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ABSTRACT

his program is for the research and development of a new mechanical power trans-

mission concept: the segmented magnet homopolar torque conve ter.
this device is to convert unidirectional torque of constant speed (s

The purpose of
uch as from a

steam turbine prime mover) into variable speed output torque in either the forward

or reverse directions.

The concept offers an efficient, lightweight low volume

design with potential application over a wide range of sp

eeds and power ratings in

the range from hundreds to tens of thousands of horsepower.
can be applied to commercial and military advanced concept ve

This machine concept
hicles for both

terrain and marine environments.

The program places particular emphasis on the technology of liquid metal current col-
lection systems for the reason this is essential for the success of the homopolar
machine concept.

In Phase [ the technical problems were reviewed, the machine concepts were studied,
and a detailed technical plan was evolved for tne entire program. In Phase II,
theoretical, engineering, and experimental tasks were performed to develop a reliable
constant speed current collection system which was demonstrated in an actual segmented
magnet homopolar generator (SEGMAG). The objectives of Phase I1I are to extend the
technology developed in Phase II for constant speed machines to the case of the torque
converter which must operate at variable and reversing speeds.

R

This report period encompasses a portion of the work performed during Phase III.
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SECTION 1
INTRODUCTION AND SUMMARY

1.0 GENERAL

This is the sixth semi-annual technical report and covers the work
performed from December 1, 19/4 through May 31, 1975. During this period,
Phase I1l was continued in accordance with te agreed plan.

1.1 BACKGROUND

This program is for the research and development of a Westinghouse-
proposed mechanical power transmission concept: the segmented magnet
homopolar 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,
light-weight Tow volume design with potential application over a wide
"ange of speeds and power ratings in the range from hundreds to tens
of thousands of horsepower. Injtial 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, pro-
vided the complex current collection, liquid metal technology, 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 (SMATC). This
program will: 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 will place particular emphasis on the materials technology
of Tiquid metal current collection systems for the reason that this is
essential to the success of the homepolar machine concept for high
power density applications.

1.2 OBJECTIVES

1.2.1 Summary of Objectives

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

were reviewed, the machinery concepts studied, and a detailed technical
pln was evolved for Phase I!.

1-1
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Fhase 11 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 1iquid metal handling
and purification, cover gas purity maintenance, and shaft seals; and
(b) the procurement and testing of a GEC L*d. homopolar generator with
its Gallium-Indium (Galn) current collector vystem.

The objectives of Phase 11l are 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 conditions, and then to construct and test a demonstration
machine.

1.2.2 Summary of Technical Tasks

The technical subtasks for Phase I were described in detail in the
first semi-annual technical report (E.M. 4471), and were as follows:

1) Segmented magnet homopolar torque converter (SMHTC) system
studies.

2) Application study.
3) Liquid metal current collection systems.
4) Materials study.
5) Segmented magnet homopolar machire design.
6) Seal study.
7) Plan for phase II.

There were five major task areas under Phase II:

(1) Machine Design and Testing

Construct a 3000 HP segmented magnet homopolar machine in order to prove
the SEGMAG concept and to provide a test vehicle for the current collectors,
seals, and materials which were developed under this program.

Obtain a homopolar generator from the General Electric Co. (GEC) of England
in order to obtain operaticnal experience with Galn as a current collector
Tiquid.

1-2
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(2) Application Studies

Select the most useful applications for segmented magnet homopolar machines
or torgue converters.

(3) Current Collection Development

Evolve an effective liquid metal current collection system.

(4) Liquid Metal Support Systems

Develop and fabricate liquid metal and cover gas recirculation systems
to protect the liquid metal in the current collectors.

Study the compatibility of all machine materials (insulation, lubricants
and structural materials) with the liquid metal current collection fluid.

Conduct a fundamental study of liquid metal technology, including surface
wetting, aerosol formation, corrosion reactions, effect of high currents,
and chemistry control in liquid metals.

(5) Seal Study

Develop seal systems for unidirectional SEGMAG machines to: (a) confine
the liquid metal to the collector zone; and (b) prevent air contamination of
the Tiquid metal and loss of ijts protective cover gas atmosphere.

To implement the Phase 111 contructual workscope, the following task areas
have been defined:

(1) Machine Design and Testing

SEGMAG demonstration machine development and testing will continue, with

the objective of further increasing output power and refining current
collector technology.

GEC machine performance will be studied to evaluate Galn current collection
technology.

Torque converter. A conceptual design will be evolved for a prototype torque
converter suitable for a military application.

(2) Current Collection Development

The unidirectional SEGMAG current collectors of Phase Il will be further
refined and extended to higher speed applications. In addition, collectors
suitable for reversible and variable sheed applications will be developed.
The work falls into five categories:

1-3
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a) SEGMAG Collectors (67 m/s speed), unidirectional constant speed.
b) High Speed Collectors (96 m/s), unidirectional constant speed.
c) Flooded Collectors, for reversing and variable speed, which
offer the advantages of design simplicity, and ease of liquid metal
containment.

d) Unflooded collectors, for reversing and variable speed, which
have the highest efficiency, but difficult containment problems.

e) Hybrid collectors, for reversing and variable speed, which
combine the advantages of liquid metal and solid brushes.

(3) Liquid Metal Support Systems

The SEGMAG 1iquid metal system will be further developed and simplified.
Support systems will be developed for use in torque converter and motor
applications where reversible and variable speeds are encountered. Galn
technology studies will be pursued with respect to machine requirements .

(4) Seal Study

The seal technology of Phases I and II will be extended to higher speed
unidirectional applications. In addition seals for reversible and
variable speed applications will be developed, as required for motors

and torque converters.

1.3 SUMMARY OF CURRENT PROGRESS

1.3.1 Machine Design and Testing

1.3.1.1 Segmented Magnet Homopolar Generator (SEGMAG)

Based upon analysis of the initial tests of the SEGMAG machine, several
minor changes were made in order to increase voltage and current output.
The machine was then reassembled and tested with favorable results.

Upon completion of thig test series, several additional modifications were
made to further improve performance, in Preparation for the next serjes of
tests scheduled for the next report period.

The SEGMAG machine is shown in Figs. 2.1.1 and 2.1.2.

1.3.1.2 GEC Machine

No work was scheduled for this report period.

1-4
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1.3.1.3 Torque Converter

A conceptual design is being prepared for the 8000 Hp torque converter
of the SEGMAG type.

in addition, a conceptual study of a large (40,000 HP) DISKMAG propulsion
motor was performed. However, the inherent low efficiency of this DISKMAG
type of machine precludes its use in the applications of interest. Thus,
the focus of the conceptual design study will in the future be concentrated
on the SEGMAG (drum-type) torque conver:er configuration.

1.3.2 Application Studies

During this period, effor continued on applying the SEGMAG machine
system to tank propulsion. By electrically separating the prime mover
and the traction drive, more compact drive systems can be visualized that
do not require increasing tank armor weight. Utilizing this principle,
an improved performance tank drive system was developed.

1.3.3 Current Collection Development

Ouring this report period, the feasibility of using 1iquid metal current
collectors in homopolar machines of constant high speed (67 m/s) was
again demonstrated during retesting of the SEGMAG genarator. Improve-
ments in high speed collector performance were found during recent
experimental work with the prototypic size test rig. Preliminary analy-
tical evaluations of various types of 1iquid metal current collectors

for torque converter and motor applications were completed, as described
below.

1.3.3.1 SEGMAG Collectors

Collector performance during retesting of SEGMAG was essentially the
same as in previous runs, with one notable exception. No instability in
the annular gap NaK flow was found at 90,000 amperes (as had been pre-
viously observed), nor even to a significantly higher level of 110,000
amperes. The theoretical power loss and expulsion pressure expressions
for liquid metal current collectors of the SEGMAG type were modified

to account for solid-liquid contact resistance. Based on anticipated
levels of specific contact resistance, the SEGMAG collector design
appears to be near optimum in regard to minimum power 1oss.

1-5
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1.3.3.2 High Speed Collectors

Design work and associated drawings which encompass required modifica-
tions of the current collector test stand for future tests were completed.
Through recent experimentation, plating the solid contact surfaces with
nickel imparts very significant beneficial effects to collector per-
formance. The accruing benefits to SEGMAG type machines include improved
collector filling capability (collector Freheating is no longer required)
and lower contact resistance (higher machine efficiency).

1.3.3.3 Flooded Collectors

A study was made to determine if a "flooded gap" motor having a super-
conducting (SC) excitation magnet may offer an advantage over machines
with normal temperature (NT) winding magnets. In the analysis, a

40,000 hp SC machine was ccmpared with a previously designed 8,000 hp BiT
machine. The SC machine is heavier per unit power output, but does not
operate with higher efficiency. Based on this comparison, there does
not appear to be an advantage in the use of superconducting magnets in
"flooded gap" disk-type homopolar machines.

1.3.3.4 Unflooded Collectors

More than 25 concepts were developed for unflooded reversing current
collectors. These were evaluated with the previously defined criteria
check 1ist to determine feasibility. Three concepts were selected as
feasible and will be further developed. These include a hydrostatically-
positioned collector, a collector utilizing hydrostatically-posi‘tioned
seals, and one utilizing lip-type 0il seals. Further study is recom-
mended in the areas of electromagnetic retention and new materials
development.

1.3.3.5 Hybrid Collector

Results of a detailed analytical study of the hybrid collector are
presented. The hybrid current collector consists of a series of
"floating pads" which contain Tiquid metal and utilize inherently small
clearance with the rotor and perimeter labyrinth-buffer gas seals to
minimize 1iquid metal leakage. The study included considerations of
supporting liquid metal and gas flow system requirements, pad-rotor
hydrostatics, pad gecmetrical configuration, power losses, and liquid
metal expulsion pressures. Analytically, the hybrid collector appears
feasible. Areas for concern center around magnitude of hydrostatic
liquid metal flow, power losses, and liquid metal leakage. Additional
analytical work and an experimental program is required to resolve
these concerns.

1-6
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1.3.4 Liquid Metal Support Systems

Liquid metal support systems performance during the SEGMAG test program
was satisfactory. NaK loop, cover gas, material selections, coolant
loops, instrumentation, and current collector performance were good.

A method of utilizing a single NaK recirculation and supply loop, for 20
or more current collectors is being analyzed.

The materials compatibility study program of machine materials with Nak
and NaK decontamination products has been completed, and optimum
material selections noted.

A Ga-In technology review, including property, material compatibility,
hand1ing, maintenance, and decontamination and safety practices is
being prepared.

1.3.5 Seal Studies

No work was scheduled for this report period.

1-7
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SECTION 2

MACHINERY

2.1 SEGMENTED MAGNET HOMOPOLAR MACHINE (SEGMAG)
2.1.1 Objectives
fhe objectives af this prugram are;

1) To demonstrate the technical and economic feasibility of the
Segmented Magnet Homopolar Machine concept, which offers an
efficient, Tightweight, Tow volume design with potential appli-
cations over a wide range of speeds and power ratings.

2) To provide a test vehicle for evaluation of the current collection
systems, containment seals, and liquid metal handling systems
developed in previous subassembly testings.

The demonstration SEGMAG unit (rated 3000 HP, 3600 RPM) 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 Tiquid metal machines.

2.1.2 Prior and Related wor

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 connected in series.
The characteristics of this machine have been investigated thoroughiy
in another U.S. Government Contract (NOOO 14-72-C-0393).

The demonstration SEGMAG machine design was completed in January 1974,
Fabrication of the machine was completed in May 1974. The machine was
assembled and installed on the test stand on May 24, 1974. Following

connection of the subsystems, machine decontamination and system checkout,
the machine technology test program was initiated. The initial portions
of the test plan were executed successfully. These tests included slow
speed rotor test to insure proper assembly and high speed machire test

to develop the vibration signature of the SEGMAG. In addition, the

machine friction and windage losses were determined as a function of machine
speed.

2-1
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After disassembiy, inspection and minor modifications,
Series of tests was continued for 140 hours of SEGMAG Jperation,
Short—circuit Output of 90,000 amperes and 19 volts OPer-circuit wag

achieved. The testing validated both the SEGMAG machin concept and
the Tiquid metal current collector system.

the initial

® A strain gauge system on the rotor shaft to improve torque ang
power Measurements .

2.1.3 Current Progress

After analysis of the data from

the initia] test series several minor
changes were made as follows:

1) The ajr 9ap geometry was modified in Order to redy

Ce parasitic
losses, ang

2) The current collectors were silver plated to enhance wetting.

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

®  Successfy] operation of SEGMAG and auxiliary machine s

near rated design conditions for extended periogds .
time to date 1s 215 hours.

ystems at or
Total running

® Peak power demons tration of 107,000 anperes and 20.8 volts, corres-

ponding to g rating of 2983 horsepower (versus 3 Program target
lTevel of 3000 horsepower),

(] Verification that Steady state Power levels of 90,000 amperes and
20 volts can be maintained, corresponding to g 2413 horsepower

2-2
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Fig. 2.1.1: SEGMAG Generator - The current collector terminals are shown

in the foreground. The leads to the excitation coils are on
top.
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Fig. 2.1.2: SEGMAG Generator on its test stand - The drive system and gas
purification system are both on the right. The six NaK purifi-
cation and supply loops are below. To their right are the gas

subsystems for intercollector pressure balancing and shaft
sealing.
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® Machine efficiency of 92.57.

® Demonstration that these performance levels are primarily restricted
by the capability of the prasent collector design to confine Nak

against the magnetohydrodyramic ejection forces and to operate with
low contact resistance.

® 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.

o Verification that the technology base developed earlier in the program

could be siuccessfully implemented in an operating machine.

¢.1.3.1 Detailed Progress Report

The SEGMAG was modified to reduce parasitic losses by increasing the
radial gap and by machining circumferential grooves in the stator and
rotor active lengths. 1In addition, the current collector surfaces

were silver plated and epoxy insulation was placed on the vertical
surfaces of the collector.

Following these minor changes the machine was then re-insulated, baked,
assembled, and the performance tests were initiated in January 1975,

Before introducing Nak into the machine viscous and friction losses
were determined. Calibrations of instruments to measure shaft torque
at operating temperature were completed.

The initial tests followed the Previous test programs and consisted

of injecting NaK into each collector at zero speed to redefine operating
pirocedures for the Nak supply Toops. All NakK supply Tines were operated
for an extended period following stabilization to insure that all

oxides were removed from the 1ines and the machine internals.

Following successful conclusion of the zero speed Nak supply system
tests, the collectors were operated with the rotor rotating to develop
filling, operational and withdrawal procedures for the system. These
tests were required tu insure that the silver plating had not signifi-
cantly affected the current collector operating characteristics. FEach
collector was filled, operated and driined individually. The filled
collectors were operated at various speeds to the design speed of
3600 rpn to determine the current collector viscous losses as g
function of speed. The measured lTosses, were similar in magni tude

to those measured on the current collection test stand. Losses were
determined by measuring the power input to the test stand drive motor

and subtracting previously measured machine friction and windage
losses.
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The next series of tests entaijled operation of the machine with all
current collectors filled. The purpose of this test was to:

¢ Develop operating procedures for SEGMAG with all collectors filled.
® Develop shutdown procedures from a condition of full speed uperation.
® Measure viscous losses of the machine with all collectors functioning.

® Develop operational procedures of the test stand, SEGMAG and al]
support systems with all collectors filled.

The tests showed that all collectors could be filled and operated
successfully at various machine speeds with 1ittle or no Teakage from
the collector area. Collector leakage was measured by collecting Nak
that had accumulated in the machine drains located between collectors.
Although 1ittle or no Teakage was measured during extended constant
speed runs, some leakage was detected during machine startup and initial
current coliector filling. As operating procedures were finalized

and as personnel became familiar with the operating characteristics of
the machine and support system, the collector leakage decreased during
transient operation such as fi11ing and withdrawal.

Procedures were developed to fill the collectors with NaK, and to
maintain the filled condition with only very minute NaK spillage from

the collector area. The most successful technique was to inject Nak

at 600 RPM and then increase the speed to 3600 RPM. The collectors

were preheated to 85°C prior to filling, in accordance with operational
data developed on the current collector test stand. The flow rates

used were approximately 250 cc/min. The viscous losses in the col-
lTectors were found to be 72 kw for the machine at 3600 RPM. The increased
viscous and magnetohydrodynamic losses, compared with earlier test

stand experiments were attributed to design differences in the machine
environment.

In the open circuit test the three modules were connected in series,
with fuses utilized between modules for precection in the event of an
accidental internal short circuit. The fuses were never blown, indi-
cating that the insulation which had been applied was adequate to
prevent such shorts,

The voltage across each module was monitored, in addition to the full
machine voltage.

Two types of short circuit tests were performed. In the first, the
center module was shorted and the end modules left open. In the other
the end modules were shorted and the center module Teft open,

The maximum current achieved was 107,000 amperes with a voltage of
20.8 volts.

The collectors performed well during the steady state machine testing
at 3600 rpm. During transient operation and at low speed, some NaK
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leakage was experienced. A more detailed description of current
collector performance during the test wili be presented in Section 4.

The mechanical performance of the rotor was excellent over the entire
speed range. Vibrations were below 2 mils except at 2700 rpm where a
known frame resonance increased them to 5 mils.

Friction and windage losses were measured at various speeds to 3600 rpm
where the loss was only about 2 kw.

The cooling system with its associated pre-heaters functioned properly
to heat the current collectors above the critical temperature of

75°C prior to filling them with Nak. The collector operating tempera-
tures was 90-100°C at armature currents above 70,000 and 90,000
amperes in the center and end modules respectively, and the collector
performance was satisfactory.

The shaft seal performance was excellent during the entire program
with no evidence of wear.

The data recorded during the test Program was analyzed to determine
machine performance.

Table 2.1.1 presents a summary of the losses observed during the open
circuit, short circuit, and rotational tests of SEGMAG and compares
them with, a) the original design objective, b) the test data obtained

during the test program, and c) the capability cf the present design
with additional modifications.

The losses measured during SEGMAG testing were compared with the design
objectives as discussed below:

¢ MWinding Joule Losses. These arise from losses in the armature and
excitation winding. The collector temperature required for success-
ful NaK containment (- 75°C) was unexpectedly high, increasing the
average winding temperature by about 50°C. This resulted in
higher losses of about 10 KW (or 0.56% in machine efficiency)
because of the winding temperature coefficient. Higher than
expected stray losses, including eddy current and pulsation effects,
added an additional 10 KW. The source of these losses is now under-
stood and can be eliminated in future designs.

hydrodynami c effects, and contact resistance. Their net sum during
the test program was about 40 KW higher than expected. The increased
viscous and magnetohydrodynamic losses, compared with earlier test
stand experiments, amounted to about 19.6 KW (or 1.1% in machine
efficiency) and resulted from design differences in the machine
environment. Contact resistance loss during the steady state

90,000 ampere test totaled approximately 19 KW, which represents an
efficiency penalty of about 1.1%. Previous experimental work

o (ollector Losses. These are a result of viscous drag, magneto-
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TABLE 2.1.1 - EEﬁJQ}f@UEf;IABULAI}fH!
~_ _ Design Test Run Present Desijn
Design Data Capability
Objective 20V, 90,000A 24V, 93,300A
_Loss, KW 3000HP 2400HP 3000HP
Winding Joule 49.2 70.3 50.3
Collecter 32.1 72.4 30.0
Mechanical Friction 2.5 2.0 2.0
and Windage
Total, KW 83.9 144.7 82.3
Rating, KW 2240 1800.0 2240.0
Input, KW 2324 1945.0 2322.0 .
Efficiency, % 96.4% 92.5% 96.57 '

during this program indicates that contact resistance losses can be
limited to about 6.3 KW under ideal conditions. Additional work is
needed to reach these levels in a practical machine. Moreover, known
design changes are required to reduce the viscous and magnetohydro-
aynamic losses to expected levels.

The projected capability of the present SEGMAG machine after incor-
porating known modifications from the ongoing current collection
technology program is given in column 3 of Table 2.1.1. The projected
improvements will come mainly from:

® Reduction of current collector operating temperature.
® Elimination of stray losses.

® Reduction of viscous, magnetohydrodynamic, and contact resistance
losses.

The test program has identified several areas that require further
investigation. These are common to all homopolar machines using 1iquid
metal current collectors. Solutions have been formulated and the necessary
experimental investigations are underway :
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Current Collector Critical Temperature. All of the collectors
evaluated in this program show a critical temperature phenomenon
dire~tly linked to velocity. Below the critical temperature, the
collector is unstable, and it appears that the NaK stream is
fragmented in the collector annulus. To overcome this problem,
the collectors nust at present be preheated to 80-90°C causing
the machine cooling system to be derated.

Potential solutions include:

e Improved collector configurations to improve Nak stability at
Tow temperatures.

¢ Use of direct rotor cooling to control rotor collector
temperature and increase the machine current rating.

¢ Use of alternate cover gases or reduced pressure to reduce
gas entrainment in the NakK.

Contact Resistance. Test results have shown that the contact

resistance between the collector surface and the NaK represents an
electrical loss that can materially affect machine efficiency.

Potential solutions include:

e Better understanding of the chemical nature of the interface
in NaK current collectors.

® Reduction of outgassing from constructional materials by
alternate materials choices or by application of a sophisticated
Pre-operation outgassing procedure.

¢ Evolution of improved collector surface coatings which do not
become adversely absnrbed in the NaK.

¢ Use of chemical additives in the NaK which do not contaminate
the NaK Toop system.

3) Machine Current Collector Performance. Distinct differences were

noted between the performance of the collectors in SEGMAG and in
the testi stard - particularly the occurrence of higher viscous
Tosses and rundom instabilities in the machine which resulted in
loss of Nak from the collectors.

¢ The continuation of current collection technology development for
high speed collectors will provide for more detailed under-
standing of the collector performance, leading to substantial
improvement in NaK containment and reduction of viscous losses.

2-8
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Electrical Insulation. Very small physical defects in the insulation
on the conductors and windings, such as pinholes, resulted in shorts
and grounds when contaminated with NaK, causing some mal-operation

problems.

® C(onsiderable attention must be addressed to this problem in
future mechines so that some Nak spillage, ejection, or aerosol
can be accommodated within the machine because the content of
organic insulation must be restricted to limit the potential
effect on current collector contact resictance.

FolTowing the completion of this test series, SEGMAG was decontaminated and
inspected. Several modifications are underway in preparation for the
next series of tests scheduled for mid-1975:

Parasitic losses. The air gap was redesigned to increase the
circumferential reluctance.

Increased insulation is being provided to prevent pinhole shorts
in the machine bore.

The collector surfaces have been iickel plated to improve wetting of
the NaK. Based upon the current collector work described in

Section 4, this should eliminate the need to heat the collectors
prior to machine operation.

2-9
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2.2 GEC GENERATOR
2.2.1 Objectives

The General Electric Company, Ltd., of England has developed an
experimental homopolar generator which utilizes a Galn current collection
system. This generator employs an electrochemical purification system to
maintain the purity of the liquid metal and avoid the "black powder"
problems of previous investigators who used this metal. ARPA has approved
purchase of this generator for experimental evaluation under the contract.

quid and to supplement the main experimental
studies which will be conducted with Nak. This experience is expected

to be valuable in broadening the scope of the program beyond the alkalj
metals. The physical design of the machine and its performance will be
investigated thoroughly, and the unit may aiso be employed as a high current
dc source in the current collector test program.

2.2.2 Prior and Related Work

Liquid metal current collection systems have a high potential to
function efficiently with long, trouble free life in the face of high
electrical current loads and high rotational speeds conceived for homo-
polar machines of the advanced segmented magnet design.

Based on extensive study, Nak-78 was selected as the best Tiquid metal
for current collectors employed in the SEGMAG machine, and Galn was
selected as the alternate choice.

Since Galn has been identified as the back-up choice to NaK, the ability
to work with and study a functioning Galn unit is expected to be highly
instructional in the general sense and also to shorten any subsequent
development effort with Galn.

Based on an extensive search of the market we have concluded that the
GEC machine is the best vehicle to provide the Galn experience needed
for this program. No other Tiguid metal machine in the world, to our
knowledge has operated continuously longer than 40 hrs without mainten-
ance. Therefore, this machine, which has operated up to 1000 hours with
no problems, represents a unique development.

The GEC generator is a vertical shaft machine utilizing Galn 1iquid
metal eutectic as the slip ring contactor. The generator is rated at
16,000 amperes, 8 volts when driven at- 3400-3600 rpm. Figure 2.2.1
displays schematically the GEC generator vertical shaft concept.



E.M. 4705

The Galn purification cell was severely damaged in shipment. A replace-
ment cell was fabricated by Westinghouse using detailed drawinrys fur-
nished by GEC Company.

The GEC generator test stand was completed in Phase 1I, and the machine
was installed. The test stand is powered by a 50 HP 1750 rpm AC
machine, and a drive train provides speeds of 1800 and 3600 rpm.

Installation of the auxiliary equipment was completed, including cover gas,
cooling water, and instrumentation. The GEC machine was then successfully

tested to verify its performance and to study the Galn current collector
system. :

The following are the four basic tests performed on the GEC machine:

1) An open circuit test, to determine no-load voltage and current collec-
tion maaneto-hydrodynamic losses as a function of field current.

2) A machine short circuit test, to determine the 12R losses in the
machine.

3) A motor test, to measure the vibration levels, magnetohydrodynamic
iosses, and coastdown time.

4) An endurance test, to confirm the performance capability of the
machine and its auxiliaries over a long time period. Liquid metal

loss rate, cell performance, argon contamination and seal performance
were moni tored.

The test results obtained from this program have enalled the machine
losses to be segregated into three categories:

® Machine friction and windage losses with Galn in the collector.
® MHD losses due to leakage flux in the current collector.
® Joule heating losses due to current flow in the machine.

The viscous, friction and windage losses were determined at various
speeds and zero excitation by measuring the input power to the coupled
drive motor. The difference between this power and the uncoupled drive
motor losses at each speed determined the generator losses. The friction
and windage losses cannot be separated from the Tiquid metal viscous
iosses because gallium indium could not be completely excluded from

the collector areas during the test to measure friction and windage
losses.
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During Phase 11, the acceptance tests were successfully performed in
fngland at The General Electric Company, Ltd., and witnessed by
Westinghouse personnel. These tests consisted of open circuit, short
circuit, generator load, motor and an endurance test. The proper
operation and maintenance of the unit were also demonstrated.

Dwg. 6251496
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Fig. 2.2.1: GEC vertical shaft homopolar machine schematic
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i The MHD losses were determined during open circuit tests at various
speeds and field currents. The power 1osses increased with speed due
to viscous losses, and with excitation due to the interaction of leakage
flux with currents induced in the liquid metal of the collector. These
currents induced by the leakage flux resulted in losses that became
significant at higher speeds and excitation levels.

The 12R losses were determined by the short circuit tests. The sum of
friction, windage and viscous losses were subtracted from the power
losses measured during short circuit to determine Jjoule heating losses
in the machine. The MHD losses were neglected because of the low
machine flux during short circuit.

The Tosses measured during the test program at 3600 rpm dre:

Viscous, friction, windage 6.2 KW
MHD 1.0 KW
12R 7.0 KW
Total losses 14.2 KW

For the 100 KW GEC machine the overall calculated machine efficiency

was 85.8%. At lower speeds the efficiency rises to a level approaching
947%.

The Galn liquid metal was purified by an electrolytic regenerative cell
during the entire test. The cell perfermed well during the entire
program with no evidence of Galn contamination.

2.2.3 Current Progress

No work was scheduled on this program during this period.

.‘.....»,J
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2.3 SEGMENTED MAGNET HOMOPOLAR TORQUE CONVERTER (SMHTC)
2.3.1 Objectives

The objective of this program is 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 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 for the SMHTC, and the technical problems involved in
developing the prototype machine.

In Phase 111 a conceptual design is to be evolved for the prototype
torque converter.

2.3.2 Prior and Related Work

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. At
present, 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 | effort.

More recent studies (in Phase ITI) have shown that a rating of 8000 HP,
3600/508 RPM is typical of potential applications to small naval ship
drives,¢ and this rating was therefore chosen for the prototype torque
converter,

Previously in Phase 111, a number of 8000 hp designs for the disk-type
"flooded gap” machine (DISKMAG) were investigated.2 The power losses
and internal machine fluid pressures associated with a particular
"flooded gap" design were defined. The major areas of concern found
for the 8000 HP "f1ooded gap" design are:
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¢ Complex construction of disks to obtain magnetic circuits with low
axial and high circumferential reluctance.

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

® 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 the axial gap power
loss expression is in doubt except at low speeds.

® A need is recognized for large thrust bearings and high pressure
shaft seals to assure a fail safe machine design.

2.3.3 Current Progress

A conceptual design is being prepared for the 8000 HP torque converter
of the SEGMAG type. This machine will 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.

In addition, a conceptual study of a large (40,000 HP) DISKMAG
propulsion motor was performed. tectrical design and loss studies

were performed to develop optimum configurations for maximum efficiency
and power density.

However, the inherent Jow efficiency of this DISKMAG type of machine
precludes its use in the applications of interest. Thus, the focus of
the conceptual design study will in the future be concentrated on the
SEGMAG (drum-type) torque converter configuration.

2.3.3.1 8000 HP Torque Converter

A parametric study was done to optimize the design of the 8000 RS
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 losses than had previously
been considered. In particular, provision was made in each design
tc 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
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weight and high efficiency are not compatible; i.e., that which tends

to 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 which covered the ranges of variables defined, and

appropriate pairings of motors and generators 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/inch2 5000-10,000 Amps/inch2
Number of Modules 1-4 1-3
Number of Turns/Module 1-2 1-2
Rotor Diameter No general specification. i

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 2.3.1. The weights shown are for the electrical components of

the machines, and are not intended to represent the total weight of

complete 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 maviines.
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 2,32 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
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TABLE 2.3.1
Weights and Losses of Typical Machines
for an 8000 HP, 3600/500 RPM Torque Converter
Generators
Rated Number Turns Per Weight, Loss,
Machine No. Current-kA Modules Module Pounds Kilowatts
1-G 150 1 2 3,900 240
2-G 150 2 1 3,800 158
3-G 200 1 1 3,500 147
4-G 200 2 1 3,100 183
5-G 250 1 1 3,000 159
6-G 250 2 1 2,900 207
Motors
1-M 150 1 2 26,700 157
2-M 150 2 2 22,300 209
3-M 150 3 2 21,000 259
4-M 200 2 2 18,000 255
5-M 200 3 1 23,400 172
6-M 250 1 2 17,600 219
7-M 250 2 1 20,600 156
8-M 250 2 2 15,700 312
2-17



e e

E.M. 4705

e —————

AIUSLIT, 3

8¢ 88 00/°81 W-8 9-9
LY 69 009¢¢e W-L 9-3
ov LS 009°¢02 W-9 9-g
197 G/ 005°92 W-§ 9-v
Ly 9. 0L te W-v 9-t
Ly 89 006°1¢ W-P I=¢
4% 28 00192 W-2 e
LS 99 00§°ug W=1 9-2
sayou] sayou] Spunay 4030} 103 e43uag
"eLQ 40304 ‘y3bua tuiy  “qybiopm

Su0L3dp 43343AU0) BnbuO] WY 005/009¢ *dH 0008

2°€°2 31avl

002
002
002
051

051

‘D

Y 4-3U3a4n)
paitey

"ON
*AUQY) anbuoy

2-18




E.M. 4705

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
relationship in general, objectives were established of an efficiency

of about 947, a weight of about 20,000 pounds, and & size compatible
with a space approximately 6 feet Tong and 4 feet in diameter. Torque
converter no. 6 comes closest to meeting these objectives, and thus

was chosen for the conceptual design.

2.3.3.2 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 laroer
induction will be compensated to some extent by the reduced ohmic loss
in the disks.

The internal fluid pressures and machine power Tosses were calculated for
a disk-type “flooded gap" superconductina 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 previously studied.

A number of 40,000 hp disk-type SC "flooded gap" motor designs were
considered during th: study. The geometrical dimensions and operating

conditions for a typical design are Tisted in Table 2.3.3 and illustrated |
in Fig. 2.3.1.

A qualitative description of the fluid flow behavior in a “flooded gap"
DISKMAG machine was given in the previous Semi-Annual Report, dated |
Feb. 1975. Governing expressions which permit calculation of the machine

seal pressures, rotor beariag thrust forces, and machine power losses,

pregegted in the previous report, were again used during the current
period.

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

Table 2.3.4 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 signi-
ficantly greater than the corresponding ones previously calculated

for the 8000 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.




Dimensions and operating conditions for a typical design 40,000 hp disk-
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TABLE 2.3.3

type S.C. “flooded gap" (DISKMAG) homopolar motor
Operating Conditions

= machine rated power, 40,000 hp
= machine full-load current, 100,000A

p
I
Bxi axial magnetic induction at inner collector, 1.447
Bx
B

o - axial magnetic induction at outer collector, 1.447

Vi = radial magnetic induction at inner collector, essentially zero
Byo = radial magnetic induction at outer collector, essentially zero
w = rotor angular velocity, 18.8 rad/s (180 rpm)

Bx = axial magnetic induction in disks, 1.44T7

Geometrical Design (rectangular cross-section)

RS = shaft radius, .206m (8.11 in)

Ri = radius of inner collector, .220m (8.68 in)
RO = radius of outer collector, .675m (26.6 in)
wi = width of inner collector, .0140m (.55 in)
W, = width of outer collector, .0140m (.55 in)

d; = radial gap of inner collector, 1.27 x 10" 3 (0.05 in)

do = radial gap of outer collector, 1.27 x 10™m (0.05 in)

N = number of disks, 54

G = axial gap between rotating and stationary disks, 1.40 x 10 °n (.055 in)
R5 = outer radius of nachine, 0.95m (37.6 in)

L = machine length, 2.14m (84.3 in)

Sp = specific power = 0.63 hp/kg (0.29 hp/1b)

Constants and NaK Physical Prope-ties (~ 100°C)

f(s<1) = Fanning friction factor, smooth surface, 0.7 x 10'2
f(s>1) = Fanning friction factor, roughened surface, 1.8 x 10”2
mass density, 850 kg/m3

electrical conductivity, 2.2 x 105 mhos/m

€, = Specific contact potentia]_éCu—Nag-Cu), 4.1 x 10'9Vm2/A

n = dynamic viscosity, 5.1 x 10 N-s/m

it

P

g

2-20




E.M. 4705
Dwg 6245A37
3
1 i |_ =
Hf H5
+ | B
. B t HTF
- 1 Ij' H
(G o |- ; 0
n"“, L —h-t'y'.l -
R, d
= L1 L] L
1 |
R i

Fig. 2.3.1: Disk-type homopolar machine (DISKMAG) |
TABLE 2.3.4 l
1
|

Seal Pressure and Rotor Thrust Forces for a
Typical 40,000 hp Disk-type S.C. Motor (DISKMAG)

Seal Pressure, p . _Rotor Thrqggl_fR“__
__ Condition B N/m2 (psi) ) N (tons)
No Liquid metal flow 3.32 x 106 *481 2.06 x 106 231.7
through motor
; Liquid metal circu- P, P, 6.72 x 10°  75.5
Tation by internal

centrifugal
:I pressure**

*pressure above inlet pressure, P;

l **max. NaK flow rate (assuming no friction), 5.33 x 10°°
(0.845 gal/min)

‘ 2221

m3/sec
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Table 2.3.5 provides a comparison of calculated power losses for the
40,000 hp SC and 8000 hp NT DISKMAGS. Larger radial gap losses for
the SC machine were offset by Tower 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 losses 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

1s 0.63 hp/kg compared to 0.69 hp/kg for the 8000 hp NT design. Since
it is heavier per unit power output than the 8000 hp NT motor, but does
not operate with higher efficiency, there does not appear to be an
advantage in the use of a superconducting excitation magnet for "flooded-
gap" disk-type homopolar machines.

TABLE 2.3.5 :
Calculated Power Losses for the 40,000 hp SC and 8000 hp NT DISKMAGS

Power Loss Mode *40,000 HP Power Loss **8000 HP Power Loss

kw 2 %
Radial Gap (Prg) 424 30 : 6
Axial Gap (Pag) 597 42 42
Ohmi c (Po) 173 12 A
Machine (conductor + excitation) 237 16 4
Total 1431 100 100
% of Machine Rating 4.8 4.8 4.8

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

2.4 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
Nov. 30, 1974, Feb. 1975, E.M. 4548,
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SECTION 3
APPLICATION STUDY

3.0 OBJECTIVES

Review and select promising applications for the seqgmented magnet
homopolar machines and torque converters.

Several of the applications resulting from the Phase II application
studies will be reviewed in conjunction with ARPA, and the most useful
application will be selected.

3.1 PRIOR AND RELATED WORK

Previous Technical Reports discussed a number of applications which are
potentially feasible. A1l of them were contingent upon proper solution
of the current collection problem. The problem of using liquid metal to
transmit simultaneously large quantities of electrical current and heat
from the rotating armature must be sclved in a reliable and safe fasnion
to realize these applications. 1In addition many applications require the
collection of current at low speed and in both directions of rotation.
Considerable progress on the hydraulic and dynamic aspects of the current
collecting system has been made during Phase II of this study. The
potential success of this current collection system provided encouragement
to address the applications study. Prior studies revealed the advantages
and disadvantages of segmented magnet homopolar machines in general and
torque converters in particular.

3.1.1 Tank Propulsion System

Since one of the advantages of the SEGMAG machine is smaller size for a
given capacity, an electric propulsion drive for a military tank was
investigated. Electric drives for tanks have another advantage in that they
provide a readily controlled independent tractive effort to each track over
the entire speed range. The present system uses a hydraulic coupling and a
gear unit which has the disadvantages of a fixed number of gear ratios and
space constraints due to the mechanically interconnected components. The
electric drive, on the other hand, permits smooth control of torque over the
entire speed range. Historically, however, electric drives tended to be
larger than mechanical drives due primarily to the required motor torque
capacity at low speed.

An investigation into utilizing SEGMAG machines for the XM-1 tank was
analyzed.

3-1
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Tractive effort (TE) basically sets the torque and volume of the drive
motors. The maximum TE is specified normally as equal to the vehicle
weight. The continuous TE or the point for which the transmission
cooling system is rated occurs at a coefficient of friction .5 or 50%
of the vehicle weight.

For a 60 Ton tank, the maximum TE is 120,000 1bs and the continuous
rating is 60,000 1bs. Above 60,000 1bs the duration of the operation

is a function of the thermal time constants of the transmission. On

hard surface, the continuous rating point corresponds to operation on
about a 507 slope. This, of course, i1s not a condition that exists for
long periods in practice. However, extended periods of operation in clay
or mud are encountered which require 1000 1bs of TE per ton of vehicle
weight - the same loading condition.

The power of the present generation of tanks is selected on the basis of
acceleration capability. This is in contrast to earlier criteria when

the measure of performance was speed capability on steep grades.
Acceleration is the area of greatest concern. Although present day

tanks have maximum TE capabilities of 2000 1bs/ton, during an acceleration
from zero speed the torque transferred to the drive sprockets does not
exceed about 500 1bs per ton. The accelerating tractive effort is reduced
by the ability to accelerate the engine under load and again by the

energy required to accelerate the rotating parts of the drive.

Therefore, the WK2 of an electric transmission is a critical area. The
generator WK must be considéred at the engine shaft and the motor WK2
must be viewed at the drive sprocket through the output gear. The other
parameter affectirig acceleration is the load placed on the engine by the

transmissionat the time the engine is attempting to accelerate.

The XM-1 is a 58 Ton tank which is basically the M-60 with improved
performance. The top design speed is 45 mph which could only be used
comfortably on hard surfaces.

Continental is providing a 1500 hp diesel engine which drives through a
mechanical-hydraulic transmission. It employs a hydraulic torque con-
verter in conjunction with a four speed gear transmission. A certain
speed range is covered by each gear ratio. In the lower portion of each
speed range the converter is in operation. At, say, the midpoirt of the
range the converter is locked-up and the system operates as a mechanical
drive.

With this type of drive, the power delivered to the drive sprocket peaks

at four points. At other speeds the power is reduced either due to the losses
in the converter or because the engine is overloaded or both. The peak power
is about 85% of rated even at Tock-up because of hydraulic spin losses in the
transmission.
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Considering that the SEGMAG system could achieve efficiencies between

90-95%, the steady state performance is clearly improved over the entire
range of vehicle speed.

Several machines were considered for this drive, the pertinent data being
Presented in the following table:

Generator Motor (2 req'd.)
Rating, hp 1500 750
Speed, rpm 3000 450/2880
Dia., in. 27 36
Length, in. 34 35
Wt.. 1bs 5000 4000

The size of the machinery evolved in these preliminary designs appears

to fit into the available space in the XM-1 vehicle. The mechanical
drrangement of components, however would have to be scrutinized more
closely. The system weight of approximately 16,000 1bs appears to be a
slight handicap and would have to be evaluated on the basis of the
increased accelerating capabilities of the vehicle. The feasibility of -
this application can only be evaluated after an intensive analysis of the
complete system performance over the required mission profiles and a

detailed mechanical layout is completed. These tasks would be outside
the scope of the present contract.

3.1.2 Amphibious Vehicles Propulsion Systems

Propulsion systems for several amphibious vehicles were investigated.
To gather information on the characteristics of these vehicles and
their performance requirements, several visits were made. The first
was to the U.S. Marine base at Quantico, Virginia to discuss the
requirements of an advanced amphibious vehicle drive.

The present vintage of amphibious vehicles are 25 ton tracked vehicles
With 8 knot water speed. They utilize engines with mechanical-hydraulic

transmission for land operation and water jets at sea. For the advanced LVA

under consideration, the most dramatic performance change desired is to

raise the speed to the range of 35 to 70 knots. These high speeds indicate

a departure from the displacement type vehicle. Candidate systems include
planing hulls, surface effects, etc. In these cases, a drastic reduction

in vehicle weight is required to bring the propulsion system within an
acceptable power range.

Westinghouse presented a review of the various advanced machines under

study and development with special emphasis on the SEGMAG machine concept
and the ARPA program objectives.
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Also performance characteristics for a typical tracked vehicle were
presented and comparisons were drawn between mechanical and mechanical-
hydraulic and electric torque converters. The electric drive provides
ease of control, high maneuverability and high utilization of the prime-
mover rating over a wide range of vehicle speeds. Also, electric drive
offers superior acceleration capability.

The need to develop reversing current collectors for the drive motors
was identified and a program to awefire specific machines and the control
scheme was suggested.

The vehicle is in the very early stages of idea formulation. Therefore,
the needs and the drive systems are too uncertain to permit an evaluation
of the advantages that would be derived from an electric drive systen.

Due to the limited funds, it appears that the USMC program will be
restricted to vehicle concepts based on currently available components
or development systems sponsored under a broader program.,

A visit was made to the Naval Amphibious Warfare Board at
Norfolk, Virginia. They were interested in the present state-
of-the-art in electric propulsion systems as they might apply to
ré-power a range of amphibious vehicles that they operate.

A short Presentation was given of Marine Propulsion Systems utilizing
the ARPA developed SEGMAG machine concepts and other electric propulsion
arrangements. Interest was indicated by the Navy for several potential
applications.

Many questions were generated by these Operations Personnel regarding

the application of the SEGMAG drive system. The majority of these questions
concerned the liquid metal current collectors, and centered on the following
particular categories: 1) The effect of pitch and roll on the liquid

metal in the ccllectors. 2) The types and methods of seals used to maintain
the 1iquid metal in the collectors. 3) The seals required to maintain

the nitrogen gas in the machine and the amount of nitrogen required for
inventory. 4) The amount of Tiguid metal discharged from the machine
normally and under battle conditions. 5) The effect on safety to personnel
in event of liquid metal leakage. 6) Due to the close tolerances in the
current collectors, what provisiuns are incorporated into the machine for
thrust absorbtion and thermal growth? 7) Due to the relative high mortility
of these small vessels what are the economics of this drive system?
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3.2 CURRENT PROGRESS

3.2.1 Tank Propulsion

Ouring this period, effort continued on applying the SEGMAG machine
system to tank propulsion. Since the most desired attribute of modern
tanks is increased acceleration for more agile mobility, increased
horsepower per ton of vehicle weight is obviously the trend to follow.
Unfortunately, increasing installed horsepower with present day
mechanical drives usually increases the enclosed volume and surface
area, thereby requiring more armor weight and more horsepower. Electric
drives, although heavy in comparison to mechanical drives, offer one
outstanding benefit that breaks this exponentially rising horsepower-
weight trend, and that is its freedom in mechanical arrangement. By
electrically separating the prime mover and the traction drive, more
compact drive systems can be visualized that do not require increasing
tank armor weight. Since this separation is accomplished electrically,
horsepower increases of the prime mover can be effected by increased
speed and thereby increased power density. Utilizing this principle,

an improved performance tank drive system was developed. The conceptual
system uses modular units of motors, generators and control units.

This modularization has distinct advantages for both tracked and

wheeled vehicles. It also permits application to many vehicles of
varying horsepower requirements utilizing multiple of the modular

drive motors with corresponding prime mover sizes.

3.2.2 Ship Propulsion

Another trip was made to the Amphibious Warfare Board at Norfolk, Virginia
to inspect ships of the LCU class for possible application of SEGMAG
electrical propulsion systems. The present arrangement of diesels,

gears and shafting can be modified to accommodate higher horsepower gas
turbine-electric drive units without major hull modifications.
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SECTION 4

CURRENT COLLECTION SYSTEMS

4.0 OBJECTIVES

The objectives of this task are to study liquid metal current collection
technology and to identify the preferred systems for the Segmented
magnet homopolar machines.

During Phase I the specific objectives were: 1) to review the state-
of-the-art of 1iquid metal current collection system technology; 2) to
identify preferred liquid metals and preferred current collector designs
under a variety of operating conditions; 3) to identify the operational
problem areas which must be resolved for successful performance;

4) to establish the constraints which the 1iquid metal handling and
purification systems must satisfy; and, 5) to establish an experimental
program to resolve the problems associated with liquid metal current
collectors.

During Phase II the objective was to evolve a liquid metal current
collector suitable for unidirectional, constant speed machines of the

SEGMAG type and to verify its effectiveness in the 3000 HP demonstration
SEGMAG generator.

During Phase III the current collector technology is being extended to:
1) unidirectional high speed (96 m/s collector speed) generator appli-
cations; and, 2) reversible and variable speed applications such as
motors and torque converters.

4.1 PRIOR AND RELATED WORK

During Phase I of the present ARPA contract, a preferred current

collector design was identified for unidirectional homopolar machines,
such as the SEGMAG generator. This selection was based on a review

study of the complex electromagnetic interactions and forces which will

be experienced by functioning collector systems under a variety of
operating conditions and liquid metals. The preferred collector desiqn
embodies an "unflooded machine gap", with the low density sodium-potassium
liquid metal alloy (NaK) confined in narrow circumferential current
transfer zones. The liquid metal alloy gallium-indium (Galn) was selected
as an alternative to Nak, especially for homopolar machine applications
wherein relatively low speed and high ambient magnetic field operating
conditions exist, or in certain situations where liquid metal handling may
be considered a problem. The alternative choice of a higher density
liquid metal was based on lower calculated power losses when run under

the specified operating conditions. Although not as compatible as Nak
with most structural and conducting materials, Galn is quite easy to handle
and lends itself to a relatively simple purification process.
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Two of the greatest concerns in applying liquid metal current
collectors are: a) the magnitude of power losses developed in the
fluid; and, b) the confinement of fluid to the current collection
zones during all machine operating conditions. A complete discussion

of these concerns is contained in the previous reports under this
contract.

During Phase 11 a liquid metal current collector test facility was
constructed and an experimental test plan was implemented to resolve
recognized problem areas in applying liquid metal current collectors.
Part of this effort included an evaluation of collector width effects
on the magnitude of the ordinary fluid dynamic power loss. The effect
of ambient radial magnetic field and collector width variations on the
eddy current power loss was also investigated. The remaining work
effort consisted of experimentally evaluating the possible adverse
effects which rotor rotational speed, radial magnetic induction, and
load current have on 1iquid metal confinement in the collection zone.
This effort culminated in the design and fabrication of the current
collectors for the prototypic SEGMAG generator. A complete exposition
of this work is contained in the previous reports under this contract.

During Phases II & III the current collector design which was developed
was evaluated in a SEGMAG demonstration generator, rated 3000 hp.

Tests verified the suitability of this collector for use in homopolar
machines of constant speed (to 67 m/s). Concerns include the collector
solid-1iquid contact resistance, and its influence on machine efficiency,
and a collector filling - critical temperature characteristic. Work
continued ot extend the unidirectional collector technology to higher
speeds for generator applications. Other work Centered on development
of reversible and variable speed collectors for torgue converters and
motor applications. Concepts being considered in this development
include flooded, unflooded, and hybrid collectors.

4.2 CURRENT PROGRESS

During this report period, the theoretical power Toss and expulsion
pressure expressions were redeveloped for collectors of the SEGMAG and
high speed type to account for the solid-1iquid-solid electrical
contact resistance. Calculations which illustrate the effects of
contact resistance were made and the results are presented in this
report. Values of specific contact potential were determined for
collectors with copper and nickel plated copper surfaces. These
determinations were made with the glove box test rig, using 3000 hp
SEGMAG prototypic size liquid metal (NakK) current collectors and
typical operating conditions. Changes in the collector filling-
critical temperature characteristic were also observed as a function
of side wall insulation, cover gas density (nitrogen vs. helium), and
contact surface treatment (bare copper vs. nickel plate).

4-2
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Current collector concepts were developed for the reversing unflooded
motor application. Specific configurations were defined and these were
evaluated, based upon the previously-established 1ist of criteria, to
determine feasibility. Collector concepts which passed this screening
procedure were recommended for further development.

An analytical study of the hybrid current collector was made during
the period. General expressions derived during the study permit cal-
culation of pertinent collector design parameters and performance
characteristics. Incorporating the mathematical expressions in a com-
puter program, quantitative information was obtained for a selected
hybrid pad collector. The selected design utilizes circular cross-

section pads and they are applied in an axial manrner along one flat side
wall of the collector rotor.

4-3
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4.2.1 SEGMAG Collectors

Subsequent to making certain modifications, as discussed in the previous
Semi-Annual Report, the demonstration SEGMAG generator was again tested
under high voltage-zero current {open-circuit test) and high current-
minimun veéltage (short-circuit test) conditions. In general, the
collector performance characteristics were similar to those determined
during the previous run, with one notable exception. Previous running
was iimited to 90,000 amperes because of an impending instability in

the annular gap Nak flow due to suspected MHD effects. However, no hint
of flow instability due to the load current-self field MHD expulsion
pressure was evident during the recent tests. Stable performance was
shown even though the SEGMAG generator test included short circuit
current operation to a higher level of 110,000 amperes. This increase
in performance capability may be attributed to the recent application

of electrical insulation along each collector's rotor and stator flat
side walls. Although not considered to be a significant factor in the
present test situation, because of the very low induction involved,
perturbations tc the fluid flow in the annular side channels due to

the axial field induced circulating currents will be reduced by the
applied electrical insulation.

Based on an analysis of the SEGMAG generator total performance, an

otherwise unaccountable machine power loss was attributed to ohmic |
dissipation in the current collectors. Higher than anticipated collec-

tor ohmic power loss would occur if, for example, the solid-liquid-

solid specific contact potenticl, ek» and/or if the bulk liquid medium

resistivity is greater than predicted. Factors which relate to this

situation include initial treatment of the collector solid surfaces and

subsequent operating conditions, including creation of foreign surface

films and generation of fluid flow instabilities. The existence of a '
two phase liquid-gas medium, rather than a continuous flowing Tiquid

ring in the annulus, would also result in an increase in bulk resistivity

and apparent contact resistance, both causing higher ohmic power loss.

Recent efforts to lower the contact resistance through collector surface

treatments have been successful. Preliminary results of this work are

discussed in Sec. 4.2.2.1.

With a potential for the existence of significant levels of solid-

liquid contact resistance, it is deemed necessary to modify the theo-

retical power loss and expulsion pressure expressions for liquid metal

current collectors. The assumptions made and the conditions upon which {
these modified expressions are based are shown along with the liquid

metal current collector model illustrated in Fig. 4.2.1.1.
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Fig. 4.2.1.1: Model of liquid metal current collector

4.2.1.1 Ohmic Power Loss (Pﬁl

From consideration of the

potentials and around any given closed Toop
we obtain an expression fo

r the circulating current densi ty, jy, in the

liquid metal.
2orBx = 2(S + e )5 + (S 4 )0 - (e o) (4.2.1.1)
y 0 k’Vy g k™ y o k™ y* e
Then
. owrB x
Iy = twa, (4.2.1.2)
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¢ Axial component of magnetic field is small (typical for SEGMAG

type machines) and neglected.

¢ Rotor and stator members possess infinite conductivity, but a
double contact resistance (ek) exists at the solid-liquid-solid

interfaces.

» jy

J
* Yy

given value of current, 1/2rrw).

circulating current density (By’ wr effect).

load current density (constant across coliector width for

¢ Current densities (j._ and Jy) in the liquid metal are parallel

with the "y" axis.

An expression for the ohmic power loss per unit volume due to electrical
resistances of the liquid metal and the solid-liquid-solid interface

contacts follows:

- 2 1 . %k
s (Jy + Jy) (g + 7;)

Then, the total ohmic power loss is
W
2 £
1 Ky 7 2
P = = -+ = + 2nrd d
7] e, |G Gy 0)? 2 0
2

(4.2.1.3)

(4.2.1.4)

Substituting Eq. (4.2.1.2) into Eq. (4.2.1.4), performing the integration,
and simplifying we obtain the ohmic power Toss due to the circulating and

load currents.

(8,)%()® 1L 4 1)
=t = Tarw > Watts/collector
9 (_U + Lk) mr
g
where: Pw = total ohmic loss per collector, watts
w = angular speed of rotor, rad/s
By = radial magnetic field, T
r = collector rotor radius, m

4-£

(4.2.1.5)




e

E.M. 4705

w = collector electrical contact width, m

d = collector radial gap dimension, m

7 = electrical conductivity of Tiquid metal, mhos/m
"k = solid-liquid-solid specific contact potential, VmZ/a
[ = collector load current, A

4.2.1.2 Rotor Drag Power Los§_§P|ragl

An expression is developed below for the Circulating current in the
collector rotor. This current is maximum at the rotor's mid-point
and reduces to zero at each edge.

X
U s I JydA, (4.2.1.6)
0
where
Ww/2
1'max E f jydA
)

From the above expression and Eq. (4.2.1.2)

2 )
owB (Y‘W)
L Sty
"max " 4 Tdvoe, T (4.2.1.7)

=

Then, again using Eq. (4.2.1.2) and substituting Eq. (4.2.1.7) into
Eq. (4.2.1.6) h

0B (rw)z X owrB

.oo_m _ x2rr dx
P i oo s L CT

Performing the integration and simplifying, we get the rotor current
expression below.

- ngfﬁyrz " 7 2
i, = (a+0Ek 5 - x4 (4.2.1.8)

An MHD interaction between the circulating rotor current, i_, and the
radial field, B_, causes a rotor drag power Toss. An elemefit of this
drag loss folloWs:
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pdrag = wrdfF = yr By1xdx (4.2.].9)

Substituting Eq. (4.2.1.8) into Eq. (4.2.1.9), the total rotor drag
power loss is:

w
TowB Y‘2 2

l
- W 2
Pdr‘ag = '{w mY‘By (a_"'()%,k-) [(2) - X ] dx

l

Performing the integration and simplifying,

(B, )? (rw)3

=0 Y
Pdrag 6 4 » watts/collector, (4.2.1.10)
(= + )
o k
where: pdrag = rotor drag power loss per collector, watts.

4.2.1.3 Total Power Loss (Pr)

PT = P; + pdrag + Pvis’ watts/collector. (4.2.1.1)
where: PT = total power loss per collector, watts.
mo fluid dynamic (viscous) power loss per collector, watts.
Vil = g fo (wr)3 r (w+ k), from Eq. (2) of Semi-Annual

Technical Report for period ending May 31, 1974, where
the previously undefined terms are:

f = Fanning fiiction factor
p = mass density of liquid metal, kg/m3
k = additional non-conducting rotor-liquid contact

width, m.

4.2.1.4 Calculated Total Power _oss (Pr)
Based on Eq. (4.2.1.11), calculations of collector power loss for a

3000 hp SEGMAG type generator were made, and these represent a wide
range of collector widths and specific contact potentials. Pertinent
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ycometrical parameters, operating conditions, and liquid metal physical
properties assumed for the calculations are tabulated below:

r=0.178 m I =10° A
d=1.6x 103 £f=55y103
k = 6.4 x 103 5= 2.2 x 10° mhos/m
w = 377 rad/s p = 850 kg/m3
= 0.03
B, = 0.03 T

Results of the power loss calculations are presented in Fig. 4.2.1.2.
Rather Tlarge losses in power are noted to occur as the speciric

contact potential, ¢ , is increased, especially for narrow width
collectors. This is"due to high contact resistance and resulting high
ohmic loss associated with transferring the machire load current.
Optimum collector widths are indicated (see 'minimum power loss line')
for the Tower Tevels of ¢, . If it is assumed that ¢, is near zero,

the optimum collector wid%h is 0.5 cm. Further reduEtions in collector
width are undesirable since that would result in an increase in the
power Toss. If only larger ¢, values can be practically achieved,
however, quite high power 1os§es are associated with narrow width
collectors. In that case, increasing the collector width will result
in Tower power loss. Collectors of 1.25 cm width (selected for the
3000 hp SEGMAG demonstration machine) will perform with minimum power
loss if the specific contact potential is 4 x 10-9 vm2/A. Increases in
power loss above the minimum, with wider collectors, is attributed to
viscous fluid drag associated with larger contact areas.

4:2.1.5 Expulsion Pressure (P.)

Anaxially directed expulsion Pressure is created within the collector
liquid metal due to a circumferential self-magnetic field associated
with both Toad and circulating currents. The model conditions upon
which the governing expression for this nressure is based are chown in
Figh™g 2. 1.30

The circumferentially directed magnetic field induction in the liquid
metal gap (Bo) may be defined as

B, = ughds (4.2.1.12)
4 10-7
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Fig. 4.2.1.2: Calculated power loss for 3000 HP SEGMAG type generator.

(Full Load)




E.M. 4705

D "y 635LA 66
1y
— — — — | Stator
—— - ~ \
- ~ N \
_ o | —~ N\ [ )
TN ) J o &
_ , — Liquid Metal
. wa ¥ . —
BL o) 1 ® Bcf : o .
~— Do
SIW o T T X
2 0t
Loy
/A Nl N J
I / / /n/y r
— e // /oy
i — — / /
e
= - — — 7 _ “Rotor
S T PR e
\

Fig. 4.2.1.3: Model of liquid metal current collector with load and
circulating currents

From Eq. (4.2.1.8), the circulating current along the rotor width is

nowB r2 2

o Ty 1 -

The axial component of the load current enclosed may be expressed as
follows:

or
Then, the field intensity (H) along circumferential Toops through the

liquid metal gap is
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&Hd. = H2nr =(i_ + 1)

From the previcus expressions developed for i

Eq. (4.2.1.12), we obtain x @nd I, and employing

wB r 2
TR Ty Wy 2
Bﬂ = 2 {TH"W (2 )() + .(d""rﬂ—)- [(2) X ]1 (4.2.].]3)
The radial current density in the liquid metal is

£ + 4.2.1.
J Jy 3y (4.2.1.14)

Utilizing Eq. (4.2.1.2) the above eyxpression becomes

I OmY‘BJY
271rv;+.(a_+_0_'1k-).x (4.2.1.15)

An element of axial expulsion pressure due to the MHD interaction
between Bn and J is

P, = BGJ dx

The resulting pressure in the liquid metal along the rotor width, with
respect to the left-hand edge, is

X
Px)io= [ B,J dx, (4.2.1.16)
2
2
W W
where - X5

Substituting Eos. (4.2.1.13) and (4.1.2.15) into Eq. (4.2.1.16),
ietting

a:-—-——.—
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performing the integration and simplifying we obtain the following
expressions for the expulsion pressure due to the load and circulating

— e B e

currents:
P(x) = L 4({?W + EFW_) Y+ x)
=g U 4 o
2 2 2 2
- (- G e B [y
3 2 4
sl + 0]+ B[ - Ay (4.2.1.17)

4.2.1.6 Calculated Axial Expulsion Pressure, (P )

Based on Eq. (4.2.1.17), calculations of the axial expulsion prassure
in the liquid metal for a fully loaded 3000 hp SEGMAG type generator
vere made. In addition to the parameters previously tabulated in Sec.
4.2.1.4, the Rresent pressure calculations involved a collector width
0f 1.27 x 107" cm and an ¢, value of 3 x 10-9 Vm2/A. Results of the
calculations are presented in Figs. 4.2.1.4 and 4.2.1.5.

The expulsion pressure caused by the combined load and circulating
currents is noted to increase axially from one edge of the collector
gap width to the other for load currents greater than 25 kA. The
initial reversal in the direction of expulsion pressure noted at
relatively low load current is attributed to predominance of the cir-
culating current. Relatively large pressures appear across the col-
lector gap width at higher load current levels. A1l pressures, of
course, must be counterbalanced in order to prevent gross loss of
liguid metal from the collector. This is accomplished in the SEGMAG
generator through self adjusting asymmetric extensions of liquid
metal along the collector's flat side walls.,

Influence of collector contact resistance on the expulsion pressure

s indicated by the contrasting sets of curves in Fig. 4.2.1.5. As £k
increases from zero to 3 x 10- VmZ/A, the circulating current is
obviously reduced to such an extent that it has smaller and smaller
effects on the basic load current-self field interaction. Very Tow
values of .| cause axial pressures in both directions in the liquid
metal, placing the fluid in a state o’ tension. This effect tends to
cause axial separation of liquid metal in the annulus, which is
undesirable. If too severe, this action would cause gross loss of
liquid metal from the current transfer zone, high bulk and contact
resistance, and high ohmic power loss. If present, a varying ey

would likely cause sloshing action of the liquid metal leading, again,
to less efficient current collection and fluid spillage from the
collection zone.
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Fig. 4.2.1.4: Calculated axial expulsion pressure caused by Toad and
circulating currents
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Curve 680739-,

Expulsion Pressure, N/mZ x 103
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W=127x10"2m

— IL=100kA

———I = 0

=
§=3x10

Fig. 4.2.1.5:

Effect of ¢, on axial expulsion pressure caused by load

and circulating currents
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4.2.2 High Speed Collectors

controlied Circulation of load Current through the test co]lectors,
and acceptance of narrower widtp Collectors.

4.2.2.1 Experfmenta] Test Results

regard to easijer collector fi]]ing and lower Contact resistance. Al
EXperiments Were made with the glove box test rig, using 300p hp SEGMAG
Prototypic size Tiquid meta) (NaK) Current Collectors .

It s desirable that the Current Collectors be capable of performing
at the Towest Possible temperatyre SO that the machine cooling Capacity
Will not be Compromised . quing the_coursg of bprevious €xperimenta)

Critical
Collector Collector Temperature
Side Contact Cover 0 60 r/s,
_MWalls Surfaces Gas {0
Uninsu]ated Bare Copper N2 /8
Insulateq Bare Copper N2 62
Insulateq Bare Copper He 51
Insulateqd Nickel Plateq N, <28
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collector ran in a helium envirorment. Finally, temperature was not
found to be critical in regard to liquid metal filling of the collector,
down to 28°C, when the contact surfaces were plated with nickel and
operation was again in a cover gas of nitrogen.

Although beneficial results were shown experimentally for the above
noted collector design changes and cover gases, a complete physical
understanding of their effects is incomplete at this time. Conjecture
as to the mechanisms which explains the improved collector filling
ability will likely include gas-liquid flow dynamics as well as foreign
surface films and solid-liquid wetting.

Previous experimental and theoretical work point up a concern

for the effect of solid-liquid contact resistance on collector perfor-
mance. A knowledge of the inagnitude of the specific contact potential
1S necessary to the design of a collector for minimum power 10ss.

Recent experiments were run wherein the contact resistance of collec-
tors with bare and nickel plated copper surfaces was calculable. Cal-
culations of the specific contact potential for the collectors were
possible utilizing experimentally determined values of power 1o0ss
associated with circulating currents induced by radial directed magnetic
fields in the liquid metal. The difference between measured drive shaft
power with and without an applied radial magnetic field, less a cor-
rection for previously determined Stray power loss, is taken as the
circulating current power loss. An expression for that loss in terms of
ek and the known operating conditions is obtained from the sum of

Egs. (4.2.1.5) and (4.2.1.10), realizing in this case that the load
Current, I, is zero.

(B, )2 (rw)3

Pcirc = g"‘zﬁi » Or rearranging terms (4.2.2.1)
(= + ¢ )
o k
2 3
(B, ) (rw)
% 73 ‘lp —— -4 (4.2.2.2)
circ g

Utilizing the above technique, specific contact potentials were
determined for collectors with copper and nickel plated copper surfaces
and these are plotted as a function of temperature in Fig. 4.2.2.1.
Despite scatter in the data, a tendency is shown for the contact resis-
tance of both collectors to decrease with increasing temperature. This
characteristic is possibly related to another experimental observation,
namely, an increasing fluid f1low stability with rising temperature.
Lower resistance is thus attributed to a larger solid-liquid contact
area and to improyed wetting at higher temperatures.
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Fig. 4.2.2.1: ek values determined from test rig-radial field experiments.

The average specific contact potential is reduced by about 40% when the
copper collector contact surfaces are plated with nickel. This character-
istic is probably related to the expected existence of thinner and less
continuous tarnish films on surfaces of nickel. If that premise is

true, constriction of the current will be less, leading to lower con-

tact resistance. Nickel, unlike silver and gold, is essentially insolu-
ble in NaK. Upon disassembly and decontamination of the test collector
following eight days of testing and exposure to NaK, the 0.005 mm thick
nickel plate was intact and bright.

Thus, it appears that through nickel plating a more chemically clean
NaK compatible collector surface is assured as a function of time. The
accruing benefits include improved collector filling capability (temp-
erature independent) and lower contact resistance (greater machine
efficiency).
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4.2.3 Flood

Work during
Machinery Se

ed Collectors

the period on flooded collectors is covered in
ction (2.3.3.2) of this report.
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4.2.4 Unflooded Collectors

In a horizontally mounted machine with an unflooded active length, the
collector design problem becomes one of confinement of the liquid to

the annular collector gap. For a motor, the confinement technique must
be independent of rotor speed and direction of rotation. Use of cen-
trifugal forces induced by disk rotation, as in the case of high speed
generators, cannot be used as the sole device for achieving containment
of the liquid metal. The objective of this study is to develop new
concepts for the current collectors in an "unflooded" motor application,
to evaluate these, and to select the most promising ones for more
detailed investigation.

During this reporting period, collector concepts were developed, using
the classification list (Table 4.2.4.2) as a guide, and these were
evaluated using the list of criteria (Table 4.2.4.3) as a feasibility
check-list.

4.2.4.1 Reference Unflooded Motor Design-Collector Requirements

The "reference" motor design (Table 4.2.4.1 of the previous Semi-Annual
Report), which was defined to establish approximate parameters as
requirement quides for the current collector design, was modified
slightly. The axial field through the collector was changed to 0.1
Tesla, a minimum axial clearance requirement of 0.15 cm (0.06 in.) was
established, and the change in radial gap due to machire operation was
introduced as 0.11 cm (0.045 in.) minimum. These changes have been
incorporated in the revised Table 4.2.4.1 of this report.

The radial cledrance in a journal bearing of a size adequate to transfer
the machine torque, has been estimated to be about 0.030 cm (0.012 in.),
which is the amount of additional eccentricity that can occur due to
changes in the shaft position with varying speed. An additional change
in radial gap will be caused by any differential thermal growth of the
rotor and the stator. for example, if the rotor and stator expansion
rates are based upon the properties of iron (expansion coefficient = 11.7
x 10-Y n/m°C, 6.5 x 10-6 in/in°F) then the differential thermal radial
growth will be:

§. = R o aT (4.2.4.1)

O
"

1.07 x 107° m/°C (0.234 x 1073 in/°F),

for a radius, R = 0.914 m (36 in), and for a 28°C (50°F) temperature
difference:

5, = 3.05 x 107%m (0.012 in)
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Unflooded Motor Reference Design-Collector Requirements (Revised)

1. Power Rating - 40,000 hp
2. Maximum Speed - 180 rpm (18.9 rad/sec)

3. Collector Diameters: outer - 72 in. (1.83 m), for drum (SEGMAG and
disk-type machines (DISKMAG)

inner - 32 in, (0.81 m), for disk-type machines

4. Axtal and Radial Dimensions Allocated for Current Collector Cross-
section - 1.5 in. (3.81 x 10-2m)

5. Maximum Permissible Current Density - 16,000 amps/in® (2.48 x 107 I3
6. Maximum Collector Current - 300,000 amps

7. Axial Field through Collector - 1000 gauss (0.1 Tesla)

8. Maximum Radial Field through Collector - 500 gauss (0.05 Tesla)

9. Liguid Metal Leakage from Collector - near zero

10, Maximum Power Loss per Collector Pair - 65 hp (4.85 x 108 w)

The above values were used to establish the following related parameters:

1. Tip Speeds (from 2 and 3): outer - 57 ft/sec (17.2 meter/sec)

inner - 25 ft/sec (7.7 meters/sec), for
disk-type machine

12. Bearing Radial Clearance 0.012 in. (3.05 x 10°%) (based on 1 mil/in,
(1 mm/m) diametral clearance and 4 24 in. (0.61 m) shaft dia.
necessary for 3 per unit torgue at 15,000 psi (1.03 x 108 N/m?) shear
design strength)

13. Minimum Width of Liquid Metal Contact: outer - 0.083 in. (2.11 x lO'ln)

inner - 3.187 in. (4.78 x 10" ),

for disk-type machine
ADDITIONAL REQUIREMENTS
1. Collector must pass 1501 rated current at zero speed for 10 secs.
2. Collector must be operable cold without pre-heating.

3. Collectors for a machine must be supplied from a common liquid metal
SOurce.

4. Collector must be capable of deceleration from fuil speed forward to
full speed reverse in several sc.onds.

5. Collector shall be destgned for sudden stops.
6. Collector shall be designed for sudden load changes.

7. Collector shall be designed to provide for axisymmetric current flow.

The following assumptions will be made, but will be re-evaluated, if
necessary, when more specific machine and collector designs are available:

1. Relotive axial movement between the rotor and stator will be a
minimum of 0.06 1n. (0.15 ¢m).

2, Coolant channels or other cooling techniques will not interfere with
the current collection design.

3. Joining of any requived conductor bars to collector rings will not
interfere with collector design.

4. Any mechanical strengthening ri will be outside of the current
collector envelope (1.e., the collector will not have to support the
Toading of other components, due to centrifugal force or relative
thermal growth).

5. Changes in radial gap, due to operation, will be assumed to be a
minimyr of 0,045 in. (0.11 com).

6. Insulation requirements will not interfere with collector design.

4-21
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If the thermally-induced dimensional changes are based upon the
expansion coefficient of copper (« = 17.5 x 10-6 m/m°C, 9.7 x 10-6 in/
in°F), then the change in radial gap would be:

5. =4.3x 1073

o m (0.017 in.)

Rotor growth due to rotational stresses, should be negiigible at the
expected tip speed. Therefore, the cumulative gap change that must

be accommodated by the seal, including an additionaj 3.8 x 107%m (0.015 in)
for dimensional tolerances, would be about 11 x 10%m (0.045 in) (for a
28°C, 50°F maximum temperature difference).

Table 4.2.4.2
Classification of Unflooded Reversing Collector Concepts

A. Sealed Annular Chamber (Seal Types)

Rubbing - 1ip seal, face, radial

hydrostatic - face, radial, floating

hydrodynamic - face, radial, floating

labyrinth - clearance, knife/groove, slinger, transverse gas
flow, adjustable

buffer fluid - liquid, gas, grease, wax

electromagnetic retention - special field/current source
absorbent (wick) - labyrinth, slinger/wick

low-speed only - centrifugal, electromagnetic

magnetic fluid

surface tension - wetted/non-wetted surfaces
solidification - thermal, chemical

W —

— O WO~

—_— —

B. Conducting Seal
1. conducting wick - stationary/rotating, fiber, foam
2. hydrodynamic/hydrostatic
3. flooded (alternately) labyrinth
C.  Low-Speed Flooding or Low-Speed Brush Contacts
1. pressure-controlled volume
2. pump/control system
gas injection
D. Axial Injection (or Radial Ejection)

1. dinertial containment
2. venturi effect

L. Zero Pressure (free-fall)

F. Constant-Speed Seal-Rotor

4-22
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TABLE 4.2.4.3
Evaluation Criteria for Current Collectors

Containment (Leakage)

a) aerosol

b) liquid
[free-surface stability, gravity force, acceleration/deceleration
(angular/transverse), momentum changes (coriolis)]

Power Loss

a) viscous

b) ohmic (bulk & contact)

¢) MHD

d) friction (rubbing)

Circulation System Requirements
a) pressure/flow control
b) purification/separation

Radial/Axial Clearance

a) bearing clearances

b} dimensional tolerance
c) thermal growth

d) centrifugal growth

Mechanical Adequacy

a) thermal stress

b) rotational (torque) loading

¢) hydraulic load (static/dynamic)

d) centrifugal loading/stresses

e) MHD forces (radial, tangential, axial)
f) wear (rubbing, erosion)

g) vibration/oscillation stability

h) load rate (shock)

Temperatures (cooling)
a) heat generation (see power loss)
b) temperature distribution (collector and rotor conductors)

Electrical Adequacy

a) voltage drops

b) recirculating currents

c) asymmetry effects (including variable Nak thickness/area)

Material Compatibility
a) chemical
b) mechanical (e.g., rubbing surfaces)

Assembly
Fabricability

Maintenance
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4.2.4.2 Collector Concepts and Lvaluation
A.  Sealed Annular Chamber
Al. Rubbing Seal

The peripheral speed of the "reference" design (17.2 m/s, 3380 ft/min)
approaches the upper limit of about 17.8 to 25.4 m/s (3500 to 500?
ft/min) typically recomm.nded for lip-type elastomeric oil seals.!:?
Maximum pressure differential capability recommended for this type of
seal is about 69,000 N/m (10 psi). In small quantities, the cost of
relatively standard Buna-"N" seals, which generally use garter springs
to generate lip pressure, is about $1 per inch of diameter, or about
$72 for the "reference" machine. Catalog listed seals of this diameter
are about 1.91 x 1074m (3/4 in) wide and an inch or less :n radial
thickness. Split seals are available to simplify installation.
(Special configurations can be made to order.) Shaft eccentricities
greater than 2.36 x 10~3m (0.093 in) can be accommodated. Standard
"Axial Clamp Seals," which provide an axial scaling lip, are also
available. These have an axial 1en§th of 3.18 x 10-2m (1-1/4 in) and

a radial height of about 1.27 x 10-Zm (1/2 in), with an operating
deformation of about 2.39 x 10-3m (0.094 in).

Figure 4.2.4.1 shows an arrangement of lip-seals which provide
isolation of adjacent collectors in a multi-turn motor. The chambers
formed between collectors may be used to introduce oil droplets to
lubricate the seals and to drain any NakK leakage that might occur.
Alternatively, they may be filled with oil to balance the gravity-
induced pressure drop across the seal, which would otherwise increase
from top to bottom. In addition, it may be possible to circulate the

011 between the collectors at a rate great enough to cool the collectors.
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Fig. 4.2.4.1: Lip-Seal Collector Configuration
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A rubbing seal, which may ride on a very thin (~ 2.54 x 10'6m,

1 x 10-4 in) film of oil or liquid metal, should provide excellent
containment. Even without pressure balancing techniques, these seals
should be 3dequate for the expected ejection pressure of about

20,700 N/m¢ (3 1b/in2) in the "reference"” machine. Since there is no
free surface of the Tiquid metal, aerosol formation should not be a
problem unless there is significant leakage.

P~‘ s ~ u

The power Toss in a rubbing-lip-seal is difficylt to estimate, but
one supplier provided a rough estimate of radial sealing force at
the 1ip, as 131 N per meter (3/4 1b/in) of circumference. If this
value is used with an effective friction coefficient of 0.125, then
the estimated power loss for the "reference" motor design becomes:

PS =7 DumV=1.63kW (4.2.4.2)

o
1}

where: diameter of seal

1 friction coefficient

=)
1]

radial contact force
rubbing velocity of the seal

<
1

Another estimate of power loss may be made by calculating the viscous

loss in a thin supporting film of oil, using the following expressicn
for power loss:

PL = (uV/h) (sDL)V,
P! = 1DL wVé/h
=Dl Wi (4.2.4.3)

| where in this case:

Pé = power 10sS
{ i = absolute viscosity
[ D = diameter
L = length of seal lip contact film
V = seal velocity
h = film thickness
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[f an oil film 2.54 x 10'6m (1 x 10'4in) thick] is assumed, . ith a

viscosity, 8.07 x 107N sec/m2 (1.17 x 10-6 1b sec/in?), the power
loss becomes:

PS 5310 kW per meter (135 kW per inch) of contact length

I[f the contact length is assumed to be 7.62 x 10™% (0.030 in.), then
the estimated power loss for each seal would be:

PS = 4.05 kW

The power Toss can be reduced by using a Tower-viscosity fluid. For
example, if NaK is assumed to_be the lubricating film (: = 5.2 x 10-4
N-sec/m2, 7.55 x 10-8 1b-s/in2). than

PS = 0.261 kW

In addition to the seal 1ip Toss, there will be the viscous and ohmic
losses in the 1iquid metal annulus (v 6 kW for a 1 in. collector
width). The combination of these losses must not exceed the maximum

permissible (v 20 kW per collector) based on machine efficiency
objectives.

Liquid metal circulation requirements are expected to be quite

flexible for this concep*. Minimum Flow rate would be based on purifi-
cation requirements and replacement of any leakage that might occur.

A "batch" loading system mey be feasible. An oil separation system

may be necessary, but contamination (o0il-in-NaK or NaK-in-0i1) should
be small and simple gravity separation techniques may be applicable.

A smooth rotor with axial insertion into the stator appears feasible
with this design. This may greatly simplify assembly, and axial
movements should not be a problem. Simple components and perhaps
off-the-shelf components can be used for sealing. This would result
in minimal fabrication and component costs. No compatibility problems
are foreseen, however, "aging" (loss of elasticity) of Buna-"N" or
other possible seal materials should be investigated.

Although seal life should be Tong, once a satisfactory design has been
established, it is possible that contaminants (such as oxides) would

reduce the operating Tife of the seals. On-site seal replacement appears
to be impractical, unless a scheme is devised for use in conjunction with

a split stator. However, seal replacement should be a relatively simple
operation, if the motor is taken out of service.
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The use of simple 1lip-type o0il seal appears to be feasible for large
motor applications where the tip speeds are about 17.8 m/s (3500 f/min)
or less. The Tow cost of these seals makes the experimental evaluation
of this concept a relatively simple task. Initial tests, to evaluate
tip-speed limits, oxide-induced wear, and "aging" effects, can be run
on a simple shaft and smaller diameter seals (at increased rpm).
Subsequent evaluation of large-diameter seals would also be inexpensive
because the seal cost would add 1ittle to the cost of the test set-up
required for any full-size concept evaluation.
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AZ. ‘Hgdip_st_atirca}jj_:Pp_s_i_t_i_oned Seal

A hydrostatically-positioned seal uses gas or liquid pressure differences

to control the size of a small gap between the rotor and the stationary
seal. An increase in the seal 9ap tends to increase the leakage flow

from a chamber; this reduces the chamber pressure, thus creating a force

which brings the seal closer to the rotor and maintains the small gap.
The seal may be positioned either axially, against the face of a disk
or ring, or radially, in which case the seal ring must be segmented or
otherwise flexible enough to permit the changes in diameter required to
follow rotor thermal expansion and dimensional tolerance variations.

Two important considerations in the seal design are the selection of
fluid used in the seal, and the pressure in the seal chamber. Three
fluid types may be considered: the cover gas, an oil, or the liquid
metal itself. For the large circumference, even a very small seal
clearance would result in a significant leakage into the machine if NaK
were used. Therefore, use of NaK requires an added drain chamber;
otherwise, it would not satisfy the objective of near-zero leakage into
the machine. An added drain chember is also required with an oil or
gas buffer fluid (Figure 4.2.4.2), unless the buffer pressure is higher
than the collector pressure (Figure 4.2.4.3). In that case, however,
buffer fluid will enter the collector, and it must be demonstrated that
there is no resulting deterioration of collector performance. Another
consideration is the possibility that MHD-induced forces will upset the
pressure balance if the liquid metal is used fcr this purpose.

It may be desirable to segment an axial seal (as well as the radial
seal) if dimensional controls, such as flatness, become difficult for
rings of such large diameter. In this manner, or by making the seal
ring very flexible, the seal clearance can be kept small at all points
along the circumference. In any event, it wiil probably be necessary
to provide local pockets (chambers) along the seal circumference so
that an angular shift of the ring axis would provide a restoring

moment. This restoring force might not exist for a complete annular
pressure pocket.

Seal clearances of about 2.54 x 10 °w (1 x 10'3in) or less should be
achievable with hydrostatically-positioned seals. Fluid leakage
through such a narrow annular gap would be approximately:<

8
= nbh7ap ‘
7 o (4.2.4.4)
where: g = leakage flow
D = seal diameter
h = seal clearance
Ap = pressure drop across seal
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Fig. 4.2.4.2: Hydrostatically-Positioned Seal (Sealed Drain)
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Fig. 4.2.4.3: Hydrostatically~Positioned Seal
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i = absolute Viscosity

L = width of seal land, in the direction of leakage flow

As in the previous section, viscous power loss associated with this
sea! land would be:

P: = nDLuVe/h, (4.2.4.3)

Equations (4.2.4.3) and (4.2.4.4) may be combined to find:
2-2.,2 l
1 P ! D_ V‘ A\p h
PS q = 15 . (4.2.4.5)

Based'upog estimated liquid-metal ejection prsssures of roughly

6,890 N/m® (1 psi) (at the top) tg 20,700 N/m= (3 psi) (at the bottom),
an average of at least 13,800 N/m¢ (2 psi) can be assumed to induce
leakage from the collector. (The gravity head could possibly be
balanced by a buffer ]iq%id.) To provide some margin, a pressure
difference of 20,700 N/m¢ (3 psi) will be used in the leakage
calculation.

For the specific case where:

D= 1.83m (72 in).
v

i

17.2 m/s (57 ft/s)

Ap = 20,700 N/w? (3 psi),

and if the units for “PS“ are (kW), h(m) and those for "q" are (cc/min),
then:

P.q = 1.00 x 10"2h2,

| This relationship (which is independent of . and L) is plotted in
Fig. 4.2.4.4 which permits the selection of a seal gap that provides
both acceptable power loss and acceptable leakage.

Equations (4.2.4.3) and (4.2.4.4) may also be combined in a manner
which eliminates the variable clearance "h" to find:
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pl L
(mj . tm) . (m)
N-s/m Nak {in) 0il (in) Nitrogen {in)
1.50x10°" [ 2.8/ x 1071 | Lo7x 102 | 772
1.3 0.500 304
1.65x10° [1.8x107" [635x102 | 3.8
e 5.63 0250 | 152
-t =2 =3 =
1.32x107° [ 2.50x107° [ 13x 1072 | 6.85x 10
100 Jaaax10”l| a0
6.62%10°° | 1271072 {5.65x 1070 | 343 % 107!
— L osm JrzxwTl| 135
3311078 | 6.35x 1070 | 283 1074 | L7 x107!
_loom |ruxw?| e
= =3 =2 =
1.32x1070 [25ax 1072 [ 113x 107 [ 6.85x10
0.000  [aax10? | om0
~7 -4 -5 -2
3.97x1077 [7.62x107% | 3301077 | 2.05x 10
0030 [1.3x107 | 08w
T T LA B B
D=18m .
V=17.2m/s —

Ap= 120,700 N/ me
u=5.21x 104 N sec/m? for NaK
u=1.17x 10" for Oil

Fig. 4.2.4.4:

Seal Leakage Flow, q, (cc/ min)

Power-leakage relationship for a single annular seal lip
(at ap = 20,700 N/m2, 3 psi).
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WL)2. (4.2.4.6)

With the selected values for D, V, and AP, this expression is also pre-
sented in Fig. 4.2.4.4 with the parametric lines of constant (uL) also
identified in terms of corresponding values of L for NaK, 0i1, and

. the buffer gas or liquid leaks into the machine space. These designs are
expected to provide excellent containment of the liguid metal, pro-
vided that a stable operating condition can be maintained.

and will depend upon the selected pressure in the position-contro]

pocket. If, for simplicity, a buffer Pressure difference of 20,700 N/ml

(3 psi) is assumed with the configuration of Fig. 4.2.4.2, then with

1.27 x 10=%m (0.0005 in) as a seal clearance, a seal lip of 1.14 10-3m
(0.045 in) thickness would permi t about 4(92) = 368 cc/min of buffer oi]
leakage per collector, with half of this entering the machine and the other
half entering the seal drain chamber. If ;3 gas buffer (N,) is used, a
wider seal would be desirable. In this case, a seal 1eng%h of 1.27 x 10-2n
(0.5 in) would permit about 4(4960) = 19,840 cc/min (0.7 cfm) of buffer

9as leakage. It js difficult to estimate these leakages, however, before

a detailed design of the seal is completed and the pressure drop and the
seal clearance can be determined. For example, a change in clearance from
1.27 to 1.02 x 10-5m (0.0005 to 0.0004 in) would Just about cut the

leakage rates to half the values shown above.

The effect of acceleration loading (inertial forces on the seal ring)
should be evaluated when the application environment and seal design are
better defined. The inertial forces on the seal ring must be small
compared with the pressure-balance restoring force of the sea] tc prevent
rubbing or seal leakage.

The seal viscoys power loss may also be estimated from Fig. 4.2.4.4, 1p
a design such as that in Fig. 4.2.4.2, with a 1.27 x 10-5p (0.0005 in)
clearance, the following table shows the power loss for a particular

seal configuration. It should be noted that the trade-off between viscous
power loss and seal leakage has not been optimizad.
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; NaK Power_Loss
Buffer Buffer (6.37x1073m, Total Seal
Buffer Seal Length Power Loss 0.25 in. long seal) Power Loss
oil 1.14x1073m (0.045 in) 4x1.77 kW 2 x 0.443 kW 7.97 kW
Np 1.27x10™%m (0.50 in)  4x0.033 kW 2 x 0.443 kW 1.02 kW

For the configuration shown in Fig. 4.2.4.3, the NaK power loss (in the
seal) would be eliminated and the losses would become:

Buffer Buffer Seal Length Total Seal Power Loss
0il 1.14x10"3m (0.045 in) 7.08 kW
N, 1.27 x 107%m (0.50 in) 0.13 kW

The viscous and ohmic losses in the liquid metal annulus of the current
collector must be added to the above values before comparing them with
the permissible total power loss for each collector.

If the design of Fig. 4.2.4.2 is used, and if we assume a seal clearance
of 1.27 x 10-5m (0.0005 in), then with the design value of 20,700 N/mé
(3 1b/in2) pressure difference the recirculating NaK leakage from the
seal would be about 36.2 cc/min per cm of seal length (for each of the
two seals), see Fig. 4.2.4.4. A seal length of 6.37 x 10-3m (0.25 in),
Tor example, would permit a total leakage of 736 cc/min for each col-
lector and a recirculation system of at least this capacity must be
provided.

Additionally, a system must be provided to circulate the buffer fluid.
Coarse estimates of circulation flow rates, based upon the configura-
tions assumed in this evaluation, were given previously as about 368
cc/min of 0il or 19,840 cc/min (0.7 cfm) of nitrogen per collector.

Consideration must be given to prevention of plugging of the orifices

or capillary inlet lines that are used to establish the clearance-flow-
pressure relationships for the hydrostatically-positioned seals. This

is another reason to select oil or gas instead of NaK to establish

the pressure-balance since Nak oxide formation could alter the restric-
tion characteristics. Even with gas or oil, however, it may be desirable
to add inlet screens to filter the fluid before it enters the restriction.

An 0i1/NaK separation system would be required if an o0il buffer fluid
is used. A high percentage (. 337) of oil may be expected in the mix-
ture, however, simple gravity-separation techniques probably can be
used with a large reservoir.
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For an axially-applied seal, radial thermal expansion will not affect

operation although there must be sufficient clearance in the stator t
to permit relative radial expansion without creating binding or friction
forces that would interfere with axial motion. The 3.05 x 10-9m

(0.012 in) potential radial shift of the rotor due to bearing clearance
15 negligible compared with the 9.15 x 10-Im (36 in) collector radius.
There also should be no problem in accommnodating large relative axial
movements 7.62 x 10-%4 to 1.52 x 10-3m (0.030-0.060 in) if the static seal

("0"-ring) friction force is made negligible relative to the hydrostatic !
restoring force of the seal.

A radially-applied seal, however, would have to be segmented to permit {
relative thermal expansion and in addition must be designed to make the

static seal friction negligible relative to the restoring force to

accept movement due to rotor bearing clearance. In this case axial t
rotor movement would cause no problem.

A detailed examination of thermal gradients in the seal ring will be

required to assure that distortion of the sealing surface does not %
occur. The seal rings will require a key to prevent rotation due to ‘
viscous forces. The magni tude of the viscous torgue can be determined :
from the power losses defined earlier: !

T =B o, (4.2.4.7)

where: PS = viscous power 10ss

rotor angular velocity ’ %

—
H

viscous torque
The force on a key or keys at the seal diameter would be:

Fk = T/R (4.2.4.8)

where: Fk = tangential force on key

] R = seal radius

For the present case, with:

R=9.15x10""m (3 ft)
w = 18.9 rad/s (180 rpm)
P =4 kW/seal,
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Fk = 231 N (52 1b) per seal (max)

Additional areas of concern which should be investigated when a more
definice design is established are the stability of the seal in rejation
to oscillation of the ring (both parallel movement and tilting of the
ring) and in response to acceleration loading. The possibility of
particulate oxide material reaching the seal/rotor interface and causing
abrasive wear should also be considered. The possible "aging" (loss of
elasticity) of the static seals should be investigated if a material

such as Buna-"N" is used for this application. However, minor Teakage
at these sealing points should not be critical.

A radial application, which results in a more complex seal, might
permit a continuous rotor (free of projections) and therefore a simpler
assembly. Axially-positioned seals probably require a horizontally-

split stator as well as split seal rings. Additional design effort
is required to establish an assembly procedure.

Since very small seal clearances are necessary, machining requirements
may be affected. The ability of the seal to follow movements of the
rotor will establish permissible run-out tolerances, and this must be
determined through further design and perhaps experimentation. Flatness
of an axially-applied seal (or circularity of a radially-applied seal)
may be a manufacturing problem due to the small clearance (~ 0.0127 mm,

0.0005 in) and large diameter (. 1.83m, « 72 in), unless the seal ring
is made sufficiently flexible so that it conforms to the rotor.

Fabrication cost should be investigated when a more definite design is
established.

Under ideal operating conditions, no seal wear would be expected since
no mechanical contact occurs, unless contaminants seriously block the
flow restrictions, forcing the seal against the rotor, or oxide

particles result in abrasive wear. Seal replacement or repair would
probably be difficult and expensive,

In summary hydrostatically-positioned seals appear to be feasible,
although the ability to maintain the small clearances on large diameter
rings must be demonstrated. Conformity of a large-diameter ring to the
mating rotor surface may be a problem unless the ring is segmented or

is flexible. Design and analysis of the pressure-balance system remains
to be completed. It has the advantage that the collector annulus may

be circumferentially continuous, and it has only one pair of solid-
liquid contact surfaces. The seal rings will probably have to be

segmented for assembl, purpnses (for an axial seal) or to accommodate
relative thermal expansion.

This concept has problems and advantages that are similar to those of
the "Hydrostatically-Positioned Collector" (B2, below), and these

design studies will be continued in parallel so that an early selection
between the two may be made.
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A3. Hydrodynamically-Positioned Seal

A hydrodynamica11y—spaced seal has the advantage (over hydrostatics)
that a significant chamber Pressure is not required. This could reduce
the Tiquid-metal recirculation or leakage from the collector. However,
the capability of continuous operation at speeds between zerd and

+17.2 m/s (3380 ft/min), is a severe requirement for a dynamic fluid
film lubricated seal.

An estimate of the feasibility of low-speed operation may be based upon

semi-dry friction induced power loss. )

-

P = FeVo = uAp(ﬁDL) v o, (4.2.4.0)
where P = power loss
F¢ = circumferential friction force
V. = seal velocity
w = friction coefficient
Ap = average pressure difference across seal
D = seal diameter

= seal face width

If a friction coefficient of 0.15_is assumed, with a maximum (worst case)

pressure difference of 27,600 N/m¢ (4 psi), the full-speed power loss
may be calculated as:

P = 414 kW/m (10.5 kW/in.) of seal face width

[f about 5 kW maximum loss per seal is permitted, the speed at which the
hydrodynamic film becomes effective must be less than:

w = (5/10.5) 180 r/min % 86 r/min ,
for a 2.54 x 107% (1 in.) seal face width.

{
If, for simplicity, a Rayleigh s}epped bearing is assumed, the optimum 1
Toad carrying capacity would be:

2
W= —5&5‘1 (0.03438) , (4.2.4.10)
h
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load

absolute viscosity

velocity of rotor

bearing Tength normal to motion
Eearing lenath in direction of motion
minimum film thickness

The bearing load pressure is defined as:

P =

With B = 1.27 x 1072

o

“gB (0.03438). (4.2.4.11)
h

W/LB =

(0.5 in.) and if an effective support area of

40% is assumed (due to the reversing Eequirement » to give_the required

effective load pressure as 27,660 N/m

)
: 0.40 = 69,000 N/m2 (10 psi),

then fcr a NaK lubricant (W =5.21 x 10-4 N-sec/m¢, 7.55 x 10-8 jb-
sec/in.2) eq. 4.2.4.11 gives

-
1"

At 86 r/min:

=
1]

=y
f

1.85 x 107° m (0.730 x 1073 in.), at full speed (180 r/min).

1.85 x 107° m (86/180)'/2

1.28 x 107> m {0.505 x 1073 in.)

This adequate film thickness indicates that a hydrodynamically-spaced

seal is probably feasible, although low-speed losses will probably be
high, when compared to a hydrostatically-positicned seal. (Power limits for
Tow-speed operation have not yet been established).

Two configuration alternatives are shown in Fig. 4.2.4.5. 1In configuration
(a), the gap of the two independent seals (and therefore the Teakage)

will increase with increasing speed. In configuration (b), the sum of

the two gaps is controlled by machining (or shimming at assembly) the

space between two joined seals, and the hydrodynamic forces (and the
pressurized NaK) tend to center the seal assembly around the rotor
collector. The rotational effect on the fluid film would also tend to
prevent leakage in configuration (b). However, it may not be possible
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FIG. 4.2.4.5. Hydrodynamically-Positioned Seals.
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to achieve the very close tolerances necessary for the seal interface,
and an externally-pressurized or spring-loaded face may be required.

Since an axial seal is used, radial clearance is a possihle prohlem only
for the static seal between the collector seal and the stator housing,
which must accommodate relative thermal growth. This seal also must per-
mit relative axial movement due to axial shifts of the rotor. Thermal
distortion of the sealing surface could be a problem. Keying of the seal
to the housing probably will be necessary to prevent seal rotation. The

effect of acceleration Toading will have to be determined when a specific
application is defined.

Machining tolerances for the large-diameter seal ring will be very tight,
to maintain the small gap and to achieve the proper hydrodynamic wedge
effect. Possible "aging" (loss of elasticity) of the static seal material
should be investigated. 1t would probably be desirable to have a hard
surface or a removable bearing face applied to the rctor so that damage

or wear will not destroy the rotor. PRotor face and seal materials must

be selected to minimize wear. Circulation system requirements will depend
primarily on purification.

The axially-applied seal will probably have to be split and rioidly
joined again after assembly on the rotor. Once this is accomplished, it
may be possible to install the rotor axially into a smooth stator here,
as shown in Fig. 4.2.4.5, thus eliminating the need for a split stator
and simplifying the design. If the rotor can be pulled nut axially,

the sealing system can be easily repaired or replaced, providing that
consideration is given to the use of a hardened or removable cnllector
rotor bearing face as noted above.

The use of an 0ilite-type porous bearing may be considered, but the path
of recirculation of lubricant must be defined for the required face-
type bearing, as opposed to the conventional journal bearing application
of that material. (A continuous radial seal cannot be used because of

the potentially large relative thermal growth which could reduce the
radial clearance).

Although this concept appears to be feasible it is probahbly best
considered as part of the hydrostatically-positioned seal.

4-39



E.M. 4705

Ad.  Deep-Groove Labyrinth

Since the groove depth must be small in comparison with the collector
diameter, a deep-groove labyrinth will still have to contain, as a
minimup, the gravity-induced pressure head of about 15,170 N/m (2.2
1b/in.€) for a filled collector annulus. Since the leakage would be
large for the required seal clearance of about 1.02-1.52 mm (0.N40-
0.060 in.), even for an extensive seal lenqth, the concept might be
feasible only if the expulsion pressure is minimized. The major
pressure component, due to gravity, may be minimized by establishing a
liquid metal flow rate such that the frictional drag at the collector
wall is just equal to the gravitational body force.

For a static rotor and a uniform-thickness annular collector groove, and
if no leakage of liquid metal occurs, the recirculating Tiquid metal
introduced at the top will be split equally between the two collector
paths and will join again a* the bottom of the collector. In each path
the flow velocity will be constant at:

v = Q/2A , (4.2.4.12)
where:

Q = Tiquid metal flow rate

A = collector area

Including the frictional drag loss in head, Bernoulli's equation may
be vritten as:

>
P /y + v?/Zg P2y T Py/y t /20 4 1, 4 b, (4.2.4.13)

where:

P = pressure

Yy = density

v = velocity

hf = head loss due to wall friction drag

Z = height (location) relative to bottom of
collector, and the subscripts relate as
follows:

1. inlet (at top of machine)
2. variable point between top and bottom,
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Since the velocity will be constant:

v] = v2, and

he = f(r/d?/2q , (4.2.4.14)
where:

f = friction factor

£ = length of circumferentiai path

d = hydraulic diameter.

Then, Bernoulli's eauation may be re-written as:

n

(Py=Py)/y = (2y-2,)-F(2/d) (vP/2q),

8P = Dy - f(2/d)(v%/29)y. (4.2.4.15)

For a rectangular collector channel, the hydraulic diameter is:

d = 4(cw)/2(c+w), (4.2.4.16)
d = 2¢/(1+c/w)

where:
¢ = radial collector gap

collector width

n

v

If the radial dimension is smail in comparison with the width, the
hydraulic diameter is approximately:

d = 2c.
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For a value of AP = 0, from top to bottom, equation (4.2.4.16) gives:

f(nD/2)(v?/2q)

D(2c).

v2 = ggc/nf. (4.2.4.17)

The Reynolds number for flow in this annulus is:

- vd o 2ve
Re oL SR (4.2.4.18)
where:
v = kinetic viscosity.

If the radial collector gap is selected as 3.18 x 103 (0 123 in.), the
above re]ationéhips may be combined (for NakK, v = 2.32 x ]03 m</hr,
6.95 x 10-6 ft /sec) to find:

—h
1

329c3/nv2R§

-
I

7.68 x 106/R§ (4.2.4.19)

This expression m:>y be used with the curves of friction factor vs “RF“
for very smooth pipes to find: ‘

f = 0.027
Re * 16,900
v = 1.72 m/s (5.64 ft/s)

The corresponding 1iquid metal flow rate (in two parallel paths), for
each cm of collector width would be:

530 cc/min, per cm of width
6.9 in.9/<, per inch).
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The above values seem possible to achieve. Some precsure inequality
will exist along the flow path due to the fact that the friction drop

is Tinear along Lhe anqular (circumferential) path while the gravity
head is linear with vertical height, but this deviation is probably
small. More important will be the effect of rotaticn and surface condi-
tions on the friction factor, and changes of propercies with temperature.

In any event, some pressure will probabiy be necessary to assure low
contact resistance, or will be caused by magnetic or acceleration forces.
Rotor eccentricity due to hearing clearance 1is another source of

pressure build-up and velocity variation due to the varying gap thickness.

Therefore this technique is not recommended for use alone but may be

considered for incorporation into another system in order to reduce the
expulsion pressure.
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A5. Variable Viscosity Buffer Material

This concept would utilize a seal made of a material with a low viscosity
in the rotational direction (perhaps at a local radial position) but

with sufficient strength to prevent extrusion in the axial direction.

It could alsg consist of a slurry of solids larger than the leakage gap
(+1.52 x 1073 m, 0.060 in.) in an adhering 1iquid retained by the
particles.

Since no material of this nature is presently available, the concept
could not be fully evaluated and therefore it was dropped from further
consideration.
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A6 . Electromagnetic Retention

Electromagnetic retention utilizes the forces generated between
magnetic fields and electrical current flow in the liquid metal, to

l counter the various expulsion forces. Although this technique may be
used in combination with a small-clearance hydrostatically-positioned
seal or collector, it is probably not required for those designs.
"herefore, this concept will be evaluated for the case of the relatively

l iarge seal clearance required to accommodate thermal expansion,
bearing clearance, and dimensional tolerances. The sum of these require-
ments to prevent seal rubbing, is dependent upon the specific design

l configuration, materials, and operating procedures, but an estimated
minimum clearance of 1.02 to 1.52 x 10-3m (0.040 to 0.060 in) will be
assumed for the present evaluation.

l Because of the gravity effect on expulsion pressure, and for other
reasons, a uniformly-filled seal gap cannot be assumed. That 15,
the retention technique must also function with only a locally-filled
l or partially-filled annulus, and must prevent droplets and aerosol

from escaping.

1 General Relationships

In general, the retention body force on an element of the liquid metal
i will be:

F'UXB,

F = retention body force (N/m3)
flux density (T)
uniform current density through the element (A/m-)

.
=
- 2
o
-
m

"

e
"

and where "B" and "J" are normal to each other and also normal to the

resulting force "F". The maximum containment pressure (N/m2) will
be:

o

p=JdxB (1), (4.2.4.20)

where: i = length of element in the direction normal to "B" and o

(meters).
§ l Neglecting contact resistance, the corresponding ohmic power losses
{ would be:
i | P=1%R = 1%(b/ut) = 92 (st)? ob/st
)
¢ P = 032 (vol), (4.2.4.21)
i
1
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where: = ohmic power loss (watts)

length of element in direction of magnetic flux (m)

P
b = length of element in direction of current flow (m)
t
) = bst = volume of element

= liquid metal resistivity (0-m)

-
|

As a specific example, to establish the order of magaitude of pressure
build-up and power loss that might be obtained, we may select:

it

1/p = 2.20 x 106 mhos/m (NaK)
J=6.20 x 10° A/m® (4,000 A/ind)

B=1T

p/s = 6.20 x 10° N/m® (22.8 1b/ind)

6.2 2 4 :
P/val = 15439—f~1g—l AM 175 5 108 wymd (286 W/in®).
2.2 x 10 mhos/m

If In additign, we select a radial gap of 1.27 x 107 (0.05 in), and
(

a 27,600 N/m¢ (4 psi) containment pressure, then for a 1.83 m (72 in)
coliector diameter:

L = 27,600/6.20 x 10° = 4.45 x 103 (0.175 in).

P =17.5 x 10° (1.27 x 1073) (4.45 « 1073) = 98.8 W/m (2.50 W/in)
of circumference

P =98.8 x +(1.83) = 568 W

For a full seal annulus at 27,600 N/n° (4 1b/in®) and 4.45 x 10°3n
(0.175 in) length, the required current and voltage (for radial current
flow and circumferential flux) would be:

I=6.20 x 10° A/m® x w(1.83 m) (4.45 107%m) = 159,000 A

H

v

L

P/1 = 568/159,000 = 3.57 x 10”3 volts

(An additional voltage drop would be irtroduced due to contact
resistance.)
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For circumferentiai current flow and radial flux:
I=6.2x10° A/m? x 1.27 x 1073 « 4 45 x 1073 = 35 A

V.= P/I = 568/35 = 16.2 volts (neglecting contact drops)

Therefore, the use of a radial flux with annular current flow permits
more reasorable values of required voltage and current for containment,
if a satisfactory configuration can be defined.

- -

One possible electromagnetic contairment technique which would not
require an externally imposed magnetic field is shown in Fig. 4.2.4.6.
This concept uses the ejection pressure resulting from current flow in
4 separate electrical path provided for containment. As shown in the
figure, axial conductor bars are embedded along the stator bore, and
these are alternately connected to the positive and negative terminals
of the retention system power source. When liguid metal enters the
rotor/stator gap and contacts two or more conductors, a current flows
through the liquid metal and the self-field provides a body-force
which drives the Tiguid metal back toward the collector. A shoulder
is provided on the rotor to eliminate a direct leakage path and assure
liguid mectal contact with the embedded conductors .

A simplified aralysis of %his concept shows the following relationship
for containment pressure:

P = (5/6) y 52 32, (4.2.4.22)
where: y = gap permeability (n 47 x 107/ hy/m)
£ = axial length of liquid metal extension into the containment

system (m) (see Fig. 4.2.4.6).

The ohmic power loss was found (as above) to be:

03 (vol) = pd%(nDst), (4.2.4.23)

I

V/ob, (4.2.4.24)
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Fig. 4.2.4.6: Self-field electromagnetic (E.M.) containment
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where: V = applied voltage between conductors
b
D

circumferential spacing of conductors

collector diameter (1.83 m)
Equations (4.2.4.22) and (4.2.4.23) above, may be combined to find:

P = 6vDtp: /55 . (4.2.4.25)

For a radial gap (t) of 1.27 x 10"3m (0.05 in) and a pressure of
27,600 N/m“ (4 psi):

P =287.5/. (4.2.4.26)

For an acceptable power Toss limit of 5 kW, the minimum length of liquid
metal extension into the gap, would be:

L = 87.5/5,000 = 0.0175 m (0.688 in)
Equations (4.2.4.23) and (4.2.4.24) may be combined to show:

V/b = (Pp/yDit)® (4.2.4.27)

For the 5 ki conuition, above, the resulting value becomes:

V/b = 4.21 volts/m (0.107 volts/in).* (4.2.4.28)
it can be seen from Equations (4.2.4.26) and (4.2.4.27), that the
iength "'" cannot be reduced without increasing the power loss, and that
increasing "o (and reducing "P") rasults in even lower values of (N/b).

Therefore, equation (4.2.4.28) shows the maximum acceptable value for
(V/b).

The spacing of conductor bars must be selected to minimize the probabiTity
of a droplet escaping without "shorting" of two adjacent bars. If a
spacing of 3.18 x 1073m (0.125 in), is selected, the supply voltage would
be only:

Vo 4.21 x 3.18 x 1073 = 0.0134 volts,
and the corresponding current (for a full ring) would be:

I =5,000/0.0134 = 373,000 A

*Contact resistance would increase the required supply voltage, but would
also increase the power Joss.
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A power source of this type does not appear to be feasible., If a
higher-voltage source is used, with the same bar spacing, Equation
(4.2.4.24) shows thal the current density would increase proportionally;
Equation (4.2.4.22) shows that the axial length of the liquid metal along
the bars would decrease in inverse Proportion; ind fquation (4.2.4.25)
Shows that the power loss would then increase in proportion to the
increased voltage. Therefore this corncept does not appear feasible for

containment of small droplets, which requires close spacing of conductors
and an extremely high-current power source.

External-Field Concept
A practicel configuration which will provide either & continuous
(uni—direction11) circumferential current or a continuous circumferential
magnatic flux (independent of Joad current), has not been found. Therefore ,
a modification of the self-field concept (Fig. 4.2.4.6) was considered,

with magnetic poles of alternate polarity added between the local con-
ductors. A preliminary review of techniques to provide the Tocalized
magnetic field, either e]ectromagnetica11y or with permanent magnets,
indicates that the large radial gap and the required small spacing of
0pposi te magnetic poles make it impracticul to achieve a sufficiently

high field within the specified geometric constraints.

Because of the difficulty in providing either circumferential flux or
current in the seal annulus, it may be preferable to produce a circum-
ferential force due to field and current in the other two orthogonal
directions. The resultant circunferential motion of the Tiquid metal can
then be converted to an axial pressure gradient by the use of angled
vanes, such as a "wind-back" seal, or by using a "manometer effect" due
te centrifugal force. These concepts have not yet been fully evaiuated,
but justify additional analysis.

Considering the many possible configurations, it is recommended that

further study be made in this category, although no satisfactory arrange-
ment has been found thus far.
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A7. Absorbent Wick

Movement of the rotor. The material then becomes, in essence, g rubbing
5€dl and shoylq be CoOnsidered ss ap alternative to the lip-seal op
hydrodynami ¢ seal discussed in (A1) and (A3) above. Materiajs such as
"Foametaq" or “Fe]tmeta]“, elastomer Sponge, or Other fibrous con-
figurations could he considered, Since eXxperimentation would be
necessary to establish f]exibi]ity, Wear characteristics, and con-
tainment adequacy, feasibi]ity cannot be established at this time.

A8. Low-Speed Segl

This Concept woyulgd include 3 seal that could hbe appliad when the

centri fuga) effects could no longer retain the Hquid meta) against the
force of gravity, Neg]acting MHD expulsign effects, this "dropoyt" Speed
1S expectad to be aboyt 60 rpm for the rotor.

The power loss for this type of seal will Probably be dcceptable jf the
Seal area js Made sma)]. The complication and added Cost of the
retractign mechanism Suggests that this concept be considered only if
simpler rubbing seaje (A1 anc A3 above) are pot dcceptable,
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A9. Magnetic Fluid

The technology involved in the suspension of a solid electromagnetic
filler in a Ticuid for use as a seal, has been under development by
Ferrofluidics Corp. and has resulted in their "ferrometic” rotary seal.
A cartridge seal of this type is presently being tested at the
Westinghouse Research Labs. The peripheral velocity 1imit for this
sample is about 7.11 m/s (1400 ft/min), 3.81 x 10 m (1.5 in) dia.
at 3600 r/min due to temperature rise from the viscous power louss,
without cooling. The supplier's 1iterature gives a temperature limit
of 107°C {225°F) for continuous operation, probably based on fluid
vapor loss. The sales literature gives rpm Timits for various shaft
diameters which indicate a similar maximum peripheral speed for
modular seals. With cooling and fluid replenishment. peripheral
speeds as high as 56 m/s (11,000 ft/min) are claimed.

The radial gap in the commercial units, is typically 5.08 x 10°° to
1.27 x 10-%m (n.002 to 0.005 in), but the company states that this value
can be much larger if required, apparently by increasing the mnf of the
magnet and by scaling up the geometry and fluid volume. (The viscous
shear area and power loss also would be scated up.) The pressure
capability per seal land, for this radial gap, is about 20,700 N/ml

(3 1b/in). If the present pitch (Letween lands) of about 1.57 x 10-3m

(0.062 in) s scaled up to a desired radial gap of 1.02 x 10-3m, it
would become:

L= (1.02 x 1073/1.27 x 107%) 1.57 x 1073 = 1.26 x 1072 (0.5 in)

This might be reduced with a modified configuration, su that two of
these seals could be fit within the collector space allocation.

Present cost of a 3.81 x 10 °m (1.5 in) dia. cartridge seal is about

$750, but the components are relatively simple and the cost of some of the
presently used fluids is only about 10 cents per cc. (probably less than
$10/seal point). Present fluids have a very high start-up torque
(viscosity) at Tow temperature and may not be compatible with the liquid
metal, and a search for a better fluid such as g silicone 011 may be
necessary. The use of a mineral oil carrier is presentiy being con-
sidered in a Navy program, which utilizes liquid metal current collectors.

A visit to the Ferrofiuidics Corporation was made in November of 1972

by ) personnel primarily to evaluate the feasibility of developing a
metallic (Tiquid metal) magnetic-fluid shaft-seal for large turbine-
generators. It was concluded that the magnetic liquid metal, necessary

to improve thermal conduction for the high-speed & 10.2 m/s, 20,000 ft/min)
shaft application, would require a research and development effort, and

a program of that nature is under consideration. (Dasign with a con-
ductive magnetic fluid must also consider the possibility of circulating
Current losses due to radial field.)
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Both of the above approaches, magnetic fluid seal and matnetic fluid
conductor, require two steps in the developrent program; materials
(fluid) development, and configuration development. Fluid properties
(incTuding magnetic characteristics) are necessary to complete a design
study. Presently, it appears that magnetic saturation due to the high
circumferential flux of the load current could greatly reduce if not
eliminate the effectiveness of a magnetic seal within the current
loop. Therefore, although some additional study would be required to
verify that the problem cannot be overcome, it appears that these con-
cepts have low probability of success for a short-range program, and
have been eliminated from consideration as primary contenders.
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A10. rSu_r;fa_ge Tensi on_/Wetti ng

The feasibility of retaining the liquid metal in the current collector
through the use of surface tension, is strongly related to gap width
(rotor/stator) and shear energy input at the surface. The maximum
retention capacity can be determined by examining the case of perfect
welting in the sealing zone, and complete non-wetting external to that
zone, along an annular gap. For this configuration, the surface
tension angle will be zero or parallel to the gap surface.

The annular gap configuration may be approximated by that between two
parallel plates, and the retention force would be:

B LR (4.2.4.29)

where "o" is the surface tension of the sealing fluid. The maximum
pressure that can be retained will then be:

&Py = 20/h, (4.2.4.30)

where h is the radial (or axial)gap width.

For Nak, the surface tension would be about 1.05 x 1071 N/m (6.00 x 10°%
1b/in), and the maximum Pressure capability for a radial gap of
1.02 x 10-3m (0.040 in) would be:

- 2 -2 . 2
Apmax = 206 N/m” (3.0 x 10°¢ 1b/in )

The surface tension of NaK is high. By comparison, 0ils have values of
only 2.0 to 6.5 x 10-2N/m, and water ha? a value of 7.5 x 10-2. Mercury
has a surface tension of almost § x 107" N/m, but even this would retain
only 980 Ném2 (1.42 x 101 psi) pressure difference. To contain

27,600 N/m< (4 psi), the gap width would have to be rgduced to

3.62 x 10°5m (1.4 x 10-3in) for mercury or 7.61 x 10-°m (3 x 10-4 in) for
NaK. In addition, even these gaps would not be adequate during rota-
tion, with shear energy disruption of the surface.

It is apparent that surface tension cannot sustain any significant
pressure difference and therefore cannot be utilized as a primary
seal. It is probably possible, although not easy, to place a number
of these interfaces in series, with another fluid between them, to
increase the pressure capacity. However, the large number required
and the shear effect of rotation makes this alternetive infeasible.
Therefore this concept has been dropped from further consideration.
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A11. Solidification

The concept which involves sealing with a locally solidified region

of the liquid metal would require a complex thermal or chemical control
system. Additionally, the shear area of the seal would have to be made
very small because of the increase in viscosity (by a factor of 2 or 3)
as the Tiquid metal approaches the solidification point. Also, the

seal could freeze when the rotor is stationary and no viscous heat is
generated, greatly increasing start-up torque. Since no simple con-
figuration has been found which would eliminate these problems, no
further effort is planned for this concept.
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B CONDUCTING SEAL

Bl. Conducting Wick

In the use of a conducting wick as a current collector, the large gap
and the need to wet both rotor and stator elements to assure good
electrical contact eliminates any improvement in liquid metal retention.
Improvement in retention can result only if the effective gap is made
smaller or is eliminated. This may be possible by providing a wick
which is flexible and will deform as the rotor expands or shifts. As
in the case of the wick-type seal, the possible materials would be
"Foametal", "Teltmetal", elastomer sponge, or other fibrous materials.

The wick could be divided into a central feed zone and two adjacent
drain zones, all made up of the same material, with a small radial gap
to prevent aerosol generation. Gas flow may be used to assist drainage
and to improve containment.

Since the lip-seal and the hydrodynamic seal (A1 and A3 above) were found
to be marginally feasible, the conducting wick applied in a similar
manner may also prove to be adequate. However, since material properties
such as flexibility, wear rate, and permeability are not established, a
complete evaluation of feasibility cannot be made at this time. An
experimental program to evaluate various candidate materials is planned.
An important consideration to be evaluated during a test program, is

the tendency of the wick material to be wiped over the pores at the
rubbing interface and possibly interfering with the flow of liquid

metal.
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B2. Hygrostatiqgjjg:fg§igigggd Collector

The hydrostatic positioning technique described for the seals (above)

can also be applied to the complete collector/seal assembly. The
collector may be positioned either axially or radially. If radially
applied, the collector ring must be sejmented or otherwise flexible
enough to permit the changes in diameter required to follow rotor thermal
€xpansion and dimensional tolerance variations. 1In comparison to the
separate seals, this configuration has only one floating member instead
of two, but introduces two NaK/copper contact-resistance interfaces in
Place of one. (It might be feasible to join the two seal: to form one
floating assembly, and to provide a conducting flexible bellows or spring
support of the collector to eliminate a second liquid-metal contact-
resistance interface, but this would complicate the designs.)

Many design confiqurations are possible. Some of the alternatives
are listed below:

1) Use of liquid metal, oil, or gas as the positioning fluid.

2) Either annular channels or Tocalized pockets for the liquid metal,
for the second fluid, and for the drain chambers.

3) Pressure of a buffer fluid less than, equal to or greater than that
of the liquid metal.

Local pockets are expected to improve the stability of the collector
ring by providing a restoring moment (or centering force) when the
ring is tilted (or radially displaced). An annular ring would permit
circumferential flow to equalize the pressures and thereby reduce the
restoring force. A configuration containing local pockets, adapted
from the "hybrid" pad design, is shown in Fig. 4.2.4.7.
The alternative of an annular groove has the advantage (over pockets)
that an increase in the relative motion (angular velocity) of the rotor
would probably not increase the liquid metal recirculation requirement,
although detailed concepts of both would be required for an ad?quat
comparison. The required collector width to_produce 2.48 x 10/ A/m
(16,000 A/in2) would be less than 2.11 x 10~3m (0.083 in) for an annular
groove at 1.83m (72 in) diameter.

The use of 0i1 or a gas to provide the collector positioning force

would make this indeperdent of magnetic forces that might otherwise

alter the operation if the conducting Tiquid metal is used for this
purpose. Gas is probably preferable to o0i] because of the much lower
viscous power loss, although an evaluation of damping requirements

should be made, and because separation from the liquid metal does not
appear to be a problem with gas. However, the design sealing requirements
may be more complicated if a separate system is required for the gas.

The permissible pressure of a gas pocket, relative to that of the liquid
metal, would be related to the pocket size and geometry.
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Fig. 4.2.4.7: Adaptation of pad design to ann:iar collector ring

For the present evaluation, a configuration will se assumed, which uses
the liquid metal to provide positioning force, and which has dimensions
similar to those now being considered for the "hybrid" pad.

Good containment of liquid metal within the collector ring pocket is
expected. This is due to the small seal gap, and the rcas flow into the
annular drain chambers from the machine gap. (The required gas flow
velocity and corresponding Pressure drop must be determined.) Since
the drain grooves are annular, a step or projection could be provided
so that the gas seal 1ips would overlap the rotor and not be directly
in-line with the liquid metal seal gap.

The drain channels should be evaluated to assure that they can

adequately handle the liquid metal flow without filling or significant
accumulatior at the bottom of the annular channel. Assembly require-
ments will probably necessitate a split seal ring, and two or more

segments may be preferable to a rotationally symmetric design to prevent
leakage at the split. (Sealing of the stator split may still be required.)

For power Toss calculations, it will be assumed that the collector ring
is insulated to prevent current flow except in the area of the local
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pressure pockets. This reduces the MHD-induced viscous power loss, and
also reduces the recirculating (eddy) current which produces a power loss
and an ejection pressure.

Since the MHD force occurs only in the pocket, where the tangential flow
is blocked, the viscous losses will be primarily in the narrow seal gap.
This can be estimated from Fig. 4.2.4.4 of concept A2, as less than

1.5 kW for a radial Tength of 2.1 x 106-2m (0.825 in) and a liquid metal
gap of 1.27 x 10~5m (0.0005 in).

The Toad current ohmic loss due to bulk resistivity of the Tiquid metal
in a cylindrical volume was previously defined as

PB = J2(vo])/7,
where: o = conductivity of the liquid metal (2.20 x 106 mhos/m for Nak).

For 2.48 x 107 A/m2 (16,000 A/inz) current density and a pocket cross-
sectional area of 1.73 x 10-%m2 (0.268 in¢), the power 1oss becomes

PB = 48.4 kW per meter (1.23 kW/in) of pocket depth (for :ach pocket).

For 70 pockets with a depth of 1.52 x 10-3m (0.06 in), the total power
loss due to bulk resistivity would be.

Pg = 5.16 kW.

It will probably be necessary to add dams or otherwise design to

prevent MHD-induced viscous losses in the liquid-metal supply annulus behind
the collector ring. The load current ohmic loss in this annulus will

depend on final dimensions, but a rough estimate will be made based on

the assumpgions that the radial width is the same as the pocket diameter,
1.48 x 107“m (0.583 in), the depth is 3.18 x lO‘Sn(O.]ZS in), and that the
full area is uninsulated. The conduction area and current density are

A

1.831(1.48 x 1072) = 8.5 x 10-2m2 (132 in2)

J = 300,000/8.5 x 1072

3.53 x 10%/m2 (2,270 A/in?)

The power 1oss becomes:

Pp = (3.53 x 10%)2(8.5 x 1072)(3.18 x 1073)/2.2 x 10
Py = 1.53 k.

The contact resistance loss for each interface pair due to load current
will be:

P

c = gdl (4.2.4.31)
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specific contact potential (4.1 x 1072 Vn?/A). The total

where: ¢, =
for the p%ckets and the annular supply riny would be

P

¢ = 4.1 x 107 (300,000)(2.48 x 107 + 3.53 4 108)

PC 30.5 kW + 4.33 kW = 34.8 kW.

Due to the larger area, it is seen that only about 15% of the contict
loss is associated with the annular supply channel.

The eddy-current ohmic power loss per unit area,

without laminations and
assuming e = 0, would be

202, 2.
= B2L%0 < 79,6 k/m? (51.4 W/in2) (4.2.4.32)
where: B = flux density normal to collector (0.1 7)
V = linear velocity of collector (17.3 m/s)
L = collector width (1.48 x 10'2m, max )

ag

d

liquid metal conductivity (2.2 x 106 mhos/m)
conducting gap thickness (1.52 x 10'3m)

The power loss would be less than that shown above
pocket area is circular rather than rectangnlar.
power loss for the 70 pockets would be less than

P = 79.6(70)(1.73 x 107%) = 0.964 K

, since the conduction
The total eddy-current

The following table summarizes the power loss approximations. These
are meant only to establish the relative significance of each type of

loss, since the values may change greatly as a collector design is
developed.

__ Type of Loss Power Loss (kW)
Viscous Less than 1.5
Bulk Resistance
Pockets 5.16
Supply Ring 1.52
Contact Resistance
Pockets 30.5
Supply Ring 4.33
Eddy Current _0.9%

Total 44.0
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Review of the table leads to the conclusion that a reduction in current
density to reduce contact losses, should be made by increasing the
number of pockets or by increasing the pocket area.

The Teakage of a circular pad (hybrid design, Eq. 4.2.5.5) would be:
TIC3P.l

where: Op = leakage flow
¢ = seal clearance
u = absolute viscosity
D, = inner diameter of seal

02 = outer diameter of seal
1
] = Pocket pressure

For the pad presently under consideration, the following values may be
assumed:

¢ =1.27 x 107 (5 x 10"%n)

b= 5.2 x 107 N-s/m? (7.55 x 10781b-s/ind)
D, = 2.1 x 107%m (0.825 in)

Dy = 1.48 x 10™%m (0.583 in)

Py = 137,900 N/m® (20 1b/in?)

x>
|

oo=h I3 X 10-4m2 (0.268 inz)(conduction area)

This results in a leakage flow of:

Q, = 50 cc/min (0.05) ind/s).

For 300,000 amperes and 2.48 x 107A/n° (16,000 A/in%), the required area
for all the pads on a single collector is 1.2] ml (18.75 1n2), and
therefore 70 pads will be required (this would give about 8.13 x 10~2m
(3.2 in) of circumference per pad), and the total Teakage would be:

0 = 3,500 cc/min (0.356 in%/s).
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For comparison, from Eq. (4.2.4.4), an annular gap would have a
leakage flow (inward and outward) of approximately:

n C3 PO
Q = 2 X __IZ-:]—-L/»U, (4.2.4.34)
where: D = collector diameter
= seal length
D
If the seal length is taken to be the same as that for the pad ( —77~—),
the flow may be calculated as:

Q = 10,100 cc/min (10.3 ind/s).
This is almost three times as great as that for the pads. ] |

It is possible, however, to machine local pockets in a collector ring,
in which case the leakage will be less than or equal to that for the
pads. (The viscous power Toss would be greater if the seal area is
greater than that for the pads.)

The effect of gravity head (about 15,170 N/m2, 2.2 1b/in2, for an annular

ring) is relatively small, but should be considered when a firm design
is established.

Ejection pressure built-up by rotational forces may be evaluated
(approximate]y) on the basis of a model consisting of a thin annular
liquid-metal ring of radial thickness "L". If the rotational velocity
of the liquid ring is assumed to be half that of the rotor, the pressure
at the outside diameter, required to constrain this fluid, would be:

rotational force/area

2
b = §211RWLQ?R(U:/£)_ - Lon2/4, (4.2.4.35)

2nRW

o
I

i where: = ring width

— =
"

radial thickness
= mass density of liquid metal
R = radius of thin ring

©
I

w = angular velocity of rotor.
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The pressure may be evaluated with the following values used in the
above equation

L = 2.54 x 107%n (1.0 in)

o = 865 N-s/m* (1.68 Tb-s2/tH)

R=9.15 x 107 'm (36 in)

1]

18.8 rad/ s (180 r/min)

w
The result is the small pressure:

p = 1790 N/m’ (0.259 psi), for 2.54 x 10"2n (1.0 in) radial
thickness.

The ejection pressure resulting from load-current, assuming a single-
turn module, would be:

P, = 6.28 x 107/ Ipz, (4.2.4.36)

where: Ip lToad current per unit circumference (A/m)

PL = ejection pressure (N/mz).

For the assumed current density of 2.48 x 1O7A/m2 (16,000 A/inz), and
an effective pad diameter of 1.48 x 10~m (0.583 in), the current per
unit of collector circumference would vary from zern at each end to a
peak at the central line (of maximum radial height ) of 1_ =

367,000 A/m (9,330 A/in). This is equivalent to a peak p?essure of:

PL = 84,600 N/m’ (12.3 1b/in?).
max

This value is sufficiently large, that a more detailed analysis cf
the load-current influence on positioning (gap) and flow rate is
required.

The interaction of radial field "B" and axial current density "J" (for
an axially-applied collector ring) results in a circumferential body
force which is similar to a gravitationally-induced pressure head. The
peak pressure, at one circumferential point, will be:

Pmax SA(J= A BY TN (4.2.4.37)
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where: d=14.8 x 1073 (0.583 in. pocket diameter)
J = 2.48 x 107 A/m® (16,000 A/in?)
B=0.05T
P = 18,300 N/m° (2.66 1b/in%).
max

For a radially-applied collector the result wanld be similar except
that an axial field would be used in the computation. For an axial
field of 0.1 Tesla, the maximum pressure would be:

= 2 -
Pmax = 36,600 N/m“ (5.32 1b/in‘).

For an axially-applied collector ring, radial thermal expansion
relative to the rotor, and the rotor shift due to the 0.012 in. radial
bearing clearance, should not affect operation. However, expansion of
the collector ring relative to the stator could cause binding or
increased friction and prevent axial movement. Sufficient clearance
must be allowed to accommodate this relative growth, or the ring should
be segmented. A radially-applied collector would also have to be
segmented to permit relative thermal expansion. In both cases, static
seal friction must be made negligible relative to the restoring force
which positions the collector ring.

The force required to oppose the torque and prevent rotation due to
viscous drag would be small (unless a rub occurs). From Egs. (4.2.4.8)
and the previously determined viscous drag power loss of less than

1.5 kW, this force will not exceed:

FK = 87.2 N (19.6 1b)

A detailed examination of thermal gradients in the collector rinyg

will be required to assure that distortion of the sealing surface

does not occur. Additional areas of concern which should be investigated
when a more definite design is established are the stability of the

seal, in relation to oscillation of the ring or segments (both parallel
movement and tilting of the ring) and in response to acceleration
loading. The possibility of oxide material reaching the seal/rotor
interface and causing abrasive wear should also be considered,

Heat transfer to remove the viscous and electrically-induced losses
from the collector ring will depend on the cooling techniques used

in the rotor and stator. The temperature does influence the sezl gap
and flow rate of the liquid metal, but if the operating temperature

i5 held below about 93°C (200°F), the variation is expected to be less
than 157. This effect should be reviewed again when a more-definite
design is selected.
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The acceptability, from an electromagnetic point of view, of local
conduction paths at each pocket, as opposed to a rotationally symmetric
collector, should be verified. The pocket width used in this sample
analysis subtends an angle of 0.927° with a spacinag (pitch) of 5.15°,
and covers 18% of the circumference. For a multiple-turn machine, the
pessible effect of this lack of rotational symmetry on the magnetic
forces in the 1iquid metal should also be investigated.

The possible "aqing" (loss of elasticity) of the static seals should
be investigated if o material such as Buna-"N" is used for this

application. However, minor leakage at these sealing points should not
be critical.

A radial application of the collector segments might permit a smooth
cylindrical rotor and therefore a simpler assembly. An axially-applied
collector would probably also be split at least on the horizontal
centerline, for assembly purposes. The collector ring can be pushed
back to increase the clearance for assembly. Additional design effort
1s required before an assembly procedure is established.

The ability of the collector to follow movements of the rotor will
establish permissible run-out tolerances, and this must be determined
through further design and perhaps experimentation. Flatness of an
axially-aprlied collector (or circularity of a radially-applied seal)

may be 2 manufacturing problem due to the small clearance (v 1.27 x 10-5m,
5 x 107%n) and large diameter (~ 1.83m, 72 in), unless the collecto

is segmented or made sufficiently flexible so that it conforms to

the rotor. Fabrication cost should be investigated when a more

definite design is established.

Under ideal operating conditions, no collector wear would be

expected since no mechanical contact occurs, unless contaminants block
the restrictions or oxide particles result in abrasive wear. Seal
replacement or repair would probably be difficult and expensive.

In summary, the hydrostatically-positioned collector ring is very
similar to the hybrid pad design. It has the advantage, however,

that collector rotation does not tend to drag liquid metal from the
sealed area. Also, more design flexibility is provided since gas-
Pressured positioning pockets may be interspersed along the circumference.
This is particularly important if contact resistance is a significant
factor, since the number of contact pairs can be reduced from two to
one. (The hybrid pad can probably be extende¢ circumferentially to
provide an intermediate configuration with similar advantages.)
Conformity of a large-diameter ring to the mating rotor may be a
problem unless the ring is segmented or flexible. The concept appears
to be feasible but its success is dependent upon the maintenance of a
very small clearance without rubbing.

The design study will be continued to evaluate alternative configurations,
to optimize the positioning stability, and to establish an experimental
program to demonstrate feasibility.
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B3. Flooded Labyrinth

A (semi-) flooded labyrinth will not be effective with the large radial
clearance necessary to prevent rubbing and the low leakage velocity for
reasonable recirculation rates. It may be used as a retractable or
hydrostatic/hydrodynamica]1y—positioned device, but these are covered
in other sections of this report. Another alternative is the addition
of solid material particles betveen labyrinth seal strips. If the
particles are sized or shaped such that they cannot escape through the
seal gap, and if the material is selected so that the 1iquid metal
readily wets the particles, then it may be possible to retain the 1iquid
metal within the conducting seal. This concept then becomes similar to
the Variable-Viscosity Buffer Material (A5 above), which has more
flexibility in material selection since either the 1iquid metal or

another fluid may be used. Therefore the Flooded-Labyrinth concept will
not be considered further.

B4. Conducting Bearing

A roller or ball bearing may be used to maintain concentricity vetween
the stator (outer race) and the rotor (inner race), to improve the per-
formance of a 1ip-type seal. A sealed bearing might be used, eliminating
the need for a separate sealing device. If the sealed bearing is filled
with 1iquid metal, then the rolling elements will be lubr cated by the
liquid metal and an electrical conduction path would be provided between
the rotating and stationary parts. (Provisions must be made for relative
expansion in the radial and axial directions). A preliminary survey
shows no bearings available which are intended for operation as hiah as
180 rpm for diameters of about 1.83 m (72 in.). Therefore this concept
will not be investigated further at this time
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C. LOW-SPEED FLOODING OR LOW-SPEED BRUSH CONTACTS

C1. Pressure-Controlled Liquid Volume

If the machine is initially flooded with liquid metal, then as the rotor
is brought up to speed, projecting collector rings will act as viscous
pumps tending to increase the fluid pressure in the collector region.

If the Tiquid metal supply system is designed to maintain a constant
pressure in the collector, and if this pressure corresponds to a semij-
filled collector (the outermost, conducting region of the collector
viould be completely filled) at full speed, then the fluid in the machine
gap will flow toward the collector as the speed is increased and will

be drained into the recirculation system until the proper fluid level is
reached in the collector. As the speed is reduced and the centrifugal
pressure reduced, the fluid will be pumped back into the collector and
eventually into the gap, flooding the machine at standstill. In this
manner, an acceptable viscous power loss may be achieved.

The part-speed power loss of this system would have to be evaluated
and the effect of MHD pumping of the Tiquid metal must be included.
However, since the machine insulation would have to be designed for
flooded operation, and since the objective of this study is to develop
collectors for an unflooded machine, this concept will not be carried
further.

C2. Low-Speed Brush/High-Speed Liquid

The use of solid brushes at low speed which are retracted at high speed
after injection of liquid metal permits the use of Tiquid metal only
at the high speeds where brush wear and power loss would be high and
where centrifugal containment of the liquid is effective. However, the
cost of a dual system will be large, periodic replacement of brushes
will be required (and this requires removal of the liquid metal and
decontamination of the machine), the brush material would probahly have
to be compatible with the 1iquid metal, and the brush wear debris must
be contained. Total size of the dual system may also be a problem.

ATthough this concept appears to be technically feasible, it does not
seem to be a practical solution to the collector problem and will not
be considered further, in the present study.

C3. Gas Injection

An alternative vay to reduce viscous power loss in a flnoded machine
is the injection of cover gas to displace the liquid metal at the
rotating or stationary surfaces (or both). Injection of gas may be
local or through porous walls, and may be continuous or only at high
speeds. However., as in concept C1 above, the machine insulation must
be designed for flooded operation. Also, since the objective of this
study is the development of unflooded machine collectors, this concept
Will not be evaluated further.
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D. Axial Injection (or Radial Ejection)

DY¥. Inertial Containment

Inertial containment would utilize the kinetic energy of the liquid
metal, as it enters the collector. to contain or rotate the fluid within
the collector annulus. Probably the most effective configuration would
be tangential inlet ports at both sides of the collector, causing
unidirectional rotation of the liquid metal annulus, with tangential
exit ports near the center of the collector width. Wind-back type
grooves between the inlet and exit ports may assist in preventing
leakage flow out of the collector region. Analysis of the velocity
distribution in such an annulus would be difficult when the viscous
drag at the collector surfaces are considered. At present, it is felt
that the probability of developing a feasible configuration of this
concept is small, and therefore a detailed analysis is not justified.

D2. Venturi Effect

Proper orientation of the Tiquid metal inlet flow and the shaping of
the annular passage to minimize disturbance and to guide the liquid
directly toward the exit, would reduce the tendency for aerosol for-
mation and leakage from the collector. The 1iquid metal inlet could be
either in the rotor or the stator, but rotation of the rotor should be
designed to encourage flow along the normal path rather than oppose it.
However, due to the large annular gap area, the flow rate in the axial
or radial direction would have to be very large to provide sufficiently
high velocity to create a venturi effect for containment. Therefore.
this concept will not bhe pursued further.
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E. Zero-Pressure (Free Fall)

E1. Variable-Area Annulus

This technique is similar to the "Deep-Groove Labyrinth" system (A4)
described above, except that the cross-sectional area of the collector
annulus is varied to permit a matc'iing of inertial head with gravita-
tion head to prevent a pressure rise from the Tiquid metal inlet at the
top, to the exit at the bottom of the annulus. The area variation could
be obtained either by tapering the radial gap thickness from the top to
a smaller value at the bottom, or by varying the width in a similar
manner. The possible advantage of this technique is a Tower Tiquid metal
recirculation flow rate, since the wall friction drag is not required
(and will be assumed equal to zero for the initial computation).

Bernoulli's equation, for constant pressure and negligible friction
factor, becomes:

vireg + 1, = vij2g + Z, (4.2.4.38)
Examining this expression from inlet to exit gives:

= 2987 = 29D = 35.9 m%/s? (386 ft2/s2)
For example, if vy © 0, then Vo 7 5.99 m/s (19.7 ft/s), or:

VA= 1.52 m/s (5 ft/s); v, = 7.10 m/s (20.4 ft/s)

vy = 3.05m/s (10 ft/s); Vo = 7.66 m/s (22.0 ft/s)

Since the inlet and exit flow rates must be equal, the annulus cross-
sectional area must vary &nverse]y with the velocity. If the channe]
at the exit is 3.18 x 10=3m (0.125 in.) radially and 6.35 x 10-3m (n.25 in.)
wide, since the exit velocity is relatively constant at ~6.10 m/s (20 ft/s),
the flow rate through two parallel paths would be:

Q = Av = 14,750 cc/min (15.0 in.3/s)

The inlet width could be varied depending on the selected velocity.
For an inlet velocity of 1.52 n/s (5 ft/s), the width of a 3.18 x 10-3m
(0.125 in.) radial gap would be:

W= (6.10/1.52) 6.35 x 1073 = 2.54 x 102 (1.00 in.)
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The calculated velocities were not neqligible in ter.s of wall-friction
pressure drop (even for a zero inlet value), and tnerefore this approach,
at best, must be a combination with that of concept A4. For simplicity,
then the concept of concept A4 should bhe preferred, since the annulus is

then of uniform cross-section. The variable-area concept should there-
fore be dropped from further consideration.

F. Constant-Speed Seal Rotor

Rotation of liquid metal in the collector annulus may be achieved by
electromagnetic or injection inertial forces as described above, or
through mechanical or viscous shear forces induced by a separately
rotating ring. In one possible form, this ring could be the collector
well dtself, as a rotating "U"-shaped channel with both a rotor and

stator collector ring projecting into the liquid-metal filled well.

Th2 ring (well) could be hydrostatically floated on its outside diameter
to provide the bearing function, and if cover gas were used as the hydro-
static fluid, it might also be allowed to escape in a tangential direction
to provide a rotational reaction force. In addition to machining com-
plexity, assembly and liquid metal supply and drainage would be difficult.
Therefore, a detailed analysis of this design will not be made.
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4.2.4.3 Summary of Results

Of the 25 to 30 concepts that were studied, three have been selected for
continued development. Two of these are hydrostatically-positioned (the
seal Al, and the collector ring B2) and have similar advantages. The
ability to maintain a very small clearance gap, between the large-
diameter rings and their mating rotor surfaces, is the primary area

of concern. The rings will probably be segmented or made flexible to-
improve conformity to the rotor surface.

The third selected concept uses a simple, inexpensive lip-type 01l
seal for the large-motor applications with tip speeds of about 3500 fpm

or less. Experimental evaluation of this concept should be relatively
simple.

Further study of concepts utilizing electromagnetic retention forces
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