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THIS FINAL TECHNICAL REPORT CONSISTS OF TWC VOLUMES:

VOLUME I:
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COMPLETION OF PHASE III-A SOLID BRUSH CURRENT
COLLECTOR DEVELOPMENT FOR HIGH CURRENT DENSITY
APPLICATIONS, encompassing the period from December
1, 1975 through June 30, 1976.

SUMMARY OF TECHNICAL ACCOMPLISHMENTS FOR ENTIRE
CONTRACT, from its inception - May 10, 1972 to
its compietion - June 30, 1976.
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VOLUME I

COMPLETION OF PHASE III-A SOLID BRUSH CURRENT COLLECTOR
DEVELOPMENT FOR HIGH CURRENT DENSITY APPLICATIONS

SECTION 1
INTRODUCTION AND SUMMARY

1.0 BACKGROUND

Part I describes the completion of the work performed under Phase III-A
of this contract, for the period of December 1, 1975 through June 30,
1976. Phase III-A involves the initiation of research and development
of advanced current collection technology using a solid brush-gas-vapor-
additive system. This development will have great potential value for
reversing and other machine current collector systems.

The new current collection concept has demonstrated extremely good
performance using individual brushes in a humidifed inert atmosphere,
and represents an ideal reversing collector system for the torque con-
verter and other machines. The technology may be extended to high speed
generators and allow the development of a high voltage SEGMAG, thus
reducing current transmission problems substantially and enhancing the
utilization of SEGMAG by DOD.

1.1 OBJECTIVES

The principal objective of the Phase III-A program is to initiate the
development of high-power current collection systems for electrical
machines, in order to increase the performance, life, and reliability
of such machines. The individual steps are to: (1) investigate the
materials and atmospheres of current collection systems; (2? to select
preferred technical approaches in terms of the materials system and
requirements; (3) to develop slip ring and commutator current collection
systems appropriate to reasonably large machines; and finally (4) to
conduct extensive testing to determine the performance and life of such
systems. The specific objectives of Phase III-A are summarized below:

1) Using suitable parameters for typical machines, evaluate promising
materials and atmospheres, in terms of velocity, current density,
pressure, life, losses, and voltage drop. Select suitable com-
binations for continued evaluation.

2) From the materials selected, construct large brushes and test in
the preferred atmosphere.

3) Construct a slip ring system using a suitable array of solid brush
materials and test for bulk properties at variable speed. Evaluate
load current sharing problems.
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4) Determine the brush loading and cooling system requirements for
selected materials. Evolve a system concept and fabricate a model
for initial tests.

5) Design and construct a model system using two slip rings to evaluate
the solid brush SEGMAG concept, and to determine the potential future
technical problems with such a system. Testing over a wide range
of speeds and loadings will be accomplished in a related program
(ONR/ARPA Contract N00014-76-C-0683).

6) Conduct a continuous application study to correlate brush research
with machine requirements and potential utilization. Assist in
materials selection.

1.2 PRIOR AND RELATED WORK

Westinghouse has for many years been investigating the problems of
power transfer across sliding electrical contacts (solid brushes). One
of the results of this research was the demonstration that brush 1ife
can be increased 10 to 15 times by operating brushes in a humidified
inert gas atmosphere rather than in air. These brushes are now in
practical machine applications at current densities of 60 apsi.

Recent experimental work at Westinghouse has shown that very high

current densities (3 MA/m2, 2 kA/in.2) can be achieved when solid brushes
are operating in controlled inert gas atmospheres with water and/or

other additives. Furthermore, substantially reduced friction coefficients
and voltage drops across the interface have been achieved simultaneously,
resulting in a predicted brush life in the range of 20,000 to 200,000
hours.

The improved operating performance of these and other new brush systems
will improve the performance of existing commercial machines, and will
improve the applicability and maintainability of advanced concept
machines, such as SEGMAG. However, before these new solid brush systems
can be fully utilized it is important to characterize and understand
their performance, and this is the central feature of the investigations
planned here,

1.3 SUMMARY OF CURRENT PROGRESS
1.3.1 Current Collector Test Rigs

In support of those program objectiwes requiring experimental evaluation
of brush and slip ring materials and current collector environment, five
test rigs are required. These include four laboratory test rigs for the
initial screening of materials and environments, as well as a Machine
Environment Brush Tester (MEB) which can be utilized for more controlled
and extensive examination of selected brush and slip ring materials.

I1-2
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1.3.1.1 Laboratory Brush Testers

In addition to the B1 and HS1 brush testers reported previously
(E.M. 4790), two further Westinghouse brush testers, B2 and HS2, were
modified and made ready for operation.

1.3.1.2 Machine Environment Brush Tester (MEB)

Construction and assembly of the MEB tester was completed. In addition,
a test plan was drafted for utilization of MEB in the analysis of pro-
mising brush materials. The MEB test rig was subjected to hydrostatic
test and mounted on its test stand. The first set of MEB test brushes
was received and prepared for testing.

1.3.2 Current Collector Contact Material/Performance

Useful developmental information was obtained from recent screening
tests of brush, ring, and vapor additive materials.

Based on screening test data, commercially available graphite brushes
containing 65-75 w/0 copper are reasonable candidates for more extensive
testing and evaluation on the larger, more soph®sticated test machines.

Based on a fixed set of operating conditions, contact resistance is
lowest when copper-graphite brushes are run on copper rings. Friction
coefficients are lower when the same brushes are run against either
nickel or steel collector rings.

1.3.3 Current Collector Mechanical Load Systems

A multi-contact electrical-shunt for use in solid brush holders was
analyzed in this reporting period. Several shunts were fabricated and
statically tested, with encouraging results. The netal fiber construc-
tion of these shunts is also being considered for use in multi-contact
brushes.

To achieve minimum power loss under low-load operating conditions, it
is necessary to maintain high current density per brush. This can be
accomplished by 1ifting some of the brushes during low load. A full-
scale model of such a brush actuation system was constructed in order
to facilitate evaluation of this concept.
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1.3.4 Current Collector Interface Cooling Systems

The thermal data from the HS1 tester was evaluated. The results indicate
that the present HS1 brushholder meets the program thermal ojbectives.
, This basic brushholder thermal information will be utilized as a guide-
- Tine for the evaluation of future brushholder concepts.

1.3.5 Current Collector Gaseous Environment/Control

A gas recirculating system called “the current collector gaseous
environment control" was constructed for the purpose of controlling

the internal ambient atmosphere of the Machine Environment Brush Tester
(MEB). Capabilities of the gas system include operation with a variety

of non-oxidizing gases over a wide range of flow rates and preset moisture
concentrations, removal of particulate debris and vapor contaminants from
test facility outgassing, and maintenance of a predetermined positive
pressure level.

1.3.6 Application Studies for Solid Brush SEGMAG Machines

A1l work was completed in the previous reporting period (E.M. 4790).

I1-4
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VOLUME 1

SECTION 2
CURRENT COLLECTOR TEST RIGS

2.0 GENERAL

The development of solid brush SEGMAG machines requires extensive
experimental facilities to evaluate two principal areas:

e Brush Material Selection
@ Current Collection System Evaluation

The program scope required the use of five brush test rigs, four of
which were employed in the initial stages of the brush screening work,
while the fifth was constructed in preparation for more extensive
parametric experimental tests in a related program (ONR/ARPA Contract
#N00014-76-C-0683):

B1 = Brush Tester #1
B2 = Brush Tester #2
HS1 = High Speed Tester #]
HS2 = High Speed Tester #2
MEB = Machine Environment Brush Tester

The four laboratory testers (B1, B2, HS1, HS2) evaluate individual
brushes to determine coefficient of friction, double voltage drop,
brush pressure, and wear rate in specified environments. These four
rigs provide an initial screening of brush and slip ring material
performance.

B1 and B2 are duplicate testers forinitial screening of prototypic
materials in small (sub-size) brush configurations. HS1 and HS2 are
duplicate testers for advanced screening of prototypic full-size
brushes under higher speed and higher current conditions than B1 and
B2. During this report period, Bl, B2, HS1 and HS2 were operational.

. The fifth test rig, the Machine Environment Brush Tester (MEB) was

T constructed to stuily current sharing in multiple parallel connected

s brushes in flux leakage fields anticipated in machine applications.
Concepts of brush restraint, brush shunting and brush cooling will

also be examined with this rig. MEB will expose the brush and slip

ring materials to an actual machine environment, including high currents,
multi-brush systems and ambient magnetic fields.
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2.1 LABORATORY BRUSH TESTERS
2.1.1 Objectives

The objective of the laboratory test rigs is to aid in the selection

and development of contact system materials for use in advanced electro-
mechanica! machines. This task is accomplished initially by sequentially
screening potential brush, slip ring, gas, and additive materials over
acceptable ranges of current density and speed. The test response
parameters of particular importance are contact voltage, friction coef-
ficient, and brush wear rate. Finally, (in a related ONR/ARPA Contract
NO0O14-76-C-0683) the best combined contact system materials will be
evaluated in more sophisticated test rigs and machines, capable of

higher speeds, higher currents, larger numbers of brushes and with forced
cooling of both brushes and rings.

2.1.2 Prior and Related Work

Two existing small laboratory brush testers, available from other
Westinghouse-funded programs, were modified and placed in operation.
These test rigs, Bl and HS1, were modified primarily to accommodate
larger electrical load currents. Descriptions of these "bell jar" type
testers and their capabilities are given in the previous semi-annual
report (E.M. 4730).

2.1.3 Current Progress

Two additional Westinghouse laboratory brush testers, B2 and HS2,

were modified and made ready for operation during the reporting period.
These are essentially identical to test rigs Bl and HS1 previously
mentioned and described. See Figs. 2.1.1, 2.1.2, 2.1.3, and 2.1.4.

2.2 MACHINE ENVIRONMENT BRUSH TESTER (MEB)
2.2.1 Objectives

The objective of this task is to develop a tester to evaluate solid
brush current collection systems in an actual machine environment.
This tester will consist of a single module segmented magnet homopolar
machine concept with capabilities of 6 volts and 20,000 amps.

The Machine Environment Brush Tester (MEB) will subject the current
collectors to current densities, leakage flux and other conditions
associated with operation in a machine environment. In addition, the
unit will provide for long-term testing of current collectors, their
attendant support systems, and the machine itself to develop operational
data for solid brush machines.

I 2-2
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2.2.2 Prior and Related Work

The previous ARPA supported effort under this contract lead to the

successful development of the water-cooled, 1iquid metal Segmented

Magnet Homopolar Generator (SEGMAG) and proved the basic SEGMAG concept.
The use of solid brush systems will result in a reliable reversing col-
lector for motor applications, will remove the complications associated
with 1iquid metal current collectors, and will simplify the overall :
system. |

The result of various studies indicates that the minimum current density
for a solid brush homopolar with equal volume to a Tiquid metal col-
lector homopolar is 1000 A/in2 (apsi). Since the initial solid brush-
gas-vapor testing indicates solid brush current densities up to 2000
apsi, the solid brush SEGMAG machine will have a volume that is equal

to or less than the equivalent 1iquid metal SEGMAG.

2.2.3 Current Progress

The Machine Environment Brush Tester (MEB) consists of a single module
SEGMAG configuration incorporating solid brushes in the current collection
areas as shown in Figs. 2.1.5 and 2.1.6.

The mechanical design of the MEB considered the same factors as those
for the design of conventional rotating electrical machinery. In
addition to the current collection system, the design of the MEB incor-
porates simplicity and maximum flexibility of its components to minimize
the down time between test sequences.

The following factors were considered:

1) Mechanical conductor support,

2) Rotor to stator alignment,

3) Removal of losses,

4) Machine environment,

5) Erosion of cooling system components,
, 6) Electrical insulation,

- 7) Instrumentation.

-

« The rotor conductor drum is restrained to withstand both centrifugal
i forces due to rotation and torsional forces due to the machine torque
1 reaction. The torsional forces (8,000 in/1b) are restrained by shrink-

B ing the copper conductor drum onto the iron rotor. Since the rotor
conductor drum and rotor iron have the same electrical potential, no
jnsulation is required. Figure 2.1.7 shows the rotor with the copper
drum in position.

I 2-5
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The support of the stator conductor is somewhat simpler since there are
no rotational forces. The conductor drum will be restrained by an
interference fit between it and the ferromagnetic stator iron. This
concept provides adequate support to meet the 3/unit torque design
criterion. Each stator conductor is insulated from the iron as well as
from each other.

The alignment of the rotor in the stator is accomplished by four (4)
positioning blocks, two (2) at each end of the test stand. These blocks
provide vertical and horizontal adjustment capability. To measure the
alignment, four (4) viewing ports are provided at each end of the machine
at 3, 6, 9 and 12 o'clock positions. Measurements can be made of the
rotor to stator gap at these locations and the proper adjustment can

be made with the blocks. This arrangement provides maximum position-

ing flexibility for the systems including the possibility of testing
brush operation with the rotor deliberately misaligned.

This test capability is very important since the run-out of the slip
ring surface can adversely effect brush performance. Such run-outs
result in radial acceleration of the brush known as "brush bounce".
This condition must be accommodated in the brush actuation gear to
ensure proper contact pressure on the slip ring for optimum 1ife with
minimum losses.

Rotor alignment is a function of the stator alignment provided by the
rotor support structure, and dynamic deflection during operation. The

MEB incorporates rolling element bearings which are adequate for the
design loads and speed. Since the total flux of the machine must be
carried by the ferromagnetic iron in the rotor, there is a substantial
structural member in the active length and flux return path, thus
resulting in a high critical speed for the machine. Because of high rotor
stiffness, the dynamic deflection of the rotor is small.

Water cooling was adopted to remove machine losses from the MEB in the
brush bearing area, machine leads, the field coils and the rotor con-
ductor drum. Figure 2.1.8 shows the configuration of the water-cooled
field coils.

The major losses requiring removal from the MEB include:

e Armature joule heating

® Brush friction

e Brush joule heating

® Friction and windage losses
The cooling system is designed to remove 80% of the machine losses
through the rotor and 20% through the stator. The losses generated in

the brush account for the majority of the total machine Tosses, and they
must be removed through a sliding surface.

1 2-9
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In the rotor the coolant is passed immediately below the rotor conductor
drum in small channels (.38"W x .03"D) and provides parallel cooling

paths for the two collector areas. In this way the slip ring temperature {1
can be regulated to give optimal brush performance. Figure 2.1.9 shows ?g
the coolant cross-over tube which provides an inlet/outlet path to the el

rotor. fi

To control the environment within the MEB, shaft seals are used. The

shaft seals are mounted in-board to the bearings to prevent contamination
from the bearing lubricants. Since the environment will be adjusted for J
low brush friction, the conventional rubbing face seals will perform -
adequately.

The design provides for measurement of the important parameters.
Temperature measurements of the rotor conductor, ferromagnetic iron,

and slip ring surface are accomplished by thermocouples placed inside

the rotor and brought out through slip rings. Brush temperature and
potential drops from brush to brush are measured by instruments imbedded
in specified brushes. The machine torque is measured by a torque meter
installed between the MEB and the prime mover. Associated instrumentation
of the stator, gas system, and the cooling water system is also provided.

A view of the completed MEB installed on its test stand is shown in Fig. 4
2.1.10. f

e

Fig. 2.1.9: Coolant cross-over tube, which is inserted into the rotor
bore to provide controlled coolant flow to the rotor.

' I 2-11
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E.M. 4483
VOLUME 1
SECTION 3
CURRENT COLLECTOR CONTACT MATERIAL/PERFORMANCE

3.1 OBJECTIVES

The objective of this task is to develop s1iding contact system
materials for use in advanced electromechanical machines. The princi-
pal elements of an electrical contact system include the brushes,
caollector rings, environmental gas, and vapor additives. Important
requirements are capability of high current density, low power loss,
and long life.

3.2 PRIOR AND RELATED WORK

Test procedures were established and existing test rigs were modified
for evaluating contact system materials. Screening tests were
initiated to evaluate candiate brush, ring, additive, and gas materials.

A few brush materials were evaluated for high (to 500 A/inZ) and ultra
high (to 2500 A/in2?) current density application. Small size electro-
graphitic brushes performed with long life and reasonably low energy
losses in the high current density range. Metal-graphite brushes
showed best overall feasibility for the ultra high current density
application. In general, brush performance appeared to be affected by
the base graphite material, percentage metal content, and applied mech-
anical load.

Additional testing is required to evaluate the effect of greater numbers
of brushes, larger load currents, higher ring speeds, and the presence

of ambient magnetic fields such as will be imposed by actual electro-
mechanical machines. Test rigs are being readied for such investigations.
In addition to the test features mentioned, provision for forced cooling
of the contact system is also included.

3.3 CURRENT PROGRESS
3.3.0 General

A number of brush and ring materials were evaluated during this report
period. Detailed descriptions of the screening test rigs employed,
testing procedure, parametric operating conditions, and the performance-
evaluation responses of interest may be found in the previous semi-annual
technical report (E.M. 4790). Useful developmental information obtained
from recent screening tests of brush, ring, and vapor additive materials
is presented here.

I 3-1
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3.3.1 Brush Materials

Copper and silver-graphite brush materials, representing a wide range

in metal content (0-97 w/0), were subjected to screening-type evaluation
tests. The contact resistance of graphite brushes is relatively high,
leading to high electrical power loss when transferring large load
currents. Additions of metal to such graphite structures reduce contact
resistance and electrical loss, but excessive amounts lead to increased
mechanical friction loss and wear and will more than offset the former
advantage. The optimum metal content is dependent upon the relative
importance of achieving lowest total power loss on one hand, and highest
brush 1ife on the other.

The brush materials evaluated were selected from available state-of-art
grades, and they were fabricated with typical powder metallurgy compaction/
sintering techniques. Based upon direction obtained from recent test
results, new experimental brush materials were specified for evaluation
and further development. Such materials are presently being fabricated

for evaluation as improved brushes.

Power loss and wear expressions were modified to expedite comparisons
of the candidate brush materials. Here, an attempt was made to account,
in part, for the effect of differences in collector ring velocity among
testers on brush power loss and brush wear performance. Based on such
performance values, contact material comparisons are more meaningful.

The power loss expression (ki) combines the friction coefficient, con-
tact voltage drop, and ring velocity, yielding units of energy loss
density per unit distance traveled. The wear expression (k) combines
linear wear rate, brush area, and ring velocity, giving final units of
volume brush wear per unit distance traveled.
s jvc
kL = 1.356 up + —— (3.1)

where: k, = brush energy loss density per unit distance traveled,
J/in2 . ft.

u = coefficient of friction.
p = load pressure, 1bg/in?.
j = current density, A/in2.
V. = contact voltage drop, V.

v = ring velocity, ft/s.
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where: kw = volume of brush wear per unit distance traveled, in?/ft,
w = linear wear rate, in/h,
a = brush area, in?,
v = ring velocity, ft/s.

Based on test results, power loss (mechanical and electrical components)
and wear characteristic values were calculated for 26 metal-graphite

brush materials. These values are plotted for each material as a function
of its metal content in Figs. 3.1 and 3.2. Average curves are drawn
through the points to show trends in performance as a function of brush
metal content. Based on these data, the following conclusions are made:

e The performance characteristics of copper and silver-graphite
brushes of comparable metal content are similar. Thus,
economies in brushes can be realized by employing copper rather
than silver.

e Total contact energy loss (mechanical plus electrical) is
minimal when the metal content of graphite brushes is near
75 w/o.

® Total contact energy loss is dominated by the electrical com-
ponent when the metal content of brushes in less than about
70 w/o, but by the mechanical component at larger percentages.

® Brush wear is very low for small additions of metal, increasing
at a modest rate up to about 75 w/o. At higher metal percentages
brush wear increases sharply.

e Based on the screening test data, it appears that commercially
available graphite brushes containing 65 to 75 w/0 copper are
reasonable candidates for more extensive testing and evaluation
on larger, more sophisticated test machines.

The next generation of experimental brush materials is currently being
fabricated. The objective, of course, is to develop brushes with improved
performance capability for high current density application.

3.3.2 Ring Material

Copper, nickel, and steel metals were slected for initial evaluation as
candidate collector ring materials for advanced current collection
systems. The significant screening evaluation test results obtained
for these ring materials are reported and compared in this report.
Other metals, including super copper alloys, brasses, and special
steels, were selected, machined, and are available for testing.

Physical properties of ring materials such as strength, hardness, and
conductivity appear to be important factors which affect contact

I 3-3
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performance. They probably control the extent and adhesion of the
complex surface films formed through brush sliding action and, con-
sequently, the actual or true contact area. The integrated area, com-
bined with the ring metal's conductivity and specific shear strength,
then determines the contact electrical resistance and friction
coefficient, respectively.

Contact energy loss characteristics for three ring materials screened
during this reporting period are shown in the following table. The
three materials were subjected to relatively modest test conditions,
and the mating brush contact material was copper-graphite.

TABLE 3.1 »
Loss Characteristics of STiding Contact Material Combinations: \ \
Copper-Graphite Brush, 500 A/in2, F

12 lbf/inz, 51 ft/s, Inert Gas Ambient

Ring Energy Loss, J/in2-ft
Material Electrical Mechanical Total
Steel 7.3 2.3 9.6
Nickel 3.7 1.6 5.3
Copper 0.8 3n3 4.1

The lowest total energy loss was obtained with copper rings. This is
attributed to very low electrical energy loss, even though the mechan-
ical loss is highest of the three ring materials tested. Thus, Tow
contact resistance and relatively high friction coefficient are char-
acteristic of the copper ring/copper-graphite brush contact combination.

Total energy loss increased when the copper ring was replaced with
nickel, then steel. This was attributed to high electrical energy
losses associated with the latter materials, especially with steel.

The mechanical component losses for nickel and steel rings are signifi-
cantly lower than that of copper. Thus, relatively high contact
resistances and low friction coefficients are characteristic of the
nickel and steel ring/copper-graphite brush contact combinations.

Long brush 1ife was obtained for each of the three ring materials
evaluated. The longest and shortest brush 1ife was found for copper
and steel rings, respectively.

I 3-6
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VOLUME I
SECTION 4
CURRENT COLLECTOR MECHANICAL LOAD SYSTEMS

4.1 OBJECTIVES

The objective of the mechanical load system program is to develop a
system capable of controlling the brush loads to acceptable values, as
specified in Section 3. The contact material performance program will
determine what is required of the brush system for efficient current
transfer and the mechanical load system will determine how to achieve
these requirements.

4.2 PRIOR AND RELATED WORK

The basic function of a current collection system is to transfer
electrical power between stationary and rotating contact members
efficiently, reliably, and with long life. Much experience in the
application of solid brush current collectors for this purpose has
been accumulated over the years at Westinghouse and elsewhere, for
brush systems operating at conventional current densities (93 KA/m2,
60 A/in2) in ambient air environments. This work has been used as a
foundation with the present effort utilized to extend the technology
to the high current densities (3.1 x 108 A/m2, 2000 A/in2).

High current density brush holders were designed and built as a brush
test vehicle for use in the High Speed Test rigs (HS1 and HS2). The

design configuration consisted of a water-cooled holder surrounding a
rectangularly shaped solid brush. The brush loading was provided by

constant force springs, and conventional (pig tail) electrical shunts
carried current between the brush and holder.

Brush holders were designed and built for the Machine Environment Brush
Tester (MEB). The design philosophy was similar to that used for the
High Speed Testers. The cooling configurations differed, however, in
that the rotor of the MEB also has a water-cooled rotor, in addition to
water-cooled brush holders.

4.3 CURRENT PROGRESS

In the area of mechanical load systems the two principal concerns are
the electrical shunts and the solid brush actuation system.
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4.3.1 Electrical Shunts

The purpose of the electirical shunt is to transfer current from the
solid brush to the stator conductor with low loss, and with free radial
motion.

Conventional pigtail shunts were analyzed and were found to impose
excessive mechanical 1oad on the brush when designed for low electrical
loss. The size of these conventional shunts becomes excessive for high
current density brushes.

Another disadvantage of the pigtail shunt is the substantial electrical
resistance (I2R) loss in the solid brush. These losses are inherent in
this configuration since pigtail shunts cannot be fastened near the brush-
slip ring interface. Ideally, current should be transferred from immed-
iately behind the rotor-brush interface directly into the stator conductor.
However, since the pigtail is permanently attached to the solid brush and
since there is a specific brush length allowance for wear, the current
must pass through the wear length prior to entering the pigtail shunt.

Investigation of alternate concepts resulted in the attractive multi-
contact shunt concept, which has the following features:

1) Low electrical resistance at a low tctal contact force.

2) The capability for solid brush sliding on the multi-contact
provides close contact with the brush-slip ring interface.

The resistance of a single point contact is given by Holm as:

a
R. = (4.1)
3 m
(F)
where: RS = Single contact resistance,
a = Constant,
Fs = Total force applied to the single contact,
m = Constant.

The resistance of a number of identical contacts arranged in parallel
is:

R, = —2 (4.2)
M n (f)m
where: RM = Multi-contact resistance,
a = Constant,
f = Force per multi-contact point,
m = Constant.

14-2
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FM =nf (4.3)
where: FM = Total force applied to the multi-contact,
n = Number of contacts.
R, = =
M (T-m) m
n (FM)
] Setting: Rg = Ry,
Yields: Fg/F, = nt1-M/M (4.4)

E Equation (4.4) reveals that for a given electrical resistance, the total
force required for a multi-contact is less than the total force required
for a single contact when m < 1. For m = 0.33 which corresponds to non-
oxidized, 1ightly loaded, copper-on-copper contacts:

F

S
% . Fyg = Z;;§T6§ (4.5)

F For n = 10 contacts the total multi-contact force required is approx-
jmately 100 times less than a single contact force (at equal electrical
resistance).

The presence of alien films on the contacts reduces the advantage of
multi-contacts. These films are usually oxides and tend to cause not
only higher resistance but also a higher constant m. For oxidized,
lightly loaded, copper-on-copper contacts, m = .65!, and

F

Fy = — (4.6)
M )

g For n = 10 contacts the total multi-contact force required is approx-

§ imately four times less than a single contact force (at equal electrical
resistance). The advantage of multi-contacts although still present,

R has been reduced 25 times due to the oxidized surfaces.

Several metal fiber shunts were made in order to investigate manufacturing

techniques and to obtain test data for multi-contacts. The metal fiber

shunts were made of brass tufts drawn into a brass base with a brass

tie wire. The electrical connection between the fiber tuft and the base

was found to be inadequate. The use of soft solder provided an acceptable

electrical junction. Figure 4.1 is a photograph of a typical metal

fiber shunt, with the tufts angled into the base. This particular shunt

was also silver plated.

»
> % o=
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E.M. 4883

Figure 4.2 is a photograph of the experimental setup for static testing
of the metal fiber shunt. The fiber shunt is attached to a large metal
heat sink. The mating part of the shunt is a long metal bar suspended
from the ceiling. The long length of the suspension cable results in
practically perpendicular motion of the bar to the fiber shunt base.

The suspended bar completes the electrical circuit with the fiber shunt.
The load to the multi-contact was applied through a cantilevered beam and
strain guage assembly. Mechanical loading is provided by adjusting a
screw threaded through the end of the cantilever.

The static tests were initiated in order to establish the empirical
constants in the resistance-force relationship.

Following the static tests the design of the metal fiber shunts will be
reviewed and updated. The redesigned fiber shunt will be utilized in

a related program (ONR/ARPA Contract NO0014-76-C-0683) in one of the
solid brush test rigs. The test data from the dynamic rigs should yield
information valuable in the design of full-size SEGMAG machines.

4.3.2 Actuation System

The actuation system is that part of the brush holder system which
mechanically loads or 1ifts the brushes. The brush is loaded; that is,
pressed against the rotor slip ring, through the use of constant force
springs. The mechanism which 1ifts the solid brush is a cable attached
to the solid brush and spring assembly. The cable is pneumatically
actuated by a cylinder located outside the brush area. A full-size
model of this solid brush holder actuation system was constructed for
use in evaluating potential brush holder problems.

4.4 REFERENCES

1Holm, Ragnar; Electric Contacts Theory and Application; Springer-Verlag;
1967; Germany.

I 4-5

S—




DT 1 1) PIJ4IAI ) 1uny sULBDE A € )
1eW } [ i 3 ULJE 4 put A S jeoy O3 J1UNno A
1537 JUNy | , UL yjed Juddar ) )1 |@D14323|3 IUNYS 4 } N

. R e A




T e OREE M A

E.M. 4883
VOLUME 1
SECTION 5
CURRENT COLLECTOR INTERFACE COOLING SYSTEMS

5.1 OBJECTIVES

The objective of the interface cooling system program is to determine
the heat transfer characteristics of the high current density brush-
holders. These heat transfer characteristics will be correlated with
the solid brush objectives in order to determine high current density
brushholder heat transfer design requirements and procedures.

5.2 PRIOR AND RELATED WORK

Westinghouse has accumulated much experience over the years in the
application of solid brush current collectors. This experience has

been with conventional current densities (93 KA/mZ, 60 A/in2?) where
transferring the heat from the brushholder was not considered a problem
area. The high current densities (3.1 x 106 A/m2, 2000 A/in2) increase
the power density in the brushholder area to a point where heat transfer
has become an area of concern. The intent of the on-going work is to
utilize the Westinghouse experience to support the evaluation of the
heat transfer in the brushholder area for high current density brushes.

5.3 CURRENT PROGRESS

The brushholder heat transfer characteristics of the HS1 Brush Tester
and the Machine Environment Brush Tester (MEB) were analyzed. The
holders and brushes were instrumented in an effort to determine the
thermal resistance. The experimental data was then correlated with
theory in an effort to understand the heat transfer mechanism between
the brush and holder.

The thermal data from the HS1 test was evaluated, with the result that
the present HS1 brushholder meets the program thermal objectives. The
brushholder is capable of extracting 30% of the heat generated as a
result of brush losses. The remaining heat will be extracted through
the rotor cooling system.

I §5-1
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VOLUME I
SECTION 6
CURRENT COLLECTION GASEOQUS ENVIRONMENT/CONTROL

6.1 OBJECTIVES

The objective of this task is to provide a controllable atmosphere of
non-oxidizing gas to the machine environment brush tester. The gaseous
environment control system must have the ability to flow preconditioned
non-oxidizing gas through the test system including separate flows through
the brush chambers (two) and flow in the rotor stator gap. The gas sys-
tem is required to remove both solid wear debris and vapor contaminates
and to maintain preset pressure conditions.

6.2 PRIOR AND RELATED WORK

Results of tests performed at the Westinghouse Research _aboratories
reveal that the performance of graphite brushes sliding un copper
rings is greatly improved if the usual air ambient is replaced with a
humidified carbon dioxide gas atmosphere. This allows operation of
the brushes at much higher current density with relatively Tow power
loss and long life. Adsorbed gas and water vapor on the contact sur-
faces provides lubricity but does not significantly interfere with
conduction of electrical current.

6.3 CURRENT PROGRESS

A recirculating gas control system (see Figs. 6.1 and 6.2) was built
and shakedown-tested for use with the MEB. Design, construction, and
operation of this system is reported in Volume III, Section 12 of this
report.

After completing construction of the gas control system, a series of
shakedown tests was run to characterize its performance. Besides leak
testing, tests were made to determine pump capacity, flow control, mois-
ture saturation level, and moisture probe response. The unit performed
well and will be used with the MEB test facility in a related program
(ONR/ARPA Contract N0O0014-76-C-0683).

Improvements made to the unit following shakedown testing included:

1) The addition of a self-draining aerosol trap after the water
bubbler to prevent aerosols from entering the main gas stream.

2) The addition of a 15u filter after the aerosol trap to remove any
dust that might be carried from the charcoal adsorbing column.

I 6-1
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VOLUME 1
SECTION 7
APPLICATION STUDIES FOR SOLID BRUSH SEGMAG MACHINES

7.1 OBJECTIVES

The purpose of this study is to correlate brush research with machine
requirements and potential utilization. This will ensure that the
electrical machine requirements, operating parameters, and machine
environment effects are effectively translated into the solid brush
research program.

7.2 PRIOR AND RELATED WORK
The range of slip ring and commutator peripheral speeds for both

motors and generators were initially defined, with a maximum velocity
of 250 ft/second for generators.

The range of operating current levels and overload levels were
carefully considered with relation to the brush research program.

The problems of loading very high current density ' rushes to the machine
contact surface are complex and required considerable attention to
innovative approaches to shunting and cooling.

The effects of magnetic fields, vibration and other transient effects
were carefully considered with reference to the brush Toading system.

Al1 of the above information was utilized in the current collection and

brush developments of this contract and in related ONR/ARPA Contract
N00014-76-C-0683.

7.3 CURRENT PROGRESS

Work on this task was completed in the previous reporting period.

T 7-1
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VOLUME II

SECTION 1
INTRODUCTION AND SUMMARY

1.0 GENERAL

This is the final technical report under ARPA Contract #DAHC 15-72-C-0229.
The work was performed over a period of four years from program inception,
10 May 1972 to its termination. During this period the work was completed,
in accordance with the agreed plan as specified in the contract and its
amendments.

1.1 BACKGROUND

This program was for the research and development of a Westinghouse-
proposed mechanical power transmission concept: the segmented magnet homo-
polar torque converter (SMHTC). The purpose of this device is to convert
unidirectional torque of constant speed (such as from a steam turbine prime
mover) into variable speed output torque in either the forward or reverse
directions. The concept offers an efficient, 1ight-weight, Tow volume
design with potential application over a wide range of speeds and power
ratings in the range from hundreds to tens of thousands of horsepower.
Initial analysis indicates that this machine concept can be applied to
commercial and military advanced concept vehicles for both terrain and
marine environments over a wide range of applications with considerable
benefit to the U.S. Government, provided the complex current collection,
and materials problems can be completely solved.

The present contract, is part of a proposed three phase program

to develop the segmented magnet homopolar torque converter (SMHTC). The
aims of this program are: a) solve the operational problems relating

to current collection systems for segmented magnet machines; b) demonstrate
the solution of these problems in a small segmented magnet homopolar machine
(SEGMAG); c) utilize the developed technology to design, construct and

test a segmented magnet homopolar torque converter (SMHTC).

The program placed particular emphasis on the materials technology of
current collection systems for the reason that this is essential to the
success of the homopolar machine concept for high power density applications.
Both 1iquid metal and solid brush current collection systems were studied.

1.2 OBJECTIVES
In Phase I, completed on January 9, 1973, all of the technical problems

were reviewed, the machinery concepts studied, and a detailed technical
plan was evolved for Phase II.

IT 1-1
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Phase II had the primary purpose of providing the necessary theoretical

and engineering design work, as well as the supporting experimental tasks,
to develop a reliable and efficient current collection system for the
successful operation of a segmented magnet (SEGMAG) homopolar generator.
Key task areas include: (a) the design, construction, and operation of a
SEGMAG generator having sodium-potassium (NaK) current collectors and all
necessary support systems for liquid metal handling and purification, cover
gas purity maintenance, and shaft seals; and (b) the procurement and
testing of a GEC Ltd. homopolar generator with its Gallium-Indium (Galn)
current collector system.

The objectives of Phase III were to extend the technology developed in Phase
11 for constant speed machines (such as generators) to the case of a

torque converter which operates at low speed., zero speed, or reversing con-
ditions and then to construct and test a demonstration machine.

Phases I, II, and the initial Phase III effort were based on the use of
1iquid metal current collectors. In Phase III-A (begun on July 1, 1975)
work was redirected toward the use of a promising current collection con-
cept utilizing a solid brush-gas-vapor-additive system.

1.3 SUMMARY OF CONTRACTUAL ACCOMPLISHMENTS

The work performed under this contract falls into two categories:

(1) work involving liquid metal current collection, encompassing Phases

I, II, and III (Section 1.3.1), and, (2) work involving solid brush current
collection of Phase III-A (Section 1.3.2).

1.3.1 Summary of Contractual Accomplishments in Phases I, II, III
This work related to the use of liquid metal current collection:
1) gﬁamented Magnet Homopolar Torque Converter (SMHTC) System Studies.

conceptual design was prepared of a 6000 HP machine to deliver con-
stant torque from zero speed to 200 RPM in forward and reverse directions,
from a 1200 rpm input shaft.

2) Application_Studies_for SEGMAG_Machines with_Liquid_Metal Current

LS -3 S0 S L A D N R T o R A g P R B K DT aff e S Pt

Collectors. A Survey was made of the most promising applications for
segmented magnet torque converters, motors, and generators. Several
of the applications resulting from the Phase II appiication studies
were reviewed and the most useful applications for seamented magnet

homopolar machines or torque converters were selected.

3) Machipe_Developments. A SEGMAG generator utilizing NaK current
collectors and a GEC (England) machine which employed Galn as the
current collection fluid.
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The SEGMAG (Figs. 1.1 and 1.2) was rated 3000 HP, 3600 rpm and

served to prove both the SEGMAG machine concept and the practicability
of the NaK current collection system developed under related subtasks
of this contract. This machine was used in evaluating the components
and materials required for the SMHTC.

The prime purpose of the GEC machine (Figs. 1.3 and 1.4) was to

obtain operational experience with Galn as a current collector

liquid. This machine's mechanical and electrical design and perfor-
mance were studied as a basis for evaluating presently used mathematical

models Tor predicting machine performance.

Liguid_Mekal Current_Collection Systems. A study was conducted of
liquid metal current collection system technology. The preferred system

and liquid metal were identified for the segmented magnet homopolar
machine arrangement.

The principal areas of study concerned the handiing, containment and
measure of power losses associated with liquid metal use in current
collectors. The preferred system configuration was employed in the
prototype SEGMAG machine. Figure 1.5 shows the test stand used to

evaluate prototypic current collectors developed under this program.

Under Phase III the unidirectional SEGMAG current collectors of Phase
11 were further refined and extended to higher speed applications.

In addition, collectors suitable for reversible and variable speed
applications were developed.

Liguid_Metal_ Support_Systems. The purpose of this task area was to
develop, design, fabricate, and instrument a liquid metal recircula-

tion Toop (Fig. 1.6) and a cover gas recirculation system (Fig. 1.7)

to provide maximum protection to the liquid metal in the current
collector region. Both the 1iquid metal and the cover gas are re-
circulated for contaminant removal and purity maintenance. Consideration
was also given to use of these systems for removal of waste heat from

the machine.

This task included a compatibility study of all machine materials
(insulation, lubricants,and structural materials) with the Tiquid
metal current collection fluid.

A fundamental studies program was part of this task area and was
concerned with those aspects of liquid metal technology necessary to
optimize the current collection electrodes to provide long term
reljability for stable current conduction. Topics included surface
wetting by liquid metals, aerosol formation, corrosion or alloying
reactions, effect of high current transfer, and chemistry control in
liquid metals using soluble getters.

In Phase III the SEGMAG liquid metal system was further developed and
simplified. Support systems were developed for use in torgue converter
and motor applications where reversible and variable speeds are encountered.

I1 1-3

-



E.M, 4883

20l

g v

: N s id wadal current 1lectors.
Fig. 1.1: SEGMAG Generator, Utilizing Nak liouid metal current coliec 3

|
|
|

-
s |
. |
Fig. 1.2: SEGMAG Generator on its test stand - The drive system 3”d gas |
t‘ Q< s ,fo;: e v thh on &he riaght. ’hp siX NakK nur:{1_ .
l D O L ; : ‘ |
% D¥* are below To their right are the gas :
. st . : 1 ing 32 chaft |
subsystems for interco lector pressure balancing and shatt !

sealing. !

11 1-4

RM~62915




AR

e i A

Fig.

1

% L

GEC homopolar generator with Galn current

¢ smopolar machine in its test area

tem (right), and the control panel (1eft)

showing

E.M. 4883

collection.

the cover

w

w

M-39






E.M. 4883

Fig. 1.6:

Fig.

Assembled Nak
collector in the

purific:

00

loon for servicing each current

nachine.

Internal componen
SEGMAG homopolar

tc
L

.

gas

RM-68994




" P rre—— B . ‘m-‘

E.M. 4883
1.3.2 Summary of Contractual Accomplishments in Phase III-A

In Phase III-A the contractual workscope was redirected to investigate
promising new, highly efficient solid brushes for homopolar machines as
an alternative to 1iquid metal current collection systems.

1) Current_Collector Test Rigs. Brush test rigs of reduced and full
size were constructed for the purpose of evaluating various brush
materials and brush systems. The small testers were used to deter-
mine coefficient of friction, double voltage drop, brush pressure
and wear rate of various brush materials in specified environments.
The larger rigs (Fig. 1.8) enabled the testing of these brushes
under higher speed and higher current conditions. Finally the
Machine Environment Brush Tester (Fig. 1.9), which is a SEGMAG
machine, will expose the brushes and slip rings to an actual machine
environment.

2) Current_Collector Contact Material/Performance. Experiments were
performed to evaluate potential brush and slip ring materials
characterized by medium to high current density ratings, low wear
rate,and low power loss. Silver and copper graphite composites
comprised the bulk of brushes tested. An expression was also
developed to predict brush Tife, based on brush wear and geometrical
considerations. This work is continuing under a related contract
(ONR/ARPA Contract #N00014-76-C-0683).

3) Current Collector Mechanical Load Systems. In order to optimize the
performance of the newly-deveToped brushes and slip rings, special
brushholders were developed in order to facilitate the transfer of
load current from brushes to machine output terminals.

4) Current Collector_Interface Cooling Systems. This task established
and the slip ring interface. High current density applications make
brush cooling requirements a more critical performance parameter here
than in conventional machines. }Heat flow data from the brushes led
to the design of a water cooling system for the MEB.

5) Current Collector Gaseous Envircnment Control. A gas recirculating
system was designed and constructed to control the internal ambient
atmosphere of the Machine Environment Brush Tester. Capabilities of

5 the gas system include: operation with a variety of non-oxidizing

gases over a wide range of flow rates and preset moisture concentra-

tions; removal of particulate debris due to brush wear; removal of
vapor product contaminants from test facility outgassing; and main-
tenance of a predetermined positive gas pressure level. A controlled
gaseous environment is necessary to the operation of the brush system
being developed under this contract and the related ARPA/ONR Contract

#N00014-76-C-0683.
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6) A plication Studies for Solid Brush SEGMAG Machines. In this study
EEe'Fé§GTf§ “of "brush research were correTated with the machine design
and utilization requirements. This provided the necessary interface
between the solid brush research program and the operational require-
ments of the machines.

1.4 ORGANIZATION OF FINAL REPORT

The balance of this final report has been organized into two parts, A and
B, as follows:

Part A: Liquid Metal SEGMAG Developments. This includes all of the work
under Phases I, II and III arranged by subtask. Part A consists
of Sections 2 through 7.

Part B: Solid Brush SEGMAG Developments. This includes the work of
Phase III-A. Part B is comprised of Sections 8 through 13.

- W -
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| VOLUME 11
4 PART A

' SECTION 2

CURRENT COLLECTOR TEST RIGS

2.0  GENERAL

Three machines employing liquid metal current collection were examined
under this contract:

1) Conceptual designs for Segmented Magnet Homopolar Torque Converter
(SHMTC) were evaluated. The SMHTC converts constant speed inputs
to variable speed output in either the forward or reverse direction.

2) A Segmented Magnet Homopolar Generator (SEGMAG) was designed, con-
structed, and tested extensively. The SEMGAG machine successfully
demonstrated both the segmented magnet machine concept and the
reliability of NaK liquid metal current collectors.

3) A General Electric Company (England) homopolar generator was purchased
and tested to provide operating experience with Galn current collection
fluid.

* * k k k*k k k k¥ kX k¥ k¥ k¥ k¥ k k¥ k¥ *¥ k¥ k kK *k *k k¥ k¥ *k * *k *k *k k *k *k *k *k *k *x * *

2.1 SEGMENTED MAGNET HOMOPOLAR TORQUE CONVERTER (SMHTC)

2.1.1 Objectives

The objective of this program was to investigate the segmented magnet
homopolar torque converter (SMHTC), within the framework of some of the
more promising applications. This concept will then be demonstrated

(in a later program) in a torque converter which will operate at constant
input speed (as from a prime mover), and will provide variable output
speeds, in both forward and reverse directions, at variable torque up to
full power rating.

Our objective in Phase I was to study the various configurations proposed l
for the SMHTC, and the technical problems involved in developing the
prototype machine.

« In Phase III a conceptual design was evolved for the prototype torgue
converter.

s

791‘” i
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2.1.2 Prior and Related Work

The SMHTC concept was derived from a unique modular DC homopolar machine
being iuvestigated at Westinghouse. This machine, known as a segmented
magnet homopolar machine (SEGMAG) uses series connected DC modules to
obtain the design output. The characteristics of SEGMAGs were investi-
gated under another contract (NOOO 14-72-C-0393).

2.1.3 Summary of Accomplishments
2.1.3.0 General

The SMHTC consists basically of two homopolar machines connected as a
generator-motor set. Two basic configurations are being considered:

(1) a radial design which uses a generator mounted within a motor; and
(2) an axial design which consists of inline generator and motor. The '
inline configuration is preferred. ;

Two basic homopolar machine types are being considered: (1) the drum-
type (SEGMAG), and (2) the disk-type (DISKMAG). |

During Phase I of this contract, electrical analyses of large (30,000 HP)
and small (6000 HP) machines were completed.! These were of the drum-
type (SEGMAG) homopolar machine configuration. Two conceptual designs
(radial and axial) were also prepared for the 6000 HP machine, as part
of the Phase I effort.

More recent studies (in Phase III) have shown that a rating of 8000 HP, A
3600/509 RPM is typical of potential applications to small naval ship i
drives, and this rating was therefore chosen for the prototype torque

converter. :

In Phase III, a number of 8000 HP designs for the disk-type "flooded gap"
machine (DISKMAG) were investigated.¢ The power losses and internal
machine fluid pressures associated with a particular "flooded gap" design
were defined.

A conceptual_design was prepared for an 8000 HP torque converter of the
SEGMAG type.® This machine is able to accept input power from a gas turbine
prime mover at 3600 rpm and deliver power to a propeller load at variable
speeds to 500 rpm in either forward or reverse directions.

s o

In addition, conceptual studies of small (8000 HP) and large (40,000 HP)
DISKMAG propulsion motors were performed. Electrical design and loss
studies were performed to develop optimum configurations for maximum
efficiency and power density.

Il 2-2
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2.1.3.1 8000 HP Torque Converter

A parametric study was done to optimize the design of the 8000 HP, 3600/
500 rpm torque converter, in terms of Tow weight and size and high
efficiency. Test results from the current collector test stand and the
3000 HP SEGMAG generator were incorporated in the analysis to provide a
more realistic assessment of Tosses than had previously been considered.
In particular, provision was made in each design to minimize tooth ripple
losses on the rotor and stator surfaces, and to minimize total loss in the
collectors, including contact resistance loss.

In a machine of this type, there are a large number of independent variables,
and a true optimization was not possible in the time available. To

further complicate the situation, the objectives of low weight and high
efficiency are not compatible; i.e., that which tends tc decrease weight
also decreases efficiency, and vice versa. Therefore, a range of each
variable to be considered was defined for both the generator and the motor
part of the torque converter. Machines were designed wiich covered the
ranges of variables defined, and appropriate pairings of motors and gener-
ators were made to produce torque converters.

The independent variables and their specified ranges were the following:

Motor Generator
Rated Current 150,000-400,000 Amps 150,000-500,000 Amps
Current Density 5,000-10,000 Amps/inch®  5000-10,000 Amps/inch®
Number of Modules 1-4 1-3
Number of Turns/Module 1-2 1-2
Rotor Diameter No general specification.
Because the generator and motor are not constrained to be the same in any
of these variables except rated current, the total number of independent

variables for a torque converter design is nine.

Current densities in the torque converter conductors of 10,000 amperes
per square inch were first considered. However, no designs at this
current density were found to have an efficiency greater than about 88%.
Therefore, the design current density was reduced to 5000 amperes per
square inch.

The weight and losses for typical designs from this study are shown in
Table 2.1.1. The weights shown are for the electrical components of the
machines, and are not intended to represent the total weight of complete
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machines; the addition of housings, bearings, shafting, etc., may add
20-50% to the weights shown. In each case, the rotor diameter has already
been "optimized", and thus has been removed as an independent variable.

The table shows the difficulty in choosing among the various machines.

In some cases the choice is obvious; for example, 2-G is clearly superior
to 1-G. However, it is not at all obvious which is superior between

4-M and 5-M.

Various combinations of these SEGMAG motors and generators were combined
as torque converters. Table 2.1.2 illustrates a range of typical torque
converters resulting from this process. Once again, the choice of an
optimum is not obvious. For a particular application, a means could be
determined to relate the benefits of a decrease in size and/or weight to
the penalties of a decrease in efficiency. Without having such a rela-
tionship in general, objectives were established of an efficiency of about
94%, a weight of about 20,000 pounds, and a size compatible with a space
approximately 6 feet long and 4 feet in diameter. Torque converter no. 6
comes closest to meeting these objectives, and thus was chosen for the
conceptual design.

2.1.3.2 Typical 8,000 HP Disk-Type Motor Design (DISKMAG)

A number of designs for an 8000 HP disk-type "flooded gap" motor (DISKMAG)
were considered during the study. The geometrical dimensions and operating
conditions for a typical design are listed in Table 2.3 and illustrated

in Figure 2.1.1.

A qualitative description of the fluid flow behavior in a "flooded gap"
motor is given in Reference 2. The problem of fluid containment in the
annular current collector gaps appears to be resolved by this machine
concept. However, other problems associated with pressure and thrust
loads placed on the machine seals and bearings, as well as power losses
in the liquid metal, must be considered.

Unbalanced centrifugal pressures are induced in the liquid metal because

of high velocity circumferential flow on one side of each disk and zero
velocity on the other. Because of the required tandem arrangement, the
unbalanced pressure created at each disk accumulates throughout the machine.
If no axial circulation of fluid is allowed (as with a batch-loaded liquid
metal system), the shaft seals and rotor bearings must withstand rather

large pressures and thrust forces. On the other hand, if axial flow of
liquid metal is permitted, such as under the action of the unbalanced
centrifugal pressure, the fluid and mechanical loads on the seals and bearings
will be reduced. This reduction is attributed to an electromagnetic pressure
drop associated with movement of the conducting liquid metal in the machine's
magnetic field. The following governing expressions which permit calcula-
tion of the machine seal and bearing pressures and forces were developed by
Rhodenizer and acknowledged in Section 4.3.1.3.

II 2-4




Table 2.1.1

Generators
Rated Number Turns Per
Machine No. Current-kA  Modules Module
1-G 150 1 2
2-G 150 2 1
3-G 200 1 1
4-G 200 2 1
5-G 250 1 1
6-G 250 2 1
Motors
1-M 150 1 2
2-M 150 2 2
3-M 150 3 Z
4-M 200 2 2
5-M 200 3 1
% 6-M 250 1 2
. 7-M 250 2 1
8-M 250 2 2

11 2-5

Weights and Losses of Typical Machines
for an 8000 HP, 3600/500 RPM Torque Converter

Weight,

Pounds

3,900
3,800
3,500
3,100
3,000
2,900

26,700
22,300
21,000
18,000
23,400
17,600
20,600
15,700

E.M. 4883

Loss,

Kilowatts

240
158
147
183
159
207

157
209
259
255
172
219
156
3tz

T



%L"26 8¢ 88 00481 W-8 D=5 0S¢

%L Y6 Ly 69 009°€2 W-¢ 8~G 052

L €6 6v LS 009°02 W-9 9-G 0S¢

%L Y6 Y SL 00592 W-§ 9-v 00¢

%L 26 Ly 9L ooL‘Le W-t 9~ 002

%E€°€6 187 89 00S°12 W-v 9=€ 00¢

%6°€6 147 28 00192 W-2 D=2 0slL

%L %6 LS 99 005°0¢€ W-1 9-¢ 0Sl

AJu3alLdL44] sayouj sayoug Spunod 1030} Jd03e4dU3Y Y3-3usadun)

*elLq 4030H ‘y3bual “uly “3yb 1o pajey

suot3dQ 49349AU0) 3nbUOL WdY 00S/009€ *dH 0008

¢"L°¢ 318Vl

N M = W 0

Il 2-6

“oN
*Auo) anbuoj




——— ey

E.M. 4883

Liquid metal is not allowed to flow through the motor from end to end:

2
No
Ps = P; + Top (R2-RE), 2.1.1

where: P = total pressure on seal, N/m2

Py = liquid metal inlet pressure, N/m2

Fp = ﬂ‘%zl (Rg-Rf)Z, 2.1.2
L
H B i
3
I_ SR : R*
« NpNaNaN\EsT
4 L N R
. AN ﬁ 0
—40‘«-— dqwh—- &/ \ i
—-NANANANAN |
: E;/ HIZINZIN
= |

~
e

Fig. 2.1.1: Disk-Type homopolar machine (DISKMAG)
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where: FR = rotor bearing thrust force, N

If 1iquid metal is allowed to flow through the motor from end to end:

2
2 B o R
p = by + 25 (RE-RE) - (2aN-1) g n (), 2.1:3
\-——v——-/ L . g -,J
Centrifugal Electromagnetic
press. press.
rise drop
where Q = liquid metal volume flow, m3/s.
przn(Rg-Rf)z (2N-1)BZ00 GER o R -
FR S 4 - ZG 2 = Ri Q.n (‘RT). Y 2. .

If 1iquid metal is allowed to flow through the motor from end to end
under the action of unbalanced centrifugal pressure and neglecting fluid

friction:
puGr(R-RE)

Bl
Q Iﬁﬁjjj‘gz“;—;;—zggy, 2l o
i

P = P 2.1.6

2yl pl
Foe Now "(RO-Ri) (Rz_Rz) 32 1 N 2R2
R 4 o Ro 1y« 2.7
2n (ﬁ;’)

For the 8000 hp DISKMAG motor under consideration, Table 2.4 shows the
calculated values of pressure and thrust force which the shaft seals and
rotor bearings must withstand under two of the above assumed conditions
of liquid metal flow.

11 2-8
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2.1.3.3 40,000 hp Disk-Type SC Motor Design (DISKMAG)

An investigation was made to determine if a "flooded gap" motor having
a superconducting (SC) excitation magnet may offer any advantages over
machines with normal temperature (NT% winding magnets.

The disks of the SC motor were assumed to be of solid copper in order

to reduce the complexity of construction as well as reduce electrical
resistance. Consequently, without iron in the disks, a greater magnetic
induction will appear in the current collector radial gaps. The
expected increase in collector radial gap loss due to the larger
induction will be compensated to some extent by the reduced ohmic loss
in the disks.

The internal fluid pressures and machine power losses were calculated
for a disk-type "flooded gap" superconducting 40,000 hp, 180 rpm motor.
These characteristics are compared with those of a disk-type "flooded
gap" NT design 8,000 hp, 500 rpm motor studied above.

A number of 40,000 hp disk-type SC "flooded gap" motor designs were
considered during the study. The geometrical dimensions and operating
conditions for a typical design are Tisted in Table 2.1.3 and illustrated
i Fig. 2.0,

Fluid flow behavior in a "flooded gap" DISKMAG machine and governing
expressions which permit calculation of the machine seal pressure,
rotor bearing thrust forces, and machine power losses, are identical
to those used for the 8,000 hp machine.

For the typical 40,000 hp DISKMAG SC motor under consideration,

Table 2.1.4 shows the calculated values of pressure and thrust force
which the shaft seals and rotor bearings must withstand under two
conditions of liquid metal flow. These pressures and forces are
significantly greater than the corresponding ones previously calculated
for the 8,000 hp NT motor. This difference is attributed mainly to the
greater number of disks used in the SC machine, required for the larger
power rating.

Table 2.1.5 provides a comparison of calculated power losses for the
40,000 hp SC and 8,000 hp NT DISKMAGS. Larger radial gap losses for
the SC machine were offset by lower machine losses, but afforded no
advantage in reducing the overall loss rating as compared to the NT
machine. The corresponding axial gap and collector ohmic losses
remained fairly equal (in percent) for both designs considered. The
net percentage of all power lTosses was identical (4.8%) for both
designs.

Operating efficiency is generally a function of machine weight, (i.e.,
higher efficiency can generally be attained by making the machine
heavier). The calculated specific power for the 40,000 hp SC design

is 0.63 hp/kg compared to 0.69 hp/kg for the 8,000 hp NT design. Since
it is heavier per unit power output than the 8,000 hp NT motor, but does
not operate with higher efficiency, there does not appear to be an
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Dimensions and Operating Conditions for Typical Design 8,000 hp
Normal Temperature and 40,000 hp SC Disk-Type "Flooded Gap"

(DISKMAG) Homopolar Motors

Operating Conditions

P = machine rated power, 8,000 hp

I = machine full-load current, 100,000 A

Bxi = axial magnetic induction at inner 0.256 T
collector,

on = axial magnetic induction at outer 0.35 T
collector,

B g™ radial magnetic induction at inner Essen. 0

J collector,

B a radial magnetic induction at outer Essen. O

y collector,

= rotor angular velocity, 8.33rad/s (500RPM)
B, axial magnetic induction in disks, 1.26 T

Geometrical Design (rectangular cross-section)

Rs = shaft radius, =

Ri = radius of inner collector, 0.101m(6.34in)

R, = radius of outer collector, 0.394m(15.5071in)
W, = width of inner collector, 3.05x10-2m(1.2in)
W, = width of outer collector, 3.05x1072m(1.2in)
d; = radial gap of inner collector, 1.65x10-3m(0.065m)
d0 = radial gap of outer collector, 1.65x10'3m(0.065m)
N = number of disks, 14

G = axial gap between rotating and 3.05x10'3m(0.065m)

stationary disks,
R5 = outer radius of machine, -
L = machine length, -

Sp = specific power -

Constants and NaK Physical Properties ( 100°C)

f(s<1) = Fanning fric. factor, smooth surface, O.7x10'2
f(5-1) = Fanning fric. factor, roughened sur, 1.8x10-2

p = mass density 850 kg/m3

s = electrical conductivity, 2.2x106mhos/m
e, = specific contact potential (Cu-Nak-Cu),  4.1x10-9vm2/A
n = dynamic viscosity 5.1x10-4N-5/m?2

IT 2-10

40,000 hp
100,000 A
1.44 T

1.44 T

Essen. o
Essen. 0 j

18.8rad/s (180RPM)
1.44 T 1

.206m(8.11in)
.220m(8.681n)
.675m(26.6in)
.0140m(.55in)
.0140m(.55in)
1.27x10-3m(0.05in)
1.27x10-3m(0.05in)
54

1.40x10-3m(.055in)

0.956m(37.6in)
2.14m(84.31in) .
0.63hp/kg(0.29hp/1b)

0.7x10-2
1.8x10-2

850 kg/m3

2.2x10‘6mhos/m
4.1x10-%vm2/A
5.1x10‘4N—s/m2




Seal Pressure and Rotor Thrust Forces for a Typical 8000 hp

TABLE 2.1.4
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Normal Temperature and 40,000 hp SC Disk Type Motor (DISKMAG)

Seal Pressure, p__

Rotor Thrust, Fo

Condition N/m?2 (psi)
No liquid metal flow
through motor.
8,000 hp *2.11 x 108 *306
40,000 hp *3.32 x 105  #48]
Liquid metal circu-
lation by internal
centrifugal pressure.
**8,000 hp P, P;
40,000 hp p. D

1

*
pressure above inlet pressure, P

**max. NaK flow rate (assuming no friction), 4.79 x 107*m3/s (7.6 gal/m).

1.

II 2-1

N (tons)
4.28 x 10° 48 .1
2.06 x 108 231
1.21 x 10° 13.6
6.72 x 10° 795

max. NaK flow rate (assuming no friction), 5.33 x 107°m3/sec (0.845 gal/min).

it
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TABLE 2.1.5
Calculated Power Losses for the 40,000 hp SC and 8,000 hp NT DISKMAGS
Power Loss Mode *40,000 HP Power Loss  **8,000 HP Power Loss

: kn % kn %
Radial Gap (Prg) 424 30 18.26 6
Axial Gap (Pag) 597 42 119.06 42
Ohmic (Po) 173 12 31.01 1
Machine (conductor + excitation) 237 ] 115.49 41
Total 1431 100 283.82 100
% of Machine Rating 4.8 4.8 8 4.8

*Superconducting (SC) excitation coil.
**Normal temperature (NT) winding excitation coil.

advantage in the use of a superconducting excitation magnet for "flooded-
gap" disk-type homopolar machines.

2.1.4 Conclusions

! As a result of this study, which included ranges in geometrical dimensions,
» load currents, and excitation Tevels, a number of problem areas associated
| with disk-type machines were found. A few of these concerns are summarized
' below:

e Complex construction of disks to obtain magnetic circuits with Tow axial
i and high circumferential reluctance.

e High machine power losses, attributed mainly to MHD effects in the axial
gaps between disks.

e Probability for turbulent rather than laminar flow and high short
circuit losses in the liquid along the flat side walls of the machine disks.
Reynolds to Hartman number ratios >1000 are calculated for operating
conditions down to 30% of rated full load speed. Thus, the assumption of
laminar fluid flow employed in axial gap power loss expressions is in doubt
except at Tow speeds.

ﬁ,
| i‘ e A need is recognized for large thrust bearings and high pressure shaft
‘ seals to assure a fail safe machine design.
s
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The inherent low efficiency of this DISKMAG type of machine precludes
its use in the applications of interest. Thus, the focus of the concep-
tual design study in the future should be concentrated on the SEGMAG
drum-type torque converter configuration.

2.1.5 References

1. C. J. Mole, et. al., "Design and Development of a Segmented Magnet
Homopolar Torque Converter," Semi-Annual Technical Report for
May 31, 1973, June, 1973, E.M. 4518.

2. C. J. Mole, et. al., "Design and Development of a Segmented Magnet
Homopolar Torque Converter," Semi-Annual Technical Report for
f May 31, 1974, Feb. 1975, E.M. 4648.

3. C. J. Mole, et. al., "Design and Development of a Segmented Magnet
Homopolar Torque Converter," Semi-Annual Technical Report for
E May 31, 1975, July 1975, E.M. 4705.
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2.2 SEGMENTED MAGNET HOMOPOLAR MACHINE (SEGMAG)
2.2.1 Objectives

The objective of this program is to demonstrate the SEGMAG concept and
to provide a test vehicle for evaluation of the current collection
systems, containment seals, and liquid metal handling systems developed
in previous subassembly testing. The demonstration unit (rated 3000

HP, 3600 RPM) subjected the current collectors to current densities,
leakage flux and other conditions associated with operation in a machine
environment. In addition, the unit provided for long-term testing of
current collectors, their attendant support systems, and the machine
itself, in order to develop operational data for liquid metal machines.

2.2.2 Prior and Related Work

The SEGMAG concept was developed to provide a high performance DC
machine without requiring superconducting magnet excitation. This

low reluctance machine, using room temperature excitation, has
capability for high output per unit weight and volume. The modular
construction allows for higher outputs by using many modules con-
nected in series. The characteristics of this machine were investi-
gated thoroughly in another U.S. Government Contract (N00014-72-C-0393).

2.2.3 Summary of Accomplishments
2.2.3.0 General

The demonstratior SEGMAG machine design was constructed and tested in
January 1974. The initial series of tests was continued for 140 hours

of SEGMAG operation. Short-circuit output of 90,000 amperes and 19 volts
open-circuit was achieved. The testing validated both the SEGMAG machine
concept and the liquid metal current collector system.

e ———
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SEGMAG operation. Short-circuit output of 90,000 amperes and 19 volts
open-circuit was achieved. The testing validated both the SEGMAG
machine concept and the Tiquid metal current collector system.

As a current collector test vehicle, the performance of SEGMAG was
excellent. The following objectives were accomplished:

e Techniques for filling the collectors were evaluated.
e Methods of detecting a filled collector were determined.
e High purity of both NaK and cover gas was maintained.

e Current collector filling was maintained, even in the presence of
radial magnetic fields and high load currents.

e Liquid metal leakage from the current collectors was minimal except at
highest open circuit excitation.

e The small NaK spillage that did occur was handled without difficulty,
and without creating internal short circuits.

e Calculated viscous and eddy current losses were experimentally
confirmed.

Following the test run the machine was disassembled and inspected.
Decontamination was rapid and straightforward.

Several modifications were undertaken including:
e Insulation in the collector region to improve NaK containment.

e A strain gauge system on the rotor shaft to improve torque and power
measurements.

e The air gap geometry was modified in order to reduce parasitic losses,
and

e The current collectors were silver plated to enhance wetting.

The machine was then assembled and installed on the test stand, and the
second test series was initiated in early 1975.

The tests for friction, windage, and NaK viscous loss were repeated for
comparison with previous measurements. Series open-circuit and short-
circuit tests were then performed with these favorable results:

¢ Successful operation of SEGMAG and auxiliary machine systems at or near

rated design conditions for extended periods. Total running time 215
hours.
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e Peak power demonstration of 107,000 amperes and 20.8 volts,
corresponding to a rating of 2983 horsepower (versus a program target
Tevel of 3000 horsepower).

e Verification that steady state power levels of 90,000 amperes and 20
volts can be maintained, corresponding to a 2413 horsepower rating.

e Machine efficiency of 92.5%.

e Demonstration that these performance levels are primarily restricted
by the capability of the present collector design to confine NaK
against the magnetohydrodynamic ejection forces and to operate with
low contact resistance.

e Identification of design improvements capable of producing 93,300
amperes at 30 volts (power rating = 3750 horsepower) with 97%
efficiency within the volume of the present machine.

e Verification that the technology base developed earlier in the program
could be successfully implemented in an operating machine.

2.2.3.1 General Design Considerations

The SEGMAG concept! is shown in Fig. 2.2.1 and 2.2.2. The field

excitation for the machine is distributed or segmented along the axial length
of the machine. This design produces flux in the air gap between magnets
that alternate from radially inward to radially outward along the length

of the machine. Voltage is generated in bars embedded in the rotor. The
voltages of the rotor bars are connected in series so that the total machine
voltage is equal to the voltage in each section or module times the number
of modules. In order to minimize excitation requirements, a low reluc-
tance path is provided in each module. This is accomplished by using mag-
netic teeth between bars in the active length of the stator and rotor and
minimizing air gaps in the machine. This design requires therefore con-
ductors mounted in magnetic teeth in the rotor and stator.

One of the most critical areas of design in homopolar machines is that
of the current collector. These machines typically operate at low voltage
and high current. This necessitates a current collector capable of
carrying high currents from the rotor to the stator. If conventional
brush slip ring configurations were used, the machine size and weight would
be very high to accommodate the necessary brush gear and slip rings. In
« applications requiring high power densities, this would be undesirable. To
reduce the size of the current collection system, liquid metal current
s collectors were developed and full sized prototypes were tested for this
> machine as part of the overall program.? The collector system consisted
of a thin annulus of 1iquid metal retained in the current collection area
as shown in Fig. 2.2.3. The high current density achievable in such devices
- permitted reduction in machine size and weight over machines with conventional
brush gear.

-
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Fig. 2.2.3: Typical current collector.

The Tiquid metal chosen was NaK-78, an Eutectic alloy of sodium and
potassium. This 1liquid metal was chosen because its conductivity and
viscosity were acceptable from the standpoint of joule heating and

viscous power losses for machines of this type. The losses in the current
collectors, which are an important factor in machine efficiency, can be
divided into three categories; viscous, MHD and joule losses.? The
viscous losses are due to the fluid shear stress developed in the liquid
metal due to the velocity gradient. The MHD losses are due to velocity
changes due to the interaction of the transport current and the leakage
flux through the collector and due to voltage gradients across the col-
lector width as shown in Fig. 2.2.4. Axial flux leakage interacts with
the transport current in the collector producing a body force that accel-
erates the liquid metal thus increasing the velocity gradient in the Nak.“
Radial Teakage flux produces a voltage gradient axially across the rotor
collector face, producing circulating currents and resulting in a joule
heating loss in the Tiquid metal.

In addition to the MHD losses, two undesirable effects are produced by
leakage flux in the current collector area.? Both of these effects

produce body forces that tend to expel the 1iquid metal from the collector
area. In the first effect the circumferential flux developed by the cir-
culating currents produce body forces that put the 1iquid metal in tension
thus tending to expel the NaK from each side of the collector. In addition,
the machine load current produces a circumferential flux in the active length
that interacts with the transport current to expel the liquid metal from

one side of the collector. This results in an uneven distribution of liquid
metal in the collector as shown in Fig. 2.2.5 or in an extreme case complete
expulsion.
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These effects must be minimized both from an efficiency and operational
viewpoint. They can be reduced in several ways, including shielding of
the current collector area to lower the leakage flux to an acceptable
level. This was a major design objective in the SEGMAG program

The use of NaK in a machine requires design attention to areas not
normally considered in electrical machinery. NaK reacts readily

with oxygen to form an abrasive, insulating oxide that is detrimental

to acceptable collector performance. In addition, NaK reacts with
water forming the hydroxide with the subsequent evolution of heat

and hydrogen with its attendant explosive hazard. Auxiliary systems

are required to remove these impurities and to provide an inert environ-
ment within the machine.?3

The machine power losses, both viscous losses in the collector and
joule heating losses, must be removed. The cooling system within the
machine must insure that the coolant is compatible with the liquid
metal or provide complete isolation from the machine internals to
prevent contamination. The rating of SEGMAG machines is strongly
dependent upon the cooling capability.

The design of the SEGMAG machine was based on several requirements
including:

High current density in the collectors.

High speed to duplicate tip speeds of typical full sized machines.
Modular configuration to demonstrate feasibility.

Segmented excitation coils to duplicate flux paths.

To satisfy these requirements, a machine rating of 3000 hp with rated
current of 100,000 amps and 24 volts at 3600 rpm was chosen. The

machine would consist of one center module and two end modules

with two excitation coils. Since full scale machine studies have

shown that water cooling is essential to achieve power density objectives,
the SEGMAG prototype generator was designed for water cooling.

2.2.3.2 Mechanical Design of SEGMAG

The SEGMAG genarator shown in cross-section on Fig. 2.2.6 is composed
of four major assemblies; the rotor, the horizontally-split stator, the
end-flange/bearing-housing assemblies, and the excitation coils. Since
the two excitation coils are not split, these are positioned on the
rotor prior to installation of the rotor, and subsequent assembly of
the split-stator halves.

The SEGMAG machine, shown in Fig. 2.2.7 with the stator upper half
removed, consists of one center module and two end modules. The end
modules are half the center module Tength.
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Fig. 2.2.7: SEGMAG with top half of stator removed, showing field
excitation coils.

; L3
|
¢ Fig. 2.2.8: Close-up of Fig. 2.2.7 showing SEGMAG current collector |

At
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The center module of the rotor is integral with the rotor shaft and a
cylindrical half-length module is shrunk onto each end of the rotor shaft.
Within the outer iron shell of the housing, four similar stator half-
modules are installed, with the two in the center corresponding to the
one central rotor module. Each cylindrical stator module, which is
split along the horizontal centerline, has lead plates which extend from
one end, and a collector well embedded in the iron at the other end.

The leads extend through both sides of the machine to improve electrical
symmetry. An additional collector well, with attached leads, is
positioned at each end of the machine to complete the electrical circuit
for the end-modules.

Each module of the rotor or stator consists of a copper "squirrel-cage"
assembly of conductor bars joined to two collector rings for the rotor
or a collector ring (well) and lead plates for the stator. The squirrel-
cage assemblies are brazed in position after installation around the mag-
netic iron of the module. The copper conductors and end-rings were

not insulated from their adjacent iron segments, in either the rotor or
the stator. This permitted insulation to be applied after the braze
cycle was completed, and subsequent machining of the active length (along
the machine gap) did not affect the insulation integrity.

The stator modules (including leads) and the inside surfaces of the

iron housing were insulated by electro-static application of epoxy
insulation prior to assembly. Three insulated bolts were used to position
each module in the housing as it was cemented in place. Since the

torque of the rotor end-modules was transmitted through the insulation

gap, a more rugged insulation was employed in that area. A 0.002-0.005

in. thick coating of flame-sprayed alumina was applied to the bore of the
end-module and the mating OD of the rotor and this was sealed with a thin
epoxy coating. The shrink-fit interference of about 0.008 in. (diametral)
was adequate to assure three times the rated module torque, even if the
average module temperature were to rise about 150°F higher than that of

the rotor shaft. Sample assemblies were used to demonstrate the capability
of the flame-sprayed coating to withstand the pressure of the shrink-fit
without damage. Final machining of the rotor assembly assured ccncentri-
city of the active length and collector periphery, to the bearing shaft
locations. The active lengths of the rotor were sealed with a 0.005 in.
layer of insulating epoxy paint to prevent penetration of liquid metal into
spaces between the conductor bars and the slots in the iron. This made
decontamination easier, during disassembly, and also provided electrical
insulation of the rotor surface.

Circularity of the stator bore was also achieved through final machining,
following installation of the stator modules and assembly of the upper and
lower halves. A coating of epoxy paint was used to seal and insulate

the stator bore. Transverse and vertical positioning of the rotor in the
stator bore was accomplished by jack-screws, at each end, between the
stator housing and the end-flange/bearing-housing assembly. The trans-
verse positioning was completed prior to installation of the upper stator
half, based upon measurements taken along the horizontal split, of the
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lower half, with the rotor in piace. Final vertical positioning by
the jack screws was checked through specially enlarged gas inlet ports
which permitted feeler gages to be inserted at the rotor/stator gap,
at the top and bottom vertical centerline. Thus, accurate centering
of the rotor in the stator was achieved.

The drive-end bearing was axially fixed in both the rotor and stator,

and its position was shimmed to insure axial gaps of the rotor col-
lectors in the stator wells, prior to installation of the upper stator
half. The second bearing was tied to the rotor but was free to slide
against a pre-load spring relative to the stator to accommodate relative
axial expansion. Deep-grooved ball bearings were used with phenolic cages
and grease packing. To prevent electrical current flow through the
bearings, the bearing housing was insulated from the end-flange by a
Micarta sleeve. The bearing housing was fabricated from non-magnetic
stainless steel to minimize leakage flux in the vicinity of the bearings.
To maintain separation between the bearing lubricant and the liquid metal,
the bearings were located outside of the primary containment shaft seals
which were dual, or tandem, segmented radial seals, with pressurized inert ,
buffer gas fed into the center of each seal. A small leakage (2 SCFH) of 3
this gas flows from the seal into and out of the machine. A stainless
steel shield, which projects axially into a groove in the end of the
rotor, protects each seal from direct impingement of any liquid metal
droplets that might enter this area of the machine.

The primary closure sealing surfaces were those along the Tinear horizontal
flange and at the circular joints between the stator and the two end-
flanges. As shown in Fig. 2.2.8 a double "0"-ring seal of Buna-"N"
material was used to assure reliability. A plenum region between the
two "0"-rings was pressurized with the inert cover gas at 2-3 1b/in?
above the internal cover gas pressure of the machine. Thus, any defect
in the seal would result only in buffer cover gas leakage into or out
of the machine, and the possibility of air leakage into the machine was
minimized. The end of each linear horizontal "0"-ring was bonded to
the mating circular "0"-ring in the end-flange, with silicone rubber
cement. The sealed housing assembly was designed to contain a fault
gas pressure rise of at least 100 1b/inZ2.

The squirrel-cage conductor assemblies of the rotor consisting of two
collector rings joined by 69 conductor bars were designed to be self-
supporting under rotational loading. A portion of each 1.75 in. deep
conductor bar was extended axially under the coliector rings to provide
mechanical constraint as a back-up for the braze shear strength. The
braze area was about seven times the cross-sectional area of the bar, to
assure adequate joint conductivity even with a partially effective braze
joint. The central module conductor bars were 0.156 in. thick and 7.78 in.
long between collector rings. A 0.3% Cr/0.3% Cd copper alloy was selected
as the conductor bar material to improve post-braze strength and creep
resistance over that for 0.F.H.C. copper. T!'2 collector rings were
machined from forgings of 0.1% Cr/0.15% Zr copper alloy. At design
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operating conditions, the maximum centrifugal force-induced radial
growth of the bars, at the band, was calculated to be about 0.004 in.
Since the rotor assembly was quite rigid, bearing support stiffness was
! found to be a significant factor in determining the calculated critical
speed, which was found to be greater than 12,000 rpm.

The need for liquid metal recirculation, machine cooling, cover gas
circulation, and magnetic excitation, results in a large number of
penetrations of the sealed machine. The two drain channels which surround
each collector are joined internally, resuiting in one NaK supply and one
drain line penetration for each of the six collectors. A circulation of
cover gas is introduced at two circumferential Tlocations at the center of
each three-inch active length (a total of eight inlet points), and is
removed through the Tiquid metal drain lines. Additional inlet and

exit ports are provided in the end flanges to sweep cover gas through each
end of the machine.

There are three major sources of power losses in a SEGMAG homopolar

machine: 1) the electrical losses in the conductors; 2) the viscous and
electrical losses in the liquid metal current collectors; 3) the eddy
current losses in the iron. The heat generated by these losses was

removed by water, with all coolant flow through the machine contained within
stainless steel channels. Figures 2.2.7 and 2.2.8 show the stainless

steel coolant tubes brazed in the collector well and lead of a stator
module half. No coolant tube was used in the two ccllectors at the ends .
of the machine, since no stator conductor bars were attached to these,

and the lead coolant flow tube alone was adequate. No additional pene-
trations were required for the lead cooling tubes, since they were carried
through the housing with the lead penetrations. However, it was necessary
to slot the housing along the horizontal flange at both sides of each
stator collector half to permit the cooling tube penetration. These slots
were filled with epoxy after installation of the stator modules.

; Owing to the modular design, each half-module of the machine consisting

} of a collector, a cooling tube, and one half of the rotor and stator bars

; in a module could be treated as a unit identical in electrical and thermal

E. performance to the others. A schematic drawing of one such unit is shown

| in Fig. 2.2.9. Figure 2.2.10 shows the thermal model of a half-module
where the geometry has been simplified to a single spatial dimension, x.
Assuming that the tangential temperature distribution is negligible, the

% temperature history along the current path, x, may be determined. The
conductor temperature is governed by the differential equation,

2 cee g
T ya, L (2.2.1)
d 2 k  kAg
X
{1
ii where: T(x) - t(x) - t;
; ‘ t(x) is the conductor temperature at x,
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t, is the conductor temperature at the module center of symmetry,

q is the rate of iron loss per half-module.

The conductor heat generation rate q is given by
Q" = 2%, (1) (2.2.2)

where: J is the conductor current density,
Pe is the electrical resistivity of the conductors.

Solution of Equation 2.2.1 with a zero temperature gradient at x = ¢
yields,

é1

t, -t = - E?'(] - cos /€ 2.) (2.2.3)
i kAr¢’1 L
g = sin /g &, (2.2.4)
3
where:
q1 dl
s W et (2.2.5)
. e r r
q
¢ =0 (2.2.6)

o is the temperature coefficient of electrical resistivity, Pa
‘3, has been evaluated at temperature, t;,

L is the equivalent length of rotor conductors,

Ar is the cross-sectional area of the rotor conduc*or,

dr is the rate of heat from the rotor conductors at the collector surface.
A similar set of equations is ued for the stator conductors.

The viscous loss in the collector, Pc’ was calculated assuming fully
turbulent flow

P = g ToVIA, (2.2.7)

where: f is the Fanning friction factor.
o is the liquid metal (NaK-78) density,
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t; is the conductor temperature at the module center of symmetry,
q is the rate of iron loss per half-module.

The conductor heat generation rate q is given by
§ = 9% (t) (2.2.2)

where: J is the conductor current density,
Pe 1s the electrical resistivity of the conductors.

Solution of Equation 2.2.1 with a zero temperature gradient at x = g
yields,

2=t = - 5-:—- (1 - cos .E;'s.r) (2.2.3)
= ¢
Q- ------------.A‘;:;l sin &1—1'. (2.2.4)
where:
3 ® “:"i“ + l%:]: (2.2.5)
c = ~[— (2.2.6)

a is the temperature coefficient of electrical resistivity, o gs
‘q; has been evaluated at temperature, t;,
L, is the equivalent length of rotor conductors,

A is the cross-sectional area of the rotor conductor,

q is the rate of heat from the rotor conductors at the collector surface.

A similar set of equations is ued for the stator conductors.

The viscous loss in the collector, Pc. was calculated assuming fully
turbulent flow

- § foVA, (2.2.7)

where: f is the Fanning friction factor.
o is the liquid metal (Nak-78) density,
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3 V, 1s the collector surface velocity,
E AC is the collector area.
3 The collector ohmic loss, Pe’ is given by
!"’ = J2
Py J dpe (2.2.8)

Modifications of Equation 2.2.7 for operation under magnetic fields was
based on the work of Rhodenizer."

The heat transfer coefficient, h, for the collector surfaces was calculated
from Seban's> equation for small gaps.

hd _ 0.8
E;-— 5.8 + 0.02 (Repr) > Re > 10,000 (2.2.9)

where: d is the collector gap
k_ is the liquid metal thermal conductivity

e
Pr is the Prandtl number.

Vod
Re e (2.2.10)
4 ; 1 fe ot -
T v is the kinematic viscosity.
: Then
* tg - € = qr/thC (2.2.11)
tc -ty = (qr + Pc + Pe)/hmAC (2.2.12)

where: t_ is the mean liquid metal temperature.

_ (o
» hf and h_ are calculated from Equation 2.2.9 for the fixed and

;; M the rotating walls of the collector respectively.
i The collector ring which contains the ccoling channel was approximated
9 by a hollow cylinder of cross-sectional area equal to that of the ring.

The rate of heat generation in the ring and the temperature gradient

to the cooling channel could then be calculated by standard methods. The
water temperature rise was obtained from an energy balance on the coolant.
Thus given the water inlet and the maximum allowable conductor temperature,
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t , the problem could be set up to yield either the required water
flow rate and the current, I, for a given geometry and rotor rpm or the
geometrical values for a fixed water flow rate and output current.

The excitation coil was wound using Mylar-wrapped hollow copper conductor
with a 0.410 square 0D, two layers wide and six layers in the radial direc-
tion as shown in Fig. 2.2.11. The coil was enclosed in a stainless

steel housing which was then welded and finish-machined to provide a
second barrier to water leakage from the conductor bore, in the event of
an accident. A collar which projected from the housing, surrounding the
coil leads, penetrated the upper stator half at the top vertical center-
line, and a seal was installed between the stator OD and the coil collar
after assembly of the machine.

Collectors

The rotor collector was simply a 0.500 in. wide, 0.500 in. radial

projection from each "squirrel-cage" end-ring (see Fig. 2.2.8). The
corresponding stator collector well provided a 0.06 in. gap for the liquid
metal, both axially and radially. To achieve accurate alignment between

all six rotor collectors and their corresponding stator wells, these

were machined after permanently fixing the modules in position. The
circulating NaK was introduced tangentially to the annular radial gap and
was removed by overflow into one of the labyrinth seals (shown in Fig.
2.2.8) on either side of the collector, and then drained through the annular
channel behind each labyrinth. Additional drains were provided between
stator modules along the active length of the machine, and at the excitation
coil wells, to remove any accumuiation of NaK aerosol or droplets that
escaped the labyrinth seal.

Following the fabrication and assembly of the SEGMAG generator, the machine
was no-load tested at the Westinghouse Research Center to determine
machine performance characteristics and to demonstrate successful col-
lector performance in a machine environment.

The SEGMAG machine and the test facility is shown in Figs. 2.2.12 and
2.2.13. The drive motor is a 150 hp, 1800 rpm wound-rotor induction
motor with variable external resistance for speed control. A 2.2 to 1
gear box is also provided to achieve the design speed of 3600 rpm. The
150 hp rating of the test stand is sufficient to offset no-load losses
encountered during the test program. The test facility is also equipped
with auxiliary systems to provide cooling water, inert cover gas, field
excitation and to process the NaK for the collectors.3

The cooling water system provides coolant for the current collectors,
leads, excitation coils and during short circuit tests, the calibrated shunts.
The system is a recirculation-type providing inlet coolant temperatures

of 25°-85°C. The cooling water system has flow balance provisions to

adjust the flow in each of the coolant passages. The system is instrumented
to measure coolant flow, pressure drop, and inlet and outlet temperatures.
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An electrical break must be provided between the machine and cooling
water system since the cooling coils in the machine are at machine potential.

The inert cover gas system provides high purity dry nitrogen gas to the
machine internals. The gas is injected into the machine at the end

bell cavity, between the dual shaft seals and into the air gap between
each pair of collectors. The cover gas leaves the machine through

the Tiquid metal system, from the end bell cavity and by leakage through
the shaft seal into the bearing cavity. The gas purification loop 3
removes moisture and oxygen from the gas extracted from the end-bell ,
cavity. Makeup gas is provided to offset leakage through the shaft
seais. The water vapor and oxygen content of the purification gas is
continuously monitored and maintained below 1 ppm. Instrumentation is
provided to monitor flow rates, pressures and temperatures in critical
portions of the system.

The field excitation is provided by a motor generator set capable of
providing 1500 amperes at 70 volts. This system is also provided with
instrumentation required to control the field excitation during open
circuit testing. For short circuit testing an auxiliary 30-amp power
supply was available.

The NaK supply system provided several functions. The injection pressure
was provided by a canned motor centrifugal vane pump. An MHD flow measur-
ing device was used while flow control was achieved by throttle valves

! in the collector supply line and bypass piping. A sump was used on the

‘ current collector exit Tine to provide an adequate NaK reservoir during
the test. This sump was also a place for the NaK oxides formed in the
machine to separate from the clean NaK which was re-injected into the
current collectors. A cold-trap and strainer was used to precipitate
oxides and to remove particulate matter from the liquid metal prior to
injection into the current collector. Instrumentation was provided to
monitor NaK flow, temperature, inlet pressure and sump level during the
machine test.

Instrumentation was provided to measure critical machine parameters during
the test. Included were current collector temperatures, seal temperatures,
bearing temperatures, bearing housing vibrations, rotor speed, and machine
F i voltages. Calculated shunts were used during short circuit tests. These

shunts were instrumented to measure shunt voltage drop and temperature to
E 3. insure an accurate measurement of current. Four watt meters were used to
[ 4 measure the power in the three-phase stator and rotor circuit to determine
8.3 total input power.

The machine was no-load tested in accordance with a test plan to determine:
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Machine open circuit and short circuit performance.
Machine losses.

Current collector performance.

Mechanical performance of critical components.

The test plan consisted of the following tests to achieve these
objectives.

The machine was operated at various speeds (to 3900 rpm) to determine
rotor performance, machine vibrations and to run-in the shaft seals. The
power input to the drive motor was used to determine the friction and wind-
age losses as a function of machine speed.

The viscous losses associated with the NaK in the current collectors was
measured by injecting NaK into individual collectors and measuring the
change in drive motor input power. This test provided a means to develop
operating procedures for the current collectors and to compare collector
losses and performance with previous tests performed on full-scale
mockups.

The open circuit test was designed to experimentally investigate three
areas; open circuit voltage developed, MHD losses due to leakage fluxes

in the collector and to investigate the expelling force due to eddy
currents. The machine is connected in series and operated at various speeds
and excitation, to design voltage and speed. Data was taken to determine
the machine voltage, input power, and the current performance.

The short circuit test has a two-fold purpose; first to determine the joule
losses in the machine at full rated current and to evaluate the expelling
effect due to the load current. The power modules were shorted with
calibrated water cooling shunts. Each of the shunts was instrumented to
measure the shunt voltage drop and temperature. The machine was run at
various load currents up to rated, with data recorded to measure input
power and collector performance.

The SEGMAG generator was no-load tested to full open circuit voltage

of 20.4 volts and stable short circuit current of 90,000 amperes at

3600 rpm. During these tests, data were taken to determine power losses,
collector performance and mechanical performance of the machine.

The resulting SEGMAG friction and windage and current collector viscous
losses are shown in Fig. 2.2.14. As seen, 92% of these losses are current
collector viscous losses. The losses measured on SEGMAG correlated well
with theoretical values and with test data obtained from full scale mockup
testing of an identical current collector. This indicates that the opera-
tion within the machine environment has not seriously effected the hydrau-
lic characteristics developed during prototype tests.

The results of the series open circuit tests are shown in Fig. 2.2.15,
showing series connected open circuit voltage as a function of field
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Fig. 2.2.16: Losses in SEGMAG due to short circuit current.

excitation current. As seen, full voltage of 20.4 volts was achieved with
saturation effects becoming significant at 14 volts. Due to the limited
choice of discrete speeds for the induction motor, the speed varied from
3400 to 3650 rpm requiring that all paoints be linearly adjusted for 3600
rpm.

There were two types of short circuit tests run; in the first, the center
module was shorted and the end modules left open, and in the other the end
modules were shorted and the center module left open. A1l three modules
were not successfully tested simultaneously due to the difficulty in
canceling the residual magnetism in the three modules using two excitation
coils. Although a demagnetization of the machine was attempted following
the open circuit test, there was still sufficient residual magnetism in
the machine to circulate 50,000 to 100,000 amperes in the shorted condition.
Due to the extremely low internal impedance of the SEGMAG, it takes an mmf
to equivalent of only a few hundred ampere-turns to circulate these high
currents, compared to the 22,000 ampere-turns reached during open circuit
testing.

The power loss measured during the short circuit is shown in Fig. 2.2.16
as a function of load current. An analysis of these losses shows they
are a function of the load current squared.

The current collectors were continuously monitored during the test
program to insure proper performance. Complete filling of the current
collector was deemed necessary for proper operation. Filling of the
current collectors could be confirmed by observing collector temperatures,
the machine power loss and the NaK inlet pressure. Prototype tests have

11 2-35




1

oo oR

LU

s

E.M. 4883

shown that NaK inlet pressure would decrease when the collector was filled
due to the pumping action of the current collector. These tests also
showed that collector temperatures must be maintained at 75°C or higher
for proper operation which is higher than initial design value of
50°-60°C.

During open circuit testing, an increase in NaK inlet pressure was
noted at 20 volts indicating that the eddy currents generated due to
radial flux leakage was tending to expel the liquid metal from the
collector. No expulsion was encountered since drains located on either
side of the collectors did not gather any liquid metal.

During short circuit tests, expulsion was again encountered at 110,000
amperes. However, the rise in inlet pressure was not accompanied by
loss of NaK into the machine drains indicating possible fragmentation in
the collector without gross loss.

. = o . i —

In general, the current collectors performed satisfactorily during all
phases of the program. Retention of NaK in the collector annulus could be
maintained without significant leakage at speeds as Tow as 600 rpm. The
dropout speed, or speed at which the centrifugal forces cannot retain

the liquid metal in the collector, could not be determined since the
lowest drive motor speed achievable was 600 rpm.

The losses from the open circuit and short circuit tests have been
analyzed and related to full load operation as defined by current
capability (2412 hp) demonstrated by test, to full load operation using
design changes (3000 hp). These losses are shown below. They have been
used to compute the machine efficiencies derived from the losses, and to
compare the most recent projection of design efficiency for various
machines.

The losses measured during machine testing varied from the design objective
for several reasons, which are discussed below:

e Winding Joule Losses. As a result of the high collector temperatures |
required for successful NaK containment, the overall average winding ;
temperatures are increased by approximately 50°C. This results in
extra losses due to winding temperature coefficient of approximately
20% or 10.71 kW or 0.56% in machine efficiency.

® Collector Losses. Viscous and radial field losses are higher than those
measured during prototype testing. These differences result from the
machine environment, and from collector modifications to improve NaK
confinement within the machine at very high currents. The 10ss increase
in this area amounts to 6 kW or 0.3% in machine efficiency.

In the very early stages of the program, contact resistance was con-
sidered to be negligible. Experimental work on this program yielded
contact resistance levels under ideal conditions equivalent to 6.3 kW.
The loss derived from the steady stage 90,000 ampere test was on the
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order of 21 kW, which represents an efficiency penalty of 1.0%.

However, since it is expected that the lower level can be achieved in
the current machine, a range of machine loss and efficiency quantities
is presented in Table 2.2.1.

TABLE 2.2.1
EFFICIENCY TABULATION

Design Design Recent Test Present Design
Objective Data Capability
3000HP 20V, 90,000A 24\, 93,300A
Loss KW 2400HP 3000HP
Winding Joule 49.2 60.2 49.3
Collector 32.1 50.7-45.4 30.0
Mechanical Friction 2.6 2.0 2.0
and Windage
Parasitic-Eddy Small 6.7 1.0
Current
Total 83.9 119.6-114.3 82.3
Rating-KW 2240 1800.0 2240.0
Input 2324 1920-1914 2322
Efficiency 96.4% 93.8-94.0 96.5

e Parasitic Losses.

These losses which are due to eddy currents and flux
pulsations in the armature windings were considered small at the design

stage. However, tests indicate that these losses are 6.7 kW or 0.3%
in terms of efficiency.

The ultimate capability of the SEGMAG machine subject to certain modifications
This 3000 hp machine will have an efficiency
These modifications will reflect

is presented in the tabulation.
about the same as originally projected.
current parallel efforts in the current collection program.
directed at achieving the projected machine rating at the efficiency objec-

tive, and at the same time simplifying the auxiliary systems.

The mechanical performance of the SEGMAG machine can be divided into three

critical areas; rotor characteristics, seal performance and bearing

performance.
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The SEGMAG rotor was balanced on its support bearings to zero imbalance

in two planes at 300 rpm to insure stable operation. The performance of
the rotor in the machine was determined by operating the machine at
various speeds up to 3980 rpm and monitoring bearing vibration and

power losses. At design operating speed of 3600 rpm the bearing vibration
varied from 1.5 to 2.2 mils. This level of vibration is acceptable for

a machine of SEGMAG's weight and speed.

The seals performed well over the entire test program. The seal temperature,
leakage and running sound were monitored during the performance test program.
Seal temperature remained in the range of 45°-85°C during the test which is
normal for these units. Measured seal leakage rates varied from 1 to 2 SCFH
which is also acceptable. The running sounds of both seals were determined
using a machinery stethoscope indicating no significant change over the

test period. Some leakage of NaK into the end bell region was detected
during the test program. The presence of this leakage did not affect seal
performance. Final evaluation of seal performance will be established when
the machine is disassembled and seal wear is determined.

The bearings performed adequately over the test period. Bearing temperatures
remained well within operating temperatures of 50°-100°C indicating accep-
table performance. The bearing running sounds were monitored during the

test and no significant change was noted. The final evaluation will be per-
formed when SEGMAG is disassembled and the bearings can be inspected.

2.2.4 Conclusions

The results of the tests performed on SEGMAG indicate that a machine of

this type is feasible and will deliver high current-low voltage power with
high machine efficiency. The program has also shown that the current col-
lectors can be operated stably in a machine environment with properly
designed support systems. The mechanical components showed no signs of fail-
ure during the program.

The test program has also defined several technical problems that must be
considered including:

o Current collector critical temperature.
e Contact resistance in the collectors.
e Parasitic losses in the machine.

Additional work is required to fully understand these areas so that they
will have minimum impact on machine performance and efficiency.
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