 0.0654 | 2.4208 | 0.2782 8.7 1407 1276
183 560 547 0.03 30.6 0.1099 | 2.1420 | 0.0678 | 2.4436 | 0.3694 8.7 1427 1266
184 560 55.5 0.03 311 0.1108 | 2.1840 | 0.0737 | 2.4436 | 0.3333 8.4 1427 1271
185 560 95.2 0.03 30.9 0.1108 | 2.1840 ] 0.0682 | 2.4872 | 0.3714 8.4 1433 1266
186 560 55.6 0.03 311 0.1108 | 2.1840 | 0.0578 | 2.5309 | 0.4047 8.4 1448 1266
187 560 56.2 0.03 315 0.1108 ] 2.1960 | 0.0664 | 2.5563 | 0.4267 8.4 1427 1281
188 360 56.9 0.03 319 0.1108 | 2.2080 | 0.069 | 2.4872 | 0.3488 8.5 1417 1281
189 560 56.0 0.03 314 0.1108 [ 2.1960 { 0.0729 | 2.4872 | 0.3641 8.5 1427 1276
190 360 35.8 0.03 312 0.1108 12.1600 | 0.0664 | 2.4436 | 0.3500 8.5 1443 1266
191 560 56.2 0.03 315 0.1108 |2.1840 [ 0.0761 | 2.4436 | 0.3357 8.4 1427 1271
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Susface

. Input gglg?]lgt g:lg%lgt Heat Background lemperalure
Time | Current | Voltage m Thrust  |Power| Isp T/P 7 Bz | magnet power | power to pressure Outer
(hr) | (amps) | (volts) | (g/sec) (2 (kw)] (sec) (2/kW) (%) (tesla)] power kW |k magnet -3 Face |diameter

(kW) Vjacket) (city | (W) | 1075 Tom ) (oK) | (0K)
192 ] 560 | 56.1 0.03 314 0.1108| 2.1840 | 0.6012| 2.4542 | 0.3414 8.4 1433 1271
193 | 560 | 56.7 0.03 3L.8, 0.1108| 2.2080 | 0.0637 | 2.4532 | 0.3089 8.5 1422 1276
194 ) 560 | 56.2 0.03 315 0.1099] 2.1420 {0.0729 ¢ 2.3997 | 0.3306 8.5 1438 1271
195 | 560 | 5.9 0.03 319 0.11 6{2.262710.0679) 2.5418 | 0.3470 8.5 1433 1276
196 | 560 | 56.3 0.03 |53.5766.2 | 3.15 (1783 /2207/1.70/2.10{ 145 /22.3|0.1108| 2.2008 |0.0711 2.4433 | 0.3136 8.5 1427 1266
197 | 560 56.5 0.03 316 0.1108) 2.1720 | 0.0646 | 2.6335 | 0.5261 8.5 1458 1266
198 | 560 5.1 0.03 314 0.1099] 2.1420{0.0644 | 2.2998 | 0.2222 8.3 1463 1256
199 | 560 56.6 0.03 317 0.1108) 2.184010.0633| 2.4642 | 0.3435 8.2 1448 1271
200 | 560 56.9 0.03 319 0.1108( 2.20800.0679| 2.5078 | 0.3677 8.3 1458 1266
201 1 560 56.7 0.03 31.8 0.1108{ 2.184010.0501| 2.5078 0.3739 8.2 1453 1266
202 | 9560 5.3 0.03 315 0.1099) 2.142010.0781| 2.3214 | 0.2575 8.2 1456 1271
203 | 560 56.7 0.03 31.8 0.1116] 2.2385]0.0617| 2.4642 | 0.2874 8.4 1443 1276
204 | 560 56.6 0.03 317 0.1108] 2.2080 (0.071 1| 2.4433 | 0.3064 8.4 1422 1281
205 | 560 56.9 0.03 319 0.1108] 2.2080 | 0.0644 | 2.4206 | 0.2770 8.4 1392 1286
206 | 560 57.2 0.03 32.0 0.1108) 2 20801 €.0724 1 2.4433 | 0.3077 8.4 1422 1286
207 | 560 56.8 0.03 31.8 0.1108] 2.2050 { 0.0679| 2.4206 0.2809 8.4 1402 1281
208 {1 560 57.4 | ,0.03 32.1 0.1128y 2.278510.0599] 2.6336 ) 0.4150 8.4 1382 | 1301
209 { 550 SN2 0.03 32.0 0.1108] 2.2080 | 0.0761| 2.5386 0.4067 8.4 1427 1281
210 | 560 58.1 0.03 32.5 0.1128] 2.2908 1 0.0842] 2.4433 | 0.2367 8.4 1387 1286
211 | 560 58.1 0.03 32.2 01108} 2.1960 | 0.0760| 2.4433 | 0.3233 8.4 1448 1271
212 | 560 58.2 0.3 32.6 0.1108| 2.2080 | 0.0857| 2.4433 | 0.3210 8.5 1427 1276
213) 565 58.0 0.03 32.5 0.11081 2.1840 1 0.0791 2.4433 | 0.3384 8.4 1397 1276
214 | 560 57.0 0.03 32.0 0.1094| 2.1449 1 0.0760| 2.3997 | 0.3308 8.4 1427 1271
215 [ 960 57.0 0.03 32.0 0.1094| 2.1377 | 0.0829| 2.3997 0.3449 8.5 1484 1271
215.5] 560 57.9 0.03 324 0.1108] 2.2200 | 0.0845| 2.5200 | 0.3845 8.5 1372 1286
216 | 560 57.9 (.03 32.4 0.1099( 2.153910.0760 2.4000 | 0.3221 8.5 1397 1281
217 | 560 51.2 0.03 32.0 0.1105] 2.2080 | 0.0782| 2.4436 | 0.3138 8.5 1397 1281
218 | 560 57.1 0.03 32.0 0.1136) 2.3465 | 0.0668 | 2.5419 | 0.2622 8.5 1362 1281
2191 560 57.6 0.03 32.3 0.11201 2.2842 1 0.0690{ 2.5200 { 0.3028 8.5 1372 1281
220 { 560 57.2 0.03 32.0 0.1108) 2.2080 [ 0.0677 | 2.4208 | 0.2805 8.5 1397 1281
2211 560 57.8 0.03 32.4 0.112412.2936 | 0.0710{ 2.4208 | 0.1982 8.2 1397 1286
222 | 560 58.2 0.03 32.6 0.1108| 2.2320|0.0707 | 2.4979 | 0.3366 8.2 1382 1276
223 | 560 58.7 0.03 32.9 0.1148) 2.4000 | 0.0781 | 2.4872 | 0.1653 8.3 1362 1286
224 | 560 60.5 0.03 33.4 0.11201 2.2842 | 0.0731| ?2.4436 | 0.232% 8.3 1362 1281
225 | 560 59.6 0.03 33.4 0.1120( 2.2842 |1 0.0700 | 2.4436 | 0.2244 8.3 1356 1281
226 560 59.2 0.03 33.1 0.11281 2.315310.0693| 2.4872 | 0.2412 8.3 1362 1281
227 | 560 59.4 0.03 33.3 0.1116] 2.2506 | 0.0761 | 2.4436 | 0.2691 8.4 1372 1276
228 | 560 59.5 0.03 33.3 0.1148] 2.400010.0707 | 2.5658 | 0.2365 8.4 1362 1281
229 | 560 60.5 0.03 33.9 0.1128( 2.3275(0.0677 | 2.5200 | 0.2602 8.4 1367 1281
230 | 560 60.2 0.03 33.7 0.1128| 2.3153]0.0761 | 2.5200 | 0.2808 8.4 1367 1281
231 | 560 59.7 0.03 33.4 0.1128] 2.3030 | 0.0724 | 2.6400 | 0.4099 8.4 1367 1276
232 | 560 54.7 0.03 33.4 0.1148| 2.375010.0618 | 2.5866 | 0.2734 8.4 1367 1281
233} 560 60.1 0.03 337 0.11481 2.387510.0590 1 2.6933 | 0.3648 8.4 1367 1281
2341 560 60.8 0.03 34.0 0.1148] 2.375010.0739 | 2.5658 | 0.2647 8.4 1351 1281
235 | 560 | 558 | 0.03 31.2 0.1148 2.4125 [0.0664 | 2.5200 [ 0.1734 8.4 1351 | 1288
236 | 560 | 60.2 | 0.03 33.7 0.1148] 2.3750 {0.0539 | 2.5866 | 0.2655 8.4 1351 1271
237} 560 540 | 0.03 33.0 0.1128} 2.3030 | 0.0664 | 2.5658 | 0.3292 8.4 1327 1261
238 | 560 58.6 0.03 32.8 0.1108| 2.2200(0.0760 | 2.4872 | 0.3432 8.4 1382 1256
239 | 560 58.3 | 0.03 32.6
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Table D—1 Test data for 500 hour lifetest (continued)

Surface

. input g:;?)lgl ggtg%%tt Heat | Background temperature
Time | Current | Voltage| m Thrust  |Power]  lsp T/P 7 B; | magnet | nower | power to pressure Outer
(hr) | (amps) | (volts) | (g/sec) {8 (kw))  (sec) (8/kW) (%) (tesla)l power | ewy | (kw) magnet 3 Face |diameter

(kW) liacket)| (coil) (kw) | (1077 Tory| (0Ky | (0K)
240 | 560 | 57.5 | 0.03 32.2 0.1140| 2.2568 | 0.0664| 2.4436 | 0.2532 8.4 1427 1 1235
2411 560 | 57.7 0.03 | 54.5/69.1 | 32.2 |1817/2303|1.63/2.07| 142 /22.8 0.1078| 2.0737)0.0627| 2.2535 | 0.2425 8.4 1362 | 1256
242 560 | 57.8 | 0.03 32.4 0.1086( 2.1150{0.0469| 2.4436 | 0.3755 8.4 1367 | 1261
243 | 560 | 57.9 | 0.3 32.4 0.1108 2.2206 | 0.0734| 2.4436 | 0.2970 8.4 1341 | 1261
244 1 560 | 58.4 | 0.03 32.7 0.1108) 2.2200 | 0.0708] 2.4979 | 0.3487 8.4 1336 | 1266
245| 560 | 57.9 | 0.03 32.4 0.1108| 2.2200 [ 0.0707 | 2.4208 | 0.2715 8.4 1336 | 1266
246 | 60 | 59.4 | 0.03 33.2 0.1108] 2.2200(0.0617( 2.4872 | 0.3289 8.4 1336 | 1266
247 | 560 | 58.8 | 0.03 329 0.1128) 2.3153 | 0.0573) 2.5871 | 0.3291 8.4 1326 | 1271
248 | 560 { 958.5 | 0.03 328 0.1120| 2.2842|0.0602| 2.4872 | 0.2632 8.5 1331 | 1261
249 | 560 | 59.2 | 0.03 33.2 0.1116] 2.2506 1 0.0571| 2.4436 | 0.2501 8.6 1341 | 1261
250 | 560 | 58.4 | 0.03 33.3 0.1108( 2.208010.0633| 2.4872 | 0.3425 8.6 1356 | 1266
251 | 560 | 60.2 | 0.03 33.7 0.1120)2.2599 ) 0.0664| 2.4872 | 0.2937 8.6 1346 | 1271
252 | 560 | 60.4 | 0.03 33.8 0.11282.3030 | 0.0696 | 2.4872 | 0.2538 8.6 133 | 1271
253 | 560 | 60.5 | 0.03 337 0.1136 | 2.3589 | 0.0679 | 2.4872 | 0.1962 8.6 1341 | 1271
254 | 560 | 59.7 | 0.03 33.4 0.109912.1539 { 0.0536 | 2.3563 | 0.2560 8.6 1336 | 1271
255 560 | 60.4 | 0.03 33.8 0.1108) 2.2080 ) 0.0711] 2.4872 | 0.3503 8.6 1346 | 1271
25 | 560 | 60.7 [ 0.03 33.9 0.1120{2.2721| 0.0679| 2.5596 | 0.3554 8.7 1341 | 1276
257 | 560 | 61.0 [ 0.03 33.7 0.1120{2.2721|0.0332] 2.5429 | 0.3540 8.7 1346 | 1266
25 | 560 | 61.3 | 0.03 34.3 0.1108]2.2080 | 0.0685) 2.4872 | 0.3477 8.7 1367 | 1271
259 | 560 | 61.2 | 0.03 34.3 0.1108]2.2320 | 0.0761] 2.4164 | 0.2605 8.8 1362 | 1271
260 | 560 | 61.6 | 0.03 34.5 0.1128|2.3030 | 0.0460| 2.3076 | 0.0506 8.7 1341 | 1281
261 | 560 | 614 | 0.03 34.4 0.1120( 2.2842 { 0.0484( 2.6012 | 0.3659 8.7 1336 | 1286
262 | 560 | 61.3 | 0.03 34.3 0.1148|2.3875 | 0.0735) 2.6392 | 0.3252 8.8 1341 | 1306
263 | 560 | 60.8 | 0.03 34.0 0.114812.4075 1 0.0689| 2.6807 | 0.342] 8.8 1346 | 1306
2641 50 { 606 | 0.03 339 0.1148} 2.4000 | 0.0505| 2.7108 | 0.3613 8.8 134 | 1306
265 | 560 | 59.8 [ 0.03 33.5 0.1116(2.2821- 0.0432| 2.6574 | 0.4185 8.8 1346 | 1301
266 | 560 | 59.6 | 0.03 33.4 0.1128) 2.3153{ 0.0774| 2.5871 | 0.3492 8.8 1346 ) 1301
267 | 560 | 99.2 | 0.03 33.2 0.1125] 2.3036 | 0.0693| 2.5309 | 0.2972 9.0 13717 ] 1306
268 | 560 | 59.2 | 0.3 33.2 0.1116| 2.2603 | 0.0454| 2.6574 | 0.4425 8.7 1402 | 1296
269 | 560 | 59.4 | 0.03 33.2 0.1128(2.3030{ 0.0437 2.5309 | 0.2766 8.5 1372 { 1301
270 | 560 | 59.3 | 0.03 33.2 0.11282.3030) 0.0612| 2.5080 | 0.2662 8.6 1362 | 1301
71| 560 | 59.6 [ 0.03 33.4 0.1136| 2.3292 | 0.0475| 2.5080 | 0.2263 8.6 1336 | 1306
272 | 560 [ 99.5 | 0.03 33.3 0.1136(2.3292 | 0.0460{ 2.5309 | 0.2477 8.7 1326 | 1306
273 | 560 | 58.7 | 0.03 334 0.112812.3030 | 0.0460 | 2.4872 | 0.2302 8.7 1331 | 1306
214 | 560 | 59.0 | 0.03 3.0 0.1120| 2.2721| 0.0459] 2.5309 | 0.3047 8.7 1336 | 1301
215 | 560 | 58.8 | 0.03 32.9 0.1120| 2.2599 | 0.0533| 2.4872 | 0.2906 8.6 1316 | 1316
276 | 560 | 59.5 | 0.03 333 0.1128( 2.3030 | 0.0612| 2.4872 | 0.2454 8.6 1316 | 1316
277 | 560 | 53.5 | 0.03 33.3 0.1140} 2.3560 | 0.0556 [ 2.6335 | 0.334] 8.8 1306 | 1306
2718 | 560 | 8.9 | 0.03 33.0 0.1136] 2.3342 | 0.0555| 2.4872 | 0.2085 8.9 1296 | 1316
279 | 560 | 58.4 | 0.03 32.7 0.1136} 2.3342 { 0.0551| 2.5658 | 0.2867 8.7 1296 | 1316
280 | 560 | 8.0 | 0.03 32.5 0.1128(2.27850.0501| 2.5425 | 0.3141 8.6 1316 | 1311
281 560 | 58.1 | 0.03 32.5 0.11281 2.2785) 0.0668 | 2.6116 | 0.3399 8.7 1306 | 1301
282 | 560 | 57.5 | 0.03 32.2 0.1108| 2.2080 | 0.0706 | 2.5839 | 0.4465 8.7 1301 | 1311
283 | 560 | 86.5 | 0.03 316 0.1108( 2.1960 | 0.0677| 2.5563 | 0.4260 8.7 1300 | 1301
284 | 560 | 56.7 | 0.03 3.8 0.1108| 2.1960 | 0.0708) 2.4872 | 0.3620 8.8 13i1 | 1301
285 | 561 | 5.1 | 0.03 3.4 0.1108| 2.1720 1 0.0678 | 2.3843 | 0.2851 8.8 1316 | 129
286 | 563 | 6.3 | 0.03 3L5 0.1108) 2.1840 | 0.0708 | 2.3629 | 0.2497 8.8 1306 | 129
287 | 560 | 5.0 | 0.03 3.4 0.1104( 2.1558 [ 0.0693 | 2.3629 | 0.2764 8.8 1311 | 1306
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Table D—1 Test data for 500 hour lifetest (continued)

APPENDICES

Input Output | Output Heat tegggraactﬁre
Time { Current | Voltage m Thiust  [Power Isp T/P 7 magnet n;%%?:rt "L%%?:rt to Bapcrlégrstzjl:gd Outer
(hr) [(amps) | (volts) | (g/sec) (8) (kw)| (sec) (8/kW) (%) |(tesia)| power | “rewy | "oy magnet ) Face |diameter

(kW) Kiacket) (coily | KW | (1077 Tom ] (°K) 1 (OK)
- 288 | 560 54.9 0.03 30.7 0.1056 | 1.9722 [0.0573| 2.2383 | 0.3184 8.5 1326 1286
289 { 560 55.0 0.03 30.8 0.1051] 1.9409 |0.0501| 2.1992 1} 0.3084 8.5 1336 1281
290 | 560 57.7 0.03 52.0/62.3 | 32.3(1733/2077|1.61/1.93 (13.42/19.27| 0.1108] 2.1960) 0.0504| 2.4452 | 0.2996 8.7 1326 1306
291 | 560 | 58.7 | 0.03 329 0.1116|2.2264 (0.0694 | 2.4268 | 0.2638 8.8 1372 | 1246
292 | 560 60.0 0.03 33.6 0.1136(2.3342 10.0617 | 2.4645 | 0.1920 8.8 1382 1291
293 | 560 59.1 0.03 33.4 0.1120] 2.2842 {0.0572( 2.5419 | 0.3149 8.8 1356 1301
294 | 560 57.8 0.03 32.4 0.1142] 1.9125 {0.0530 [ 2.2385 { 0.3790 8.8 1407 1286
295 | 560 59.2 0.03 33.2 0.1104]2.1630 10.0617 [ 2.2998 | 0.1985 8.8 1372 1301
296 | 560 59.5 0.03 33.3 0.1116(2.2264 10.0617 | 2.4436 0.2849 8.8 1351 1311
297 | 560 59.6 0.03 33.4 0.1108(2.1960 |0.0652 | 2.3629 0.2321 8.8 1346 1316
299 | 560 60.0 0.03 33.6 0.1108]2.1960 10.0666 | 2.4872 0.3587 8.8 1341 1316
293 | 560 60.5 0.03 33.9 0.1120] 2.2842 |0.0761 | 2.4872 0.2791 8.8 1331 1361
300 | 560 61.3 0.03 34.3 0.1128]2.3030 10.0724 | 2.5200 1.2894 8.8 1306 1306
301 | 560 62.3 0.03 34.9 0.114812.3750 |0.0745{ 2.4436 0.1431 8.9 1326 1326
303 | 560 61.8 0.03 34.6 0.1108]2.2080 {0.0729 | 2.4645 0.3294 9.0 1321 1316
304 | 565 62.4 0.03 34.9 0.1128]2.2785 |0.0706 | 2.1992 0.0087 9.0 1321 1316
305 | 560 62.3 0.03 34.9 0.1108| 2.2080 |0.0788 | 2.4266 0.2974 9.0 1306 1301
306 [ 560 62.4 0.03 34.9 0.112812.2540 [0.0761 | 2.4266 0.2487 9.0 1311 1316
307 1 560 61.9 0.03 34.7 0.110812.2080 {0.0734 | 2.4533 0.3187 9.0 1316 1311
308 | 560 61.6 0.03 345 0.1128 2.2663 [0.0796 | 2.4436 0.2569 9.0 1311 1316
309 | 560 60.9 0.03 34.1 0.1108( 2.2080 ]0.0779 | 2.4000 0.2699 9.0 1306 1311
310 | 560 60.8 0.03 34.0 0.1128]2.2785 [0.0768 | 2.5200 0.3183 9.0 1306 1311
311} 560 60.0 0.03 33.6 0.1108] 2.1840 (0.0722 | 2.4087 0.2969 9.0 1291 1301
312 | 560 54.6 0.03 33.4 0.1108] 2.1960 | 0.0692 | 2.4000 0.2732 4.0 1286 1301
313 | 560 59.6 0.03 33.4 0.1090 2.0957 [0.0664 | 2.4000 0.3707 9.0 1292 1301
314 | 560 59.8 0.03 23.5 0.1108} 2.1720 | 0.0692 | 2.4000 0.2972 8.9 1291 1301
315 | 560 61.3 0.03 343 0.1116(2.2264 | 0.0680 | 2.4666 0.3082 8.9 1296 1301
316 560 61.9 0.03 34.7 0.1112]2.2196 | 0.0664 | 2.4266 0.2734 8.9 1301 1301
317 | 560 62.4 0.03 34.9 0.1104| 2.1510 | 0.0696 | 2.4979 0.4115 8.9 1306 1306
318 | 560 62.9 0.03 35.2, 0.1108] 2.1960 | 0.0696 | 2.4533 0.3269 8.9 1306 129
319 | 560 62.9 0.03 35.2 0.1128|2.2908 |0.0685 | 2.4881 0.2658 8.7 1301 1306
320 | 560 63.0 0.03 35.3 0.11162.2385 [0.0677 | 2.5200 0.3492 8.8 1301 1301
321 | 560 62.3 0.03 34.9 0.110812.1960 {0.0696 | 2.5200 0.3936 8.7 1301 1296
322 | 560 62.1 0.03 348 0.1108]2.1840{0.0653 | 2.5200 0.4013 8.7 1301 1296
323 | 560 62.8 0.03 35.2 0.1116] 2.2264 | 0.0644 | 2.4533 0.2913 8.7 1306 1301
324 1 560 63.2 0.03 35.4 0.1120] 2.2478 10.0679 | 2.4980 0.3181 8.9 1316 1301
325 960 63.5 0.03 35.6 0.1120} 2.2478 | 0.0662 | 2.5200 0.3384 8.9 1306 1296
326 | 560 63.2 0.03 35.4 0.1120] 2.2478 [0.0616 | 2.4522 0.2660 8.9 1306 1296
327 | 560 62.9 0.03 35.6 0.1120| 2.2478 [0.05%62 | 2.4522 0.2606 8.9 1306 1296
328 | 560 62.7 0.03 35.1 0.1128| 2.3030 | 0.0634 | 2.4980 0.2584 8.9 1301 1296
329 | 560 62.6 0.03 35.1 0.11081 2.2080 [0.0711 | 2.4436 0.3067 8.9 1316 1306
330 | 560 62.9 0.03 35.2 0.1128] 2.278510.0707 | 2.4000 0.1922 8.9 1306 1296
3311 560 63.1 0.03 35.3 0.1128| 2.2663 {0.0722 | 2.4000 0.2059 8.9 1316 1306
332 { 560 63.1 0.03 35.3 0.1120] 2.2356 10.0751 | 2.4208 0.2603 8.9 1316 1306
333 560 63.1 0.03 35.3 0.1128 2.2663 {0.0700 | 2.4208 0.2247 8.9 1301 1291
334 560 62.6 0.03 3.1 0.1128{ 2.2663 [ 0.0747 | 2.4000 0.2084 9.0 1301 1296
3351 560 62.0 0.03 347 0.1104| 2.174910.0693 | 2.4319 0.3263 9.0 1296 1291
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Table D—1 Test data for 500 hour lifetest (continued)

Input Output | Output Heat lerﬁgtrafrzctgre
Time | Current | Voltage m Thrust | Power Isp T/P 7 By |magnet magnet magnerl to Background Outer
(hr) | (amps) | (volts) | (g/sec) (g) | (kw) (sec) | (g/kW (%) |(tesla) | power p(ome)r p((;(\zve) magnet pizssure Face |diameter

kW) | Gacket) | (coily | (KW | (107 Torrp (OK) | (OK)
336 560 62.9 0.03 35.2 0.1104 | 2.1030| 0.0776 | 2.3563 | 0.2709 9.0 2321 1291
337 560 62.3 0.03 349 0.1090 | 2.1075 | 0.0761 | 2.4000 | 0.3656 8.8 1321 1291
338 560 62.5 0.03 35.0 0.1086 | 2.0915} 0.0776 | 2.3791 | 0.3652 8.8 1331 1291
339 560 £3.6 0.03 35.6 0.1116 | 2.2385 | 0.0843 | 2.4266 | 0.2724 8.8 1326 1296
340 560 63.3 0.03 35.4 0.1108 | 2.1768 | 0.0761 | 2.3873 | 0.2866 8.6 1321 1291
341 560 62.2 0.03 34.8 0.1094 § 2.1093 | 0.0791 | 2.3696 | 0.3344 8.4 1316 1286
342 560 63.3 0.03 35.4 0.1104 | 2.1630 1 0.0766 | 2.3791 | 0.2927 8.5 1316 1286
343 560 63.8 0.03 357 0.1116 | 2.2264 1 0.0826 | 2.4746 | 0.3308 8.5 1321 1291
344 560 63.8 0.03 35.7 0.1120 ] 2.2599 ] 0.0795 | 2.4533 | 0.2729 8.6 1316 1291
345 560 63.8 0.03 35.7 0.1116 | 2.2264| 0.0759 | 2.4319 | 0.2814 8.6 1316 1291
347 560 63.3 0.03 35.4 0.1099 | 2.1420 | 0.0711 | 2.3354 | 0.2645 8.6 1326 1291
348 560 63.2 0.03 35.4 0.1108 | 2.1720| 0.0711 | 2.3354 | 0.2345 8.8 1326 1286
349 560 63.4 0.03 35.5 0.1108 | 2.1840 | 0.0711 | 2.3873 | 0.2744 8.7 1321 1286
350 560 63.5 0.03 35.6 0.1108 | 2.1840 | 0.0781 | 2.3354 | 0.2295 8.7 1326 1286
351 560 63.3 0.03 35.6 0.1116 | 2.2385 | 0.0826 | 2.4303 | 0.2744 8.6 1331 1231
352 560 63.3 0.03 35.9 0.1108 ) 2.2080 ) 0.0813 | 2.4303 | 0.3036 8.7 1326 1286
353 560 63.7 0.03 3.7 0.1108 | 2.2080 | 0.0751 | 2.3146 | 0.1817 8.7 1321 1286
353 560 63.3 0.03 35.4 0.1108 | 2.2080 | 0.0827 | 2.4000 | 0.2747 8.7 1326 1286
354 560 62.9 0.03 35.2 0.1108 | 2.1960 | 0.0874 | 2.4666 | 0.3580 8.7 1321 1296
355 560 63.7 0.03 35.7 0.1112 | 2.2220 | 0.0866 | 2.4666 | 0.3312 8.8 1321 1286
356 560 63.6 0.03 35.6 0.1128 | 2.2663  0.0873 | 2.4533 | 0.2743 8.8 1321 1286
357 560 63.8 0.03 35.7 0.1108 | 2.2080 | 0.0857 | 2.4000 | 0.2777 8.9 1331 1281
358 560 63.5 0.03 35.6 0.1108 | 2.2080 | 0.0813 | 2.3791 | 0.2524 8.9 1321 1276
359 560 63.8 0.03 35.7 0.1116 | 2.2506 | 0.0852 | 2.4666 | 0.3012 8.9 1326 1281
360 560 62.9 0.03 35.2 0.1104 | 2.15101 0.0770 | 2.3354 | 0.2614 8.9 1326 1281
361 560 62.8 0.03 35.2 0.1090 [ 2.1051| 0.0594 | 2.3563 | 0.3106 89 1326 1281
362 560 62.9 0.03 35.2 0.1108 | 2.1720 | 0.0620 | 2.4087 | 0.2987 8.8 1321 1276
363 560 63.5 0.03 35.6 0.1116 § 2.2506 | 0.0780 | 2.4980 | 0.3254 8.7 1321 1276
364 560 63.1 0.03 35.3 0.1108 | 2.1840 | 0.0804 | 2.4087 | 0.305! 8.7 1321 1281
365 560 63.0 0.03 35.3 0.1104 | 2.1558 ) 0.0780 | 2.4303 | 0.3525 86 1321 1271
366 560 63.2 0.03 35.3 0.1108 | 2.1960 | 0.0745 | 2.5150 | 0.3935 8.6 1326 1271
367 560 63.4 0.03 35.5 0.1116 | 2.2506 | 0.0752 | 2.4452 | 0.2698 8.6 1326 1281
368 560 63.7 0.03 35.7 0.1120 | 2.2599 | 0.0815 | 2.353 | 0.1779 8.5 1316 1276
369 560 63.5 0.03 35.6 0.1108 | 2.2080 | 0.0761 | 2.5041 | 0.3722 8.5 1316 1276
370 560 63.0 0.03 35.4 0.1108 | 2.1960 | 0.0761 | 2.4436 | 0.3237 8.7 1321 1276
372 560 62.9 0.03 35.2 0.1108 | 2.2080 | 0.0761 | 2.4208 | 0.2889 8.7 1316 1266
373 560 63.3 0.03 35.4 0.1116 | 2.2385] 0.0833 | 2.4479 | 0.3827 86 1316 1276
374 560 63.3 0.03 35.5 0.1116 | 2.2385 | 0.0854 | 2.5658 | 0.4127 8.6 1316 1271
375 560 63.4 0.03 35.7 0.1128 1 2.3030 | 0.1053 | 2.4746 | 0.2769 8.7 1316 1276
376 560 63.7 0.03 35.7 0.1140 | 2.3436 | 0.0980 | 2.4881 | 0.2425 8.7 1311 1256
37 560 63.7 0.03 35.7 0.1128 | 2.2908 | 0.0956 2.4746 0.2774 8.7 1306 1271
378 560 63.3 0.03 35.4 0.1128 | 2.2663 | 0.0826 2.4872 0.3035 8.7 1316 1271
379 560 63.4 0.03 35.5 0.1128 | 2.2785] 0.0835 | 2.4266 | 0.2316 8.8 1311 1271
380 560 63.3 0.03 35.6 0.1128 | 2.2785 | 0.0810 | 2.4933 | 0.2958 8.8 1316 1281
381 560 63.2 0.03 35.4 0.1116 | 2.2385 | 0.0669 | 2.4046 | 0.2350 8.8 1306 1271
382 560 63.4 0.03 35.5 0.1128 | 2.2785 ] 0.0918 | 2.4533 | 0.2666 8.9 1321 1296
383 560 63.1 0.03 35.3 0.1108 j 2.1720 | 0.0798 | 2.3660 | 0.2738 8.8 1306 1266
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Table D=1 Test data for 500 hour lifetest (continued)
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Input Output | Output Heat terﬁgggiﬁre
Time | Current | Voltage m Thrust | Power Isp T/P n Bz |magnet mpaog“r;:rt "Laoﬂ]:: to Bapc'légrsr:::gd Quter
(hr) | (amps) | (volts) | (g/sec) (2) (kw) (sec) | (g/kW) (%) |(tesla) | power (kW) (kW) magnet 3 Face |diameter

W | acket) | (coity | (W) | (107 Tom) | (oK) | (°K)
384 560 62.5 0.03 35.0 0.1108 | 2.1840 | 0.0795 | 2.4046 | 0.3001 8.8 1311 1271
385 560 62.8 0.03 35.2 0.1099 | 2.1420 | 0.0759 | 2.3783 | 0.3128 8.8 1311 1266
386 560 63.0 0.03 35.3 0.1099 | 2.1420 | 0.0724 | 2.3789 | 0.3093 8.8 1301 1266
387 560 63.0 0.03 353 0.1112 12.2172 | 0.0769 | 2.4303 | 0.2500 8.7 1316 1276
388 560 63.1 0.03 35.3 0.1116 | 2.2264 | 0.0799 | 2.4560 | 0.3095 8.7 1306 1271
389 560 63.1 0.03 35.3 0.1108 | 2.1720 | 0.0744 | 2.4064 | 0.3088 8.7 1301 1261
330 560 63.7 0.03 357 0.1108 |2.2080 | 0.0770 | 2.3789 | 0.2479 8.6 1306 1261
391 560 63.8 0.03 35.7 0.1120 [ 2.2769 | 0.0810 2.4446 | 0.2987 8.6 1306 1261
392 560 64.1 0.03 359 0.1128 {2.3030 | 0.0851 2.5460 | 0.3281 8.7 1306 1266
393 560 63.6 0.03 356 0.1116 12.2385 | 0.0833 | 2.4980 | 0.3428 8.7 1301 1261
394 560 63.6 0.03 356 0.1108 [2.2080 | 0.0795 2.3845 | 0.2560 8.8 1311 1261
395 560 64.3 0.03 36.0 0.1120 | 2.2721 | 0.0795 25210 | 0.3284 8.8 1296 1281
396 560 64.1 0.03 359 0.1116 [ 2.2506 | 0.0806 { 2.5210 | 0.3510 8.7 1301 1261
397 560 63.9 0.03 35.8 0.1128 12.3030 | 0.0780 2.4303 1 0.3053 8.7 1306 1261
398 560 64.1 0.03 35.7 0.1128 | 2.3030 | 0.0769 2.452] 0.2260 8.7 1301 1256
399 560 64.1 0.03 359 0.1120 |2.2599 | 0.0773 | 2.3407 | 0.1985 8.7 1301 1256
400 560 65.0 0.03 36.4 0.1128 | 2.2785 | 0.0757 2.4026 | 0.1998 8.8 1301 1256
401 560 64.2 0.03 36.0 0.1128 | 2.2785 | 0.0833 2.5509 | 0.3557 8.9 1291 1251
402 560 64.2 0.03 36.0 0.1128 [ 2.2785 | 0.0806 2.5396 | 0.3417 8.9 1286 1251
403 560 64.3 0.03 36.0 0.1128 | 2.2785 | 0.0873 2.5466 | 0.2554 8.9 1286 1246
404 560 64.5 0.03 36.1 0.1120 [ 2.2478 | 0.0749 | 2.6091 | 0.4362 8.9 1286 1220
405 560 64.2 0.03 36.0 0.1128 [2.2785 | 0.0814 2.6336 | 0.4365 8.9 1286 1225
406 560 64.5 0.03 36.1 0.1128 | 2.2785 | 0.0867 2.4946 0.3028 8.9 1286 1230
407 560 64.3 0.03 36.0 0.1128 |2.3030 | 0.0759 2.4946 | 0.2675 9.0 1286 1225
408 560 64.2 0.03 36.0 0.1112 | 2.2413 | 0.0785 2.5171 0.3543 9.0 1286 1230
409 960 64.1 0.03 35.9 0.1108 [2.2032 | 0.0711 2.4303 | 0.2982 8.8 1276 1191
410 560 64.2 0.03 36.0 0.1108 [ 2.1960 | 0.0711 25210 | 0.3961 8.8 1281 1220
411 560 64.3 0.03 36.0 0.1108 | 2.2080 | 0.0714 2.4980 | 0.3614 8.6 1286 1240
417 560 64.4 0.03 36.1 0.1116 12.2385 | 0.0734 2.4980 | 0.3328 8.6 1286 1246
413 560 64.1 0.03 35.9 0.1116 | 2.2506 | 0.0689 2.4751 | 0.2934 8.6 1286 1246
414 560 63.6 0.03 35.6 0.1120 | 2.2599 | 0.0769 2.4522 | 0.2692 8.5 1286 1246
415 560 62.9 0.03 35.2 0.1099 {2.1368 | 0.0761 2.3563 | 0.2856 8.5 1281 1235
416 560 63.9 0.03 356 0.1108 [ 2.1840 | 0.0845 2.4000 | 0.3005 8.5 1281 1235
417 560 63.6 0.03 356 0.1108 | 2.1720 | 0.0795 2.4087 0.3162 8.6 1276 1235
418 560 62.4 0.03 349 0.1099 { 2.1420 | 0.0729 2.3563 '} 0.2872 §.6 1276 1235
419 560 63.5 0.03 356 0.1116 §2.2385 | 0.0759 2.4741 0.3115 8.6 1281 1235
420 560 63.8 0.03 35.7 0.1116 | 2.2385 | 0.0731 | 2.4741 0.3087 8.6 1281 1240
421 360 63.7 0.03 35.7 0.1128 | 2.2408 | 0.0693 2.4741 0.2526 8.7 1281 1235
422 560 63.6 0.03 35.6 0.1116 12.2385 | 0.0759 { 2.3873 | 0.2247 8.8 1276 1230
423 560 63.8 0.03 35.7 0.1108 | 2.2080 | 0.0759 2.4741 0.3420 8.7 1276 1215
424 560 63.5 0.03 356 0.1116 | 2.2264 [ 0.0757 | 2.3039 { 0.1532 8.7 1276 1230
425 560 63.6 0.03 35.6 0.1108 | 2.2080 | 0.0758 | 3.3733 | 0.2411 8.6 1281 1220
426 560 62.8 0.03 35.3 0.1108 | 2.2080 | 0.0777 2.3563 | 0.2260 8.6 1276 1230
427 560 63.1 0.03 35.2 0.1112 | 2.2172 | 0.0833 2.2825 0.2486 8.6 1281 1230
428 560 63.5 0.03 35.6 0.1108 | 2.2080 | 0.0784 | 2.3825 | 0.2529 8.6 1281 1235
429 560 59.2 0.03 33.2 0.1128 [ 2.2785 | 0.0815 | 2.3791 | 0.1821 8.6 1266 1276
430 560 61.2 0.03 34.2 0.1116 { 2.2264 | 0.0777 | 2.3791 | 0.2304 8.8 1286 1281
431 560 61.5 0.03 344 0.1128 | 2.3030 | 0.0697 2.4741 | 0.2408 8.8 1286 1271
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Table D—1 Test data for 500 hour lifetest {continued)

Surface

Input Oulputt Outputl Heal Back ] temperature
Time | Current | Voftage m Thrust | Power Isp T/P 7 B; {magnet "E)%%?eer "E)aogv?:r to iﬁeggﬁg Outer
(hr) | (amps) | (voits) | (g/sec) (8) | (kw) | (sec) | (g/kW) (%) |(tesla) | power (kW) (kW) magnet _3 Face |diameter

(W) iacket) | (coily | (kW) | (1077 Torm o) | oK)
432 560 61.2 0.03 34.3 0.1112 ) 2.2172 | 0.0724 | 2.335% 0.1306 8.8 1271 1261
433 560 61.2 0.03 343 0.1116 | 2.2385 | 0.0759 | 2.3563 | 0.1937 8.7 1276 1256
434 560 61.0 0.03 34.2 0.1108 | 2.2080 | 0.0688 | 2.3563 | 0.2171 8.7 1271 1251
435 560 61.1 0.03 34.2 0.1108 | 2.2152 | 0.0795 | 2.4241 0.3384 8.7 1266 1246
436 560 60.0 0.03 33.8 0.1108 | 2.2080 | 0.0773 | 2.3563 | 0.2256 8.6 1266 1246
437 360 61.2 0.03 343 0.1116 ( 2.2506 { 0.0704 | 2.4533 | 0.2731 8.6 1266 1246
438 560 61.0 0.03 34.1 0.1116 | 2.2458 | 0.0689 | 2.3791 0.2072 8.6 1266 1246
439 560 61.0 0.03 341 0.1108 | 2.2030 | 0.0754 | 2.3466 0.2145 8.5 1266 1246
440 560 60.9 0.03 341 0.1116 | 2.2385 0.0738 | 2.3791 0.2144 8.6 1266 1240
441 560 60.3 0.03 338 0.1099 | 2.1533 | 0.0645 | 2.2909 0.2015 8.6 1261 1230
442 360 60.2 0.03 32.7 0.1099 } 2.1420 | 0.0616 | 2.2503 | 0.1699 8.8 1256 1225
443 560 60.5 0.03 339 D.10%9 ) 2.1539 ) 0.0731 | 2.2706 | 0.1878 8.8 1261 1235
444 560 60.5 0.03 339 0.1108 | 2.1840 | 0.0741 | 2.3563 | 0.2464 8.8 1261 1235
445 560 60.4 0.03 33.8 0.1108 | 2.1960 0.0711 | 2.2601 0.1352 8.8 1256 1230
446 360 61.0 0.03 34.2 0.1128 | 2.2785 | 0.0723 | 2.3845 0.1783 8.8 1261 1230
447 560 61.1 0.03 34.2 0.1128 ] 2.2408 | 0.0781 | 2.5200 0.3073 8.9 1256 1230
448 560 60.6 0.03 339 0.1108 | 2.2080 | 0.0862 | 2.3146 0.1928 8.9 1251 1220
448 560 60.3 0.03 338 0.1108 | 2.1840 | 0.0781 | 2.3095 0.2036 8.9 1251 1215
450 360 60.2 0.03 33.7 0.1099 | 2.1420 | 0.0793 | 2.2123 0.1496 9.0 1251 1210
451 560 60.2 0.03 33.7 0.1099 | 2.1539 | 0.0791 | 2.3130 0.2382 9.0 1251 1220
452 560 60.2 0.03 337 0.1099 | 2.1420 | C.0696 | 2.2647 0.1923 8.9 1251 1201
453 560 60.6 0.03 33.9 0.1099 | 2.1539 | 0.0740 | 2.3146 0.2347 8.9 1251 1201
454 560 60.0 0.03 33.6 0.1086 | 2.1033] 0.0729 | 2.2337 | 0.2033 8.9 1240 1177
455 560 60.1 0.03 33.7 0.1099 } 1.9992 1 0.0661 | 2.3000 0.3669 8.7 1256 1196
456 560 60.2 0.03 33.7 0.1086 { 2.1150 | 0.0693 | 2.2918 0.2461 8.8 1240 1167
457 560 59.9 0.03 335 0.1065 | 2.0240| 0.0598 | 2.1673 0.2031 8.7 1210 1142
458 360 53.9 0.03 335 0.1073 ( 2.0764 | 0.0565 ( 2.2709 0.2514 8.7 1230 1157
459 360 60.2 0.03 337 0.1108 | 2.1720 | 0.0584 2.2918 0.1782 8.6 1240 1171
460 560 60.3 0.03 33.8 0.1099 | 2.1658 | 0.0519 | 2.1574 0.0430 8.4 1230 1162
461 360 60.0 0.03 336 0.1104 1 2.1869 | 0.0205 | 2.3340 0.1876 8.4 1240 1162
462 560 60.4 0.03 338 0.1108 [ 2.2080 | 0.0281 | 2.3427 0.1628 8.3 1230 1142
463 560 60.2 0.03 337 0.1094 | 2.1567 | 0.0384 | 2.3845 0.2662 8.4 1240 1152
464 560 61.0 0.03 34.2 0.1108 ) 2.2080 | 0.2550 | 2.1136 | 0.3444 8.4 1246 1177
465 560 60.7 0.03 34.0 0.1108 | 2.2200| 0.2518 | 2.1115 0.3603 8.4 1246 1152
466 560 59.8 0.03 33.5 0.1086 | 2.1150 | 0.2486 1.9917 0.3719 8.4 1220 1068
467 360 59.7 0.03 334 0.1099 1 2.1658 | 0.2580 | 2.0129 0.4109 8.9 1206 979
468 560 59.9 0.03 33.6 0.1099 { 2.1658 | 0.2185 1.9693 0.4150 8.5 1220 1098
469 560 - 0.03 - 0.1116 | 2.2506 { 0.2185 | 2.0897 0.3794 8.6 1225 1049
470 360 59.4 0.03 333 0.1108 [ 2.2080| 0.2076 | 2.1433 0.2723 8.5 1206 1000
471 560 59.7 0.03 334 0.1120  2.2842} 0.1730 | 2.1662 0.291¢ 8.6 1210 891
472 560 59.3 0.03 33.2 0.1116 | 2.2506 | 0.1963 | 2.3631 0.0838 8.5 1220 995
473 560 59.2 0.03 33.2 0.1108 | 2.23201 0.1752 | 2.0897 0.3175 8.6 1206 995
474 560 59.4 0.03 333 0.1108 [ 2.2320| 0.1831 | 2.16%5 0.2456 8.6 1191 891
475 560 59.3 0.03 33.2 0.1108 | 2.23201 0.1617 | 2.2051 0.1886 8.5 1196 842
476 360 58.5 0.03 32.8 0.1099{ 2.1539| 0.1850 | 2.0903 0.2486 8.5 1152 667
477 360 59.2 0.03 33.2 0.1108 | 2.2080( 0.1683 | 2.1449 0.2314 8.6 1196 868
478 560 59.4 0.03 333 0.1099 | 2.1539 0.1865 { 2.0912 0.2492 8.6 1181 902
479 560 59.1 0.03 33.1 0.1086 | 2.1150 0.175] 2.1115 0.1786 8.6 1142 713
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Table D—-1 Test data for 500 hour lifetest (continued)

APPENDICES

Surface
Output | Output
Time | Current | Voltage m Thrust | Power Isp T/P U] Bz ml:gpr?ét magnet | magnet H?:t Background tempergt:tfr
(hr) | (amps) | (volts) | (g/sec) (8) | (kw) (secy | (g/kW) (%) |(tesla) | power p(?(v{lve)r p(me;r magnet p_n;ssure Face |diameter
(W acket) | (coily | kW | (077 Tom | @K) | (OK)
480 [ 560 58.7 0.03 32.9 0.1065 | 2.0355 2.3052 0.3297 8.8 1132
481 560 54.2 0.03 33.2 0.1073 | 2.0648 2.4621 0.3973 8.6 1177
482 | 560 59.6 0.03 334 0.1078 | 2.0784 2.4405 0.3621 8.6 1181
483 | 560 60.7 0.03 34.0 0.1094 | 2.1496 2.5024 0.3508 8.5 1230
484 | 560 60.3 0.03 33.8 0.1086 | 2.1197 2.4498 0.3301 8.3 1196
485 | 560 60.8 0.03 34.0 0.1099 | 2.1848 2.4163 0.2315 8.3 1240
486 | 9560 61.0 0.03 34.2 0.1099 | 2.1848 2.5366 0.3518 8.3 1230
487 | 560 61.2 0.03 34.3 0.1108 | 2.2080 2.5366 0.3286 8.3 1225
488 | 360 61.1 0.03 34.2 0.1099 | 2.1658 2.5323 0.3665 8.3 1220
489 | 560 61.1 0.03 34.2 0.1090 | 2.1240 2.6479 0.5239 8.3 1225
490 | 560 61.8 0.03 34.6 0.1094 | 2.1150 2.4162 0.3012 8.4 1210
4911 560 61.0 0.03 34.2 0.1099 | 2.1777 2.5275 0.3498 8.4 1230
492 | 560 61.2 0.03 34.3 0.1099 | 2.1658 2.4092 0.2434 8.4 1220
493 1 560 61.6 0.03 34.5 0.1108 | 2.2080 2.4578 0.2498 8.4 1251
494 | 560 62.2 0.03 34.8 0.1116 | 2.2748 2.5875 0.3127 8.4 1261
495 [ 560 61.8 0.03 34.6 0.1108 | 2.2320 2.5200 0.2889 8.4 1246
496 | 560 62.2 0.03 34.8 0.1108 | 2.2320 2.4550 0.7230 8.5 1251
497 | 560 61.6 0.03 345 0.1099 | 2.18% 2.5772 0.3876 8.7 1246
498 | 360 61.8 0.03 34.6 0.1108 | 2.2200 2.4864 0.2664 8.9 1230
499 [ 560 61.3 0.03 343 0.1108 | 2.2080 2.5122 0.3042 8.6 1220
500 | 560 61.4 0.03 34.4 0.1108 | 2.2080 2.5126 0.3046 8.5 1235
501 | 560 61.6 0.03 34.5 0.1108 | 2.2320 2.6250 0.3930 8.6 1230
502 | 560 61.0 0.03 34.2 0.1108 | 2.2080 2.4834 0.2754 8.6 1230
5031 560 59.9 0.03 33.5 0.1086 | 2.1033 2.3963 0.2930 8.6 1196
504 | 560 59.4 0.03 57.0 33.3 1900 1.71 15.63 | 0.1090 | 2.0674 2.3443 0.2764 8.6 1107
5051 560 51.6 0.03 28.9 0.1065 | 2.0470 2.3975 0.3505 8.5 1147
506 560 515 0.03 28.8 0.1051 | 1.9976 2.2704 0.2728 8.5 1191
507 | 560 52.0 0.03 29.1 0.1094 | 2.1686 2.6207 0.4521 8.3 1220
508 560 516 0.03 28.9 0.1086 | 2.1268 2.6513 0.5245 8.3 1220
508.5 | 560 51.2 0.03 28.8 0.1086 | 2.1150 2.2904 | 0.1754 8.3 1220
508.6 [ Shut Down
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