
Best 
Available 

Copy 

., 



'"■■        I'      M j Ji,wwi«JnnyiL.«"W»wii  ■ i     '   J.i I'-iw"' ■u"-,""-^~^r ■eui.Mim wmmmmmmmm 

«MMMMMaM 

^ 

AD-762  759 

DESIGN  AND  DEVELOPMENT   OF A   SEGMENTED 
MAGNET   HOMOPOLAR  TORQUE  CONVERTER 

C .   J.   Mole,   et al 

Westinghouse Electric  Corporation 

J 

Prepared for: 

Advanced Research  Projects  Agency 

June  1973 

DISTRIBUTED BY: 

mi] 
National Technical Information Service 
U. S. DEPARTMENT OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 

[imtüüiirmfiMM i iiiMmfiite 



r i       i ^oH^^^vaw ^•«»»■J'l 

I 
I 

CO 

E.M. 4518 

DESIGN AND DEVELOPMENT OF A 

SEGMENTED MAGNET HOMOPOLAR TOROUE CONVERTER 

Semi-Annual Technical Report for 
Period Ending May 31, 1973 

Submitted to ARPA in June, 1973 

Principal Investigator; 

C. J. Mole, Mgr. 
Superconducting Electrical Machinery Systems 

Phone (412) 256-3612 

Sponsored by: 

Advanced Research Projects Agency 
ARPA Order No. 2174 

This research was supported by the Advanced 
Research Projects Agency of the Department of 
Defense under Contract No. DAHC 15-72-C-0229. 
Contract expiration date 1 March 1974. 
Amount of contract - $1,129,969. Effective 
date of Contract 10 May 1972. 

Westinghouse Electric Corporation 
Electro-Mechanical Division 

P.O. Box 217 
Cheswick, PA 15024 

\ 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

nftrct 
I    i       | ■. ■ 

-    -■■—--"-'•• —   iiMiiiimitfiiiiii-miMK iiiinu n 4 



™" i .iiMjAKmwim tmmmmmpm*mm»*****m wmmwmmmmmmmmmGfim »MlW'JU.iiiiuvL.PjiiBHWliJUJ 

Unclassified 
Security Classification 

DOCUMENT CONTROL DATA - R&D 
(Security elattHteatlon ol lillr. budy ol abstract and indexing annotation must be entered when the overall report is claisilied) 

1    OBiniNATIN G ACTIVITY (Corporate author) 

Westlnghouse Electric Corporation 
Electromechanical Division 
Cheswlck Ave., Chaswick, PA 15024 

2a     REPORT  5ECURI TV    C  U AS 5 I F I C A 1 ION 

Unclassified 

2b    GROUP 

3    riEPOHT   TITLE 

DESIGN AND DEVELOPMENT OF A SEGMENTED MAGNET HOMOPOLAR TORQUE CONVERTER 

4    DESCRIPTIVE NOTES (Type ol report and inclujive date«.) 

Semi-Annual Technical Report for period endiag May 31, 1973 
5 AUTHORS) (Lm,t name, drat nam». initial)   Hole,  C.J. and Arcella, E.G.; Berkey, E.; Boes, D.J.; 

Brenner, Wm.C; Carter, F.D.,Jr.; Feranchak, R.A.; Johnson, J.L.; Karpathy, S.A.; 
Keeton, A.R.; Lltz, D.C.; McCann II, E.F.; Mlksch, E.F.; Moberly, L.E.; Mullan, E.; 
Reichner, P.; Tsu, T.C.; Ulke, A.; Wltkowskl, R.E 

6 REPO RT DATE 

June,  1973 
1«     CONTRACT   Of.   GRANT   NO. 

DAHC  15  72  c  0229 
h.   PROJECT  NO 

7«     TOTAL NO    OF   PACES 

Jflbl 
J.- 

7b    NO    OF  HEFS 

28 
9a    ORIGINATOR'S  REPORT  NUMbERfSj 

E.M.  4518 
9b.  OTHER REPORT  NCI'S) (Any other numbari thai may b» mttltnad 

Ihl» raporfj 

10   AVAILABILITY/LIMITATION NOTICES 

Qualified requesters may obtain copies of this report from Defense Documentation 
Center,  Cameron Station,  Alexandria, Virginia    22314 

II. SUPPLEMENTARY NOTES 

Details of illustrations in 
this document may be better 

 itudied on microfiche.  

12- SPONSORING MILITARY ACTIVITY 

Advanced Research Projects Ageney 
Department of Defense 
1400 Wilson Blvd., Arlington, VA    22209 

3   ABSTRACT 

This program Is for the research and development of a new mezhanlcal power trans- 
mission concept: the segmented magnet homopolar torque converter. The pvrpose 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, lightweight low volume 
design with potential application over a wide range of speeds and power ratings in 
the range from hundreds to tens of thousands of horsepower. This machine concept 
can be applied to commercial arid military advanced concept vehicles for both 
terrain and marine environments. 

The program places particular emphasis on the materials technology of liquid metal 
current collection systems for the reason this is essential for the success of 

the homopolar machine concept. 

This report period encompassea the completion of Phase I study phase, and the 
initiation of Phase II experimental work.  In Phase I the technical probleas were 
reviewed, the machlno concepts were studied, and a detailed technical plan was 
evolved for the entire program. In Phase II, theoretical, engineering, and exper- 
imental tasks will be performed to develop a reliable current collection system 
which will be demonstrated in an actual segmented magnet homopolar machine, and 
a design layout evolved for a demonstration torque converter. 

DD FORM 1473 Unclassified 

Security Classification 

RM 3S0S4 

MMiiiiiriiiiiiiiiiiiiiiiiMii «t—....■—.i -  



mgvmM.nmw>''f«'x'f'v'\wßi,inKi^.^mu fmmfm^l^^^^^'^'^s^B^l^«B^^'i^*''^^^VV^.WiiW^!^W^^mr^mifr^^':^^-' ■ .'«..IIIU^IM^JIUILJ 

Unclassified 
Security C.assification 

14 

KEY WORDS 

alkall metals 
de motor 

electric machine 
homopolar 
liquid metals 
motor 

ship propulsion 
torque converter 

LINK A LINK B LINK C       _J 
LE     I       WT       I 

i    ^r.,,-.. INSTRUCTIONS 
I.   ORIGINATING ACTIVITY:   Enter the name and address 

tKe report      y ^B-mration (corporate author) issuing 

2*. REPORT SECURITY CLASSIFICATION: Enter the ove^ 
"ReVtric' ^d V a,88Afi.C8,ion of «h« "PO«. Indicate whiter '" 
ance wfh a„ 'S lnclude4   Marking is to be in accord- ance with appropriate security regulations. 

£ofS: Ä-Ävss.Ä'r.srÄ; SS.1"- 

3. REPORT TITLE: Enter the complete report title in all 
capital letters Titles in all cases should relcl„sifiä. 
la meaningful title cannot be selected without classified 
mm.Ä ^ 1Tl

cla.S8ifica»i0" ^ •»! capitals in parenhesU immediately following the title. 

r4;n£,ESCRIFT!VE NOTES:   If "PP'OP"«««, enter the type of 
report   e.g., interim, progress, summary, annual, or final. 

covert '" e dB,e8 When a 8PecifiC repor,SnB P"iod is 

5. AUTHOR(S):    Enter the name(s) of authoKs) as shown on 
or In  he report.    Ente, last name, first name, middle initial 
f xihtary, show rank and branch of service.   The name of 

the principal =;Athor .s an absolute minimum requirement. 

6. REPORT DATEi    Enter the date of the report as day 
month, year, or month, year.   If more than one date appears 
on the report, use date of publication. 
7t^   TOTAL NUMBER OF PAGES!   The total page count 
should follow normal pagination procedur-s, i.e., enter the 
number of fage/s containing information. 

76.   NUMBER OF REFERENCES:    Enter the total number of 
references cited in the report. 

8a.   CONTRACT OR GRANT NUMBER:   !f appropriate   enter 
the applicable number of the contract or grant under which 
the report was written, 

8fc   8c, &8d.   PROJECT NUMBER:    Enter the appropriate 
military department identification, such as project number 
subproject number,  system numbers, task number, etc. 

9a    ORIGINATOR'S REPORT NUMBER(S):    Enter the offi- 
cial report number by which the document will be identified 
and controlled by the o.iginating activity.   This number must 
De unique (o this report. 

96. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers (eilhrr by the originator 
or by thf sponsor), also enter this number(s). 

10.   AVAILABILITY/LMITATION NOTICES:   Enter any lim- 
itations on further dissemination of the report, other than those 

^^«1 ^ 8eCUfity cU8Bific»«i°". >"»ing standard statement. 

"Qualified requesters rr.ay obtain copies of this 
report from DDC " 

"Foreign announcement and dissemination of this 
report by DDC is not authorized." 

"U. S. Government agencies may obtain copies of 
this report directly from DDC.   Other qualified DDC 
users shall request through 

(1) 

(2) 

(3) 

(4) 

(S) 

"U. S. military agencies may obtain copies of this 
report djrectly from DDC   Other qualified user-, 
shall request through 

"£l\ dijstribution of this report is controlled, 
itied DDC users shall request th ough 

Qual- 

Use for additional explana- 

If the report has been furnished to the Office of Technical 
rTj?*' ,DePart?ent °f Commerce, for sale to the public   indi- cate thip ffcet and enter the price, if known. P™1*' '"di 

U.   SUPPLEMENTARY NOTES: 
tory notes. 

12. SPONSORING MILITARY ACTIVITY:   Enter the name of 
£ Ämen,al Pr0JeCt 0ffice or Moratory sponsoring^ 

"* for) the research and development.   Include address. 

13. ABSTRACT:   Enter an abstract giving a brief and .'-ctual 
summary of the document indicative of the report, even tbough 

oort  "I?a^dft^rf elSeWhere in the bod" of the «echmcal re* 
be attached SP8Ce 18 reqUired- " ^'""uation sheet shall 

It is highly desirable that the abstract of classified reoort. 
be unclassified     Each oaragraph of the abstrac   shä lend with 
forZ^n       "^ the mi- ary Securi,y cl"sification of The in 
formation in the paragraph, represented as (TS). (S). (C)   o,(V) 

How- ever ^Z6, ^ n0.U",i
l
t,ti0? 0n the len8th of the abstract, ever, the suggested length h from 150 to 225 WOKJS. 

ir ^K^Y„WORDS:   Key words are technically meaningful terms 
or short phrases that characterize a report and may be used T 

"el^te'rso8^ Cata(0g,n8 the "^    K^ ÄmS."^ " selected so that no s Purity classification is required    IdenÜ- 
ÄctUcad."n.,SiiPZnt ^•^•aignaüo«. trad'e name, Sary 
wo°ds bu^ wiU h. r 8f0KraPh'c location, may le used as key 
texl    Thl «il      follow

f
ed by an indication of technical con- 

ten.   The assignment of links, rules, and weights is optional. 

Unclassified 

Security Classification 
RM 35055 



. !• Mmmvmmm*mmmv*9'i''>' wnmu. 

E.M. 4518 

DESIGN AND DEVELOPMENT OF A 

SEGMENTED MAGNET HOMOPOLAR TORQUE CONVERTER 

Semi-Annual Technical Report for 
Period Ending May 31, 1973 

Submitted to ARPA in June, 1973 

Principal Investigator: 

XQM^L 
C. d. Mole, Mgr. 

Superconducting Electrical Machinery Systems 
Phone (412) 256-3612 

Sponsored by: 

Advanced Research Projects Agency 
ARPA Order No. 2174 

This research was supported by the Advanced 
Research Projects Agency of the Department of 
Defense under Contract No. DAHC 15-72-C-0229 
Contract expiration date 1 March 1974 
Amount of contract - $1,129,969. Effective 
date of Contract 10 May 1972. 

Westinghouse Electric Corporation 
Electro-Mechanical Division 

P.O. Box 217 
Cheswick, PA 15024 

■ .* 



Vin^vwNWii-Jlli .lUiilf IIH^ H^^^^ 

i. 

;.. 

I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
1 

The views and conclusions contained in this document are 
those of the authors and should not be interpreted as 
necessarily representing the official policies, either 
expressed or implied, of the Advanced Research Projects 
Agency or the U. S. Government. 

11 

lltrimiiiiMiMi^^  • ^^^^^^^^^■^^^^^^»M 



iWhm"*tM!mi*i'-M''mmmv nmmm j».liJijJi«Miu«jy|u»»j^i.ttiuimij«|^wjMwj«»iiiiij>w4*^ mamimm&PKi 

TABLE OF CONTENTS 

1 

Section 1 

I 

I 

1 
I 
I 
I 
I 
s 

r 

INTRODUCTION AND SUMMARY-  
1,0   General ••   

Background --■ 
Objectives - 
1.2.1    Summary of Objectives- 

Page 

1 

1.1 
1.2 

1- 
1- 
1- 
1- 

1.2.2 Summary of Technical Tasks —-• 1-2 
1.3 Summary of Current Progress- 

i 3.1 
1.3.2 
1.3.3 
1.3.4 
1.3.5 
1.3.6 

Machinery- 
Application Study -  
Liquid Metal Current Collection Systems- 
Liquid Metal Support Systems-- ■ 
Seal Study - • 
Phase II Plan ■ 

2 MACHINERY- 
2.1 

2.2 

2.3 

Segmented Magnet Torque Converter (SMHTC)--- 
2.1.1 Objectives  
2.1.2 Prior and Related Work - 
2.1.3 Current Progress • 
Segmented Magnet Homopolar Machine (SEGMAG)- 
2.2.1 Objectives • 
2.2.2 Prior and Related Work ■ 
2.2.3 Current Progress  
GEC Generator • 
2.3.1 Objectives -  
2.3.2 Prior and Related Work   
2.3.3 Current Progress  

3 APPLICATION STUDIES — 
3.0 Objectives  
3.1 Prior and Related Work- 
3.2 Current Progress  

1-4 
1-4 
1-4 
1-4 
1-5 
1-6 
1-6 

2-1 
2-1 
2-1 
2-1 
2-1 
2-2 
2-2 
2-2 
2-2 
2-5 
2-5 
2-5 
2-5 

3-1 
3-1 
3-1 
3-1 

4.1 
4.2 

CURRENT COLLECTION SYSTEMS 4-1 
4.0   Objectives  4-'1 

Prior and Related Work   4-1 
Curent Progress - — 4-2 
4.2.1 Power Losses in Current Collectors  4-2 
4.2.2 Liquid Metal  Confinement Problems 4-8 
4.2.3 Additional Considerations in Selection 

of Liquid Metal---  
4.2.4 Experimental  Program  
4.2.5 Experimental Test Apparatus  
4.2.5    Current Collector Design - 

4.3    References- 

4-10 
4-14 
4-15 
4-17 
4-19 

111 

iimaiiiiliü iiiiMiiiiiiiiiii 



'i^v^m^mmrwmmmmim^mi'm rsn^nnMiPftppppiini^^ 

TABLE OF CONTENTS (cont'd.) Page 

5 LIQUID METAL SUPPORT SYSTEMS 5-1 
5.0 Objectives 5-1 
5.1 Prior and Related Work 5-1 
5.2 Current Progress  5-3 

5.2.1 Material Selection and Compatibility 5-3 
5.2.2 Liquid Metal Loop and Cover Gas Systems—- 5-7 
5.2.3 Loop and Support Studies 5-14 

5.3 References 5-19 

6 SEAL STUDY 6-1 
6.0 Objectives  6-1 
6.1 Prior and Related Work   6-i 
6.2 Current Progress---    5-2 

' 6.2.1 Test Stand Construction   5-4 

6.2,2 Material Studies of Candidate 
Seal Composites   5-4 

6.3 References--—^   6-8 

7 PLAN FOR PHASE II - 7-1 
7.0 Objectives 7-1 
7.1 Prior and Related Work  - 7-1 
7.2 Current Progress 7-1 

.1 

I 

11 
D 
0 
LI 

0 
0 
D 
D 
I 

iv 

D 
i 

iMiMllWiMUlM iiMatfeMfc«iia»M'LJato....v^^ 



p^ i. ji,m,«iuwii ip,il»l^llW!ll»!llll]Ul«TOU.W<WlWII,f!«pi.!l»J,llll|l1IJ«IIIPU|llll    . trntm iniiHitiWi«iw*ji.i" mm* niai.jUiHlimiüpipijti.jliiiilWWiBHiw 

I 

i 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

5-9 

5-10 

LIST OF FIGURES 

Interaction Between B and J in Liquid 
Metal Producing Circurnferentially 
Directed Body Force, F6 

Liquid Metal Power Losses 

Eddy Current Drag on Rotor 

Interaction Between Be and Ij, in Liquid 
Metal Producing Axial 1y Directed Bod.\ 
Forces, Fa 

Forces Acting on Liquid Metal 

Current Collector Test Stand 

Preparation of Rotor Bar Insulation for NaK 
Compatibility Studies 

Insulation Test Specimens and Test Canister 

Room Temperature Screening of Seal Materials 

Incompatible Graphite Seal Materials 

Common NaK Loop Systems for Prototype Segmag 
Generator 

Two Methods with Experimentally Demonstrated 
Capability to Break the Electrical Conductivity 
of the NaK Flow 

Small Loop Concept to Service Each Current 
Collector Independently 

Cover Gas System for Demonstration Machine 

Inert Cover Gas Glove Boxes for NaK Loop 
Development and Materials Compatibility Studies 

Current Collector Test Stand and Instrumenta- 
tion in Assembly 

Page 

4-3 

4-5 

4-6 

4-9 

4-9 

4-16 

5-6 

5-6 

5-8 

5-9 

5-11 

5-12 

5-13 

5-15 

5-17 

5-17 

VTBJWWfÜMirfiiiiiMMi ii in i      ii ii   ' ii  .-.,-,.„.,.. ^,.^» 



'MmmwmwMmmßmm^wbvwwm.'mmmf.vi mmmmmimm**mm**m rtammm»* mmi iimmm.i.. i nrnrnm^mmmmmmmm^mmst 

Figure 

6-1 

6-2 

6-3 

6-4 

Table 

4-1 

4-2 

4-3 

5-1 

6-1 

LIST OF FIGURES 

Rotor Shaft Seal Test Stand 

Details of Seal Test Device 

Seal Test Stand 

Face Seal Test Stand 

LIST OF TABLES 

Calculated Current Collector Power Losses 

Pressures Due to Various Effects in Current 
Collectors (NaK-78 Collector Fluid) 

Physical Properties of Several Liquid Metals 

Candidate SEGMAG Materials to be Evaluated 
for NaK Compatibility 

Seal Material Processed for Friction-Wear 
and Compatibility Studies 

Page 

6-3 

6-3 

6-5 

6-5 

Page 

4-7 

4-11 

4-13 

5-4 

6-6 

REFERENCES 

References are listed at the end of each section. 

VI 

J 

«imtmitiB ,^-"""~-~'  



ufMmmmimmimmmmiimim i nut m.MiiiiiiihJiiij i.i uwmmf^**mmvmm*tmimmfmmmmmm *mm ■ »•UIH^IUIU w 

f 

SECTION 1 

INTRODUCTION AND SUMMARY 

1.0 GENERAL 

This is the second semi-annual technical report and covers the work 
performed from December 1, 1972 through May 31. 1973. During this perinH. 
the Phase I workscope was completed, and Phase II initiated. 

1.1 BACKGROUND 

This is a new program for the research and development of a new 
wesunghouse propostd mechanical power transmission concept: the seg- 
mented magnet homopolar torque converter (SMHTC). The purpose of this 
device is to convert unidirectional torque of constant speed (such as 
trom a steam turbine prime mover) into variable speed output torque 
in either the forward or reverse directions. The concept offers an 
emcient, light-weight low volume design with potential application 
over a wide range of speeds and power ratings in the range from 
hundreds to tens of thousands of horsepower. Initial analysis 
indicates that this machine concept ca.i be applied to cormiercial and 
military advanced concept vehicles for both terrain and marine 
environments over a wide range of applications with considerable benefit 

tech^; ^^^^^l^^i^l 'onectlon. — -al 

The present contract is part of a proposed three phase program to 
develop the segmented magnet homopolar torque converter (SMHTC) 
This program will, a) solve all of the problems relating to current 
collection systems for segmented magnet machines; b) demonstrate 
the solution of the problems in a small segmented magnet homopolar 
machine (SEGMAG); c) utilize the technology in the development to 
design, construct and test a segmented magnet homopolar torque 
converter (SMHTC). a      K     H 

Ths program will place particular emphasis on the materials technology 
ot liquid metal current collection systems for the reason this is 

power^Uslty applications^ the h0m0P0lar machine COncept' for hi9h 

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 plan was evolved for the entire program. 

1-1. 
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Pnase II has the primary purpose of providing the necessary 
theoretical and engineering design work, as well as the supporting 
experimental tasks, to develop reliable and efficient subsystems 
necessary for the successful operation of segmented magnet homopolar 
machines. Key task areas include, (a) the design, construction and 
operation of a SEGMAG machine; and (b) evolving a design layout of a 
demonstration torque converter (SMHTC). 

The objectives of Phase III will be to extend the technology developed 
in Phase II for constai.t 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 demonstra- 
tion SMHTC. 

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 are as follows: 

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

2) Application study. 

3) Liquid metal current collection systems. 

4) Materials study. 

5) Segmented magnet homopolar machine design. 

6) Seal study. 

7) Plan for phase II 

There are five major task areas under Phase II: 

(1) Machine Design and Testing 

A segmented magnet homopolar machine (rated 3000 HP, 3600 rpm) will 
be designed, constructed, and tested. This development will Drove the 
concept and allow testing of improvements for the SMHTC such 3S the 
current collectors, seals, and materials. Extensive testing will be 
conducted. 

A homopolar generator will be obtained from the General Electric Co. 
(GEC) of Englahd. The prime purpose is to obtain operational experience 
with Gain as a current collector liquid. This machine's mechanical and 
electrical design and performance will be studied as a basis for evalua- 
ting presently used models for predicting machine performarce. 

0 
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(2) Application Studies 

lerZ?l 0fifhu ^P1]"*^ resulting from the Phase II application 
studies will be reviewed in conjunction with ARPA, and the most useful 

2??] betleÄ!e9mented magnet h0mOPOlar machin" or torq^lon^ners 

(3) Current Collection Development 

SrrLTrn?!^^1"5 taf is i0 evolve an effective liquid metal 
princioa?    4. n! Tl™ *"* t0 PValUate its Performance.    The 
?on?aminant     LS mLc y C0;Cern ha

1
ndling' "ntainment. removal of Luntaminants, and measure of power losses. 

(4) Liquid Metal Support Systems 

The purpose of this task area is to develop, design fabricate anH 
Ut oT^V '^ met/]  ^ulatlon loS and a' ove  af ec  u- 
lation system to provide maximum protection to the liquid metal n 
the current collector region. Both the liquid meta aSd the cove? 
Fnliyj h+e  rec ^ulated für contaminant removal and purity maintenance 
was ' hrattl0fn W1 1 be 9iVen t0 use of these syst™  for remova o? waste heat from the machine. 

HnLlaHninC]UKe- a comPatibi1ity study of all machine materials 

^^Ät^tlelJ^^ld^^1 maten"als) With the "V" 
A fundamental studies program is part of this task area anH ic 
concerned with those aspects of liquid meta techno og'y ? at are 
ZofTZ llulllfil* lhe  CUrrent collection electrodes to provide 
long term re lability for stable current conduction. Topics include 
lu2VJllU^  by ^d  metals' aeroso1 formation co??os o Sr 
rÄ?9-re?-tl0!lS' effect of hi9h current transfer and chemistry control in liquid metals using soluble getters.       cnemisxry 

(5) Seal Study 

rnetaTtoIhe rn?^^^ W111 J6,^61^ to,  (a) confine the liquid 
the    iinin L^     Ci0;  ZOnei and (b) prevent air contamination of the liquid metal and loss of its protective cover gas atmosphere 
o dit ?s be constructed t0 si^late actual machine operating 

1-3 
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1.3 SUMMARY OF CURRENT PROGRESS 

1.3.1 Machinery 

1.3.1.1 segmented magnet homopolar torque converter (SMHTC) 

Two SMHTC concepts, based on segmented magnet homopolar (SEGMAG) 
machines, were developed. They will be capable of transmitting 
energy from a 3600 rpm prime mover to a propeller shaft whose speed 
varies from a forward speed of 200 rpm to a reverse speed of 200 rpm. 

Additional studies were initiated to evaluate other SMHTC configurations 
with initial efforts aimed at reversible homopolar motors. 

1.3.1.2 segmented magnet homopolar mac1.ine (SEGMAG) 

The SEGMAG machine design was essentially completed. Critical items 
were defined and procurement action initiated to maintain program 
schedule. 

1.3.1.3 GEC machine 

This generator (rated 16,000 amperes short circuit, 8 volts open 
circuit emf) has been ordered from GEC Ltd. Shipment is scheduled for 
October 1973. Provision of the necessary utilities is being made for 
Us installation, and a laboratory site has been allocated. 

1.3.2 Application Study 

No work was scheduled for this task in the current period, 

1.3.3 Liquid Metal Current Collection Systems 

Based on a state-of-the-art review and an analytical study, NaK-78 
was selected as the best liquid metal fur current collectors 
employed in SEGMAG type homopolar machines. Gain was selected as the 
alternate choice. NaK-78 is compatible with most machinery structural 
metals, copper, and insulation materials. 

Quantitative analysis of the complex electro-magnetic interactions 
which will be experienced by functioning current collector systems 
indicated the following conclusions: 

•   Preference for "unflooded gap" liquid metal current 
collection systems (based on a necessity to reduce or- 
dinary viscous and MHO power losses). 

D i 
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Power losses in the liquid metal of "unflooded gap 
current collectors used in machines of the SEGMAG 
design concept will be relatively small (less than 
per cent of the machine's output). Low power loss 
is achieved because of the small contact area with 
liquid and because the ambient magnetic fields are 

one 

the 
weak, 

•  A serious concern in applying an "unflooded gap" liquid 
metal current collection system is confinement of the li- 
quid to the annular gap of the current collector. Centri- 
fugal force tends to keep the liquid metal in the gap, 
whereas gravity and magnetic forces tend to expel it. In 
the case of generator applicaLions, loss of liquid metal 
via aerosol formation is considered a serious problem be- 
cause of excessive surface turbulence associated with high 
speed operation. 

An experimental program was developed with the prime objectives 
resolving problems associated with the application of liquid metal 
current collector systems in SEGMAG type homopolar machines. The 
initial concern centers on an ability to control liquid metal flow 
rates into and out of the collector over a wide range of machine 
operating conditions. Other equally important concerns include 
techniques for confining liquid metal to the current collector and the 
long term performance reliability of liquid metal in the face of 
continuous viscous working and transfer of electrical current loads. 

Experimental apparatus capable of testing liquid metal current 
collectors under simulated machine operating conditions was designed 
and is being fabricated. A current collector design will be developed 
and finally tested in tho SEGMAG prototype demonstration homopolar 
generator. 

1.3.4 Liquid Metal Support Systems 

Candidate materials which will be utilized in the SEGMAG demonstration 
machine were selected and prepared for NaK compatibility studies. The 
test plan and acceptance criteria to qualify the candidate materials 
for use in a NaK environment were also defined. The apparatus 
necessary to carry out the NaK compatibility studies was set-up and 
calibrated. Experimental work has commenced with the preparation of 
rotor bar msulaf.on systems and the preliminary screening of candidate 
seal materials. In addition, a 1 iterative survey was conducted to 
select braze materials that are compatible with NaK. 

Design of the liquid metal and cover gas sub-systems to service the 
prototype segmag generator are near completion. Initial test programs 
were conducted to prove design concepts and evaluate equipment per- 
formance. Procurement of components and support equipment for the 
generator was initiated. 
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NaK support system activities have progressed with the design, con- 
structior., and calibration of small electro-magnetic flowmeters; 
design and fabrication of an oxide cold trap to purify recirculeting 
NaK; procurement of a recirculating, two column, inert cover gas 
purification unit; and design and construction of the instrumentation 
stand for the current collection tests. Ongoing studies in Lhe areas 
of liquid -netal love! detection in the current collector during 
operation; decontamination and safety practices; and chemical means 
of establishing wetted surfaces in NaK are continuing. 

1.3.5 Seal Study 

A study of various shaft seal concepts has indicated that a tandem cir- 
cumferential seal offers considerable promise as a rotor shaft seal 
for the prototype SEGMAG machine. The function of this seal is two- 
fold: (1) it confines the dry, inert cover gas to the machine's con- 
tainment vessel; (2) it prevents contamination of the containment vessel 
by both air as well as the oil used in lubricating the support bearings. 
A test rig was constructed to evaluate the performance of tandem 
circumferential seals with respect to seal wear and gas leakage. Test 
seals suitable for operation on a 3 inch diameter shaft can be tested 
over a 3600 rpm speed range in a dry nitrogen environment. Reversing 
capability, jogging, and dynamic braking were designed into the variable 
speed drive system. 

Conventional carbon-graphite materials lose their lubricating 
ability in an inert, no-moisture environment. In view of this fact, 
the ability of the seal material to retain its self-lubricating 
ability in the machine's environment is of major interest. For this 
reason, compatibility study program complements the seal test program. 
Candidate seal materials are being evaluated with regard not only to 
their compatibility with the dry, nitrogen environment of the machine 
but also to their compatibility to the liquid metal used in the 
current collector. 

1.3.6 Phase II Plan 

A plan for the 18-month Phase II program was detailed, and documented, 
The workscope is proceeding accordingly. This plan describes all of 
the tasks that are deemed necessary to solve the technical problems 
identified in Phase I for producing a demonstration of feasibility 
with a 3000 hp segmented magnet homopolcir generator by the end of 
Phase II. Investigations include current collector development, 
liquid metal and cover gas systems, seal studies, materials studies, 
machine design, and evaluation tests. 

i 
j 
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SECTION 2 
MACHINERY 

2.1 SEGMENTED MAGNET HOMOPOLAR TORQUE CONVERTER (SMHTC) 

2.1.1 Objectives 

The objective of this program is to investigate a 30,000 HP torque 
toTnrnLn^u ?! t^nsnlitti']g e^gy from a 3600 rpm prime Ler 
to a propeller shaft whose speed varies from a forward speed of 200 

with a rnnrpnt56!5^ 0f 20!! ^    This ^^^P* wil1  be demonstrated 
^  •      Ce^Ual ?esi9n Producing 6000 HP at 200 rpm from a 1200 
zero to^nn^L JhS ^^f S!laft sha11 deliver constant ^rque from 
cJ^tS T?0^?"1 ln Jorward ^d averse direction.    The concepts demon- 
strated in th1s machme will be extrapolatable to the larger L-nit. 

2.1.2 Prior and Related Work 

The SMHTC concept was derived from a unique modular DC homopolar 
a sPamPnt!HnL1nVf Ki9ate? at ^inghouse.    This machine, known as 
DC SMW .n 9Kf •h0T0p0iar.machlne (SEGMAG) u?es series-connected UL modules to obtain tne design outout. 

2,1.3 Current Progress 

The electrical analysis of the large (30,000 HP) and small (6000 HP) 
machines were completed. The electrical analysis for the large unit 
was performed to determine the approximate size and weight for the 

fS^ihe^Oo'Sprhlne6519"5 (radial ^ ax1a1) ^ ^ ^^ 
Innmr!

diaI SMHTC design uses a segmag generator mounted within a 
ro????nn0H^ The design uses a stationary stator located between the 
upn? nL T Sha^: The.stato^ ^ separated magnetically to pre- 
Hnnc JerJCtl0nu0f the excitation ^om the motor and generator por- 
tions of the machine. The conceptual design layout for the radial 
design was prepared. 

The axial design uses an inline segmag generator and motor. This 
design is feasible if high current buses from the generator to the motor 
n^0H

b%1in,Iied t0 aPP™<imately 12 inches. Design layouts were pre 
IVtlrJZ MJTr00""^; A ^S1> stud* was initiated to developP alternate SMHTC concepts. The initial thrust of this study is to 
evaluate concepts for a reversing homopolar motor. 
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2.2 SEGMENTED MAGNET HOMOPOLAR MACHINE (SEGMAG) 

2 2,1 Objectives 

The objective of this program is to demonstrate the 
used in the SMHTC and to provide a test vehicle for 
current collection systems, containment seals, and 
handlii.g systems developed in previous subassembly 
demonstration unit (rated 3000 HP, 3600 RPM) will s 
^i^l t0^urrent densities, leakage flux and o 
associated with operation in a machine environment 
unit will provide for long-term testing of current 
attendant support systems and the machine itself to 
data for liquid metal machines. 

2.2.2 Prior and Related Art 

5EGMAG concept 
evaluation of the 

liquid metal 
testing. The 
ubject the current 
ther cjnditions 

In addition, the 
collectors, their 
develop operational 

mach?nP ^thnnt Pt w?s.devel0Ped to provide a high performance DC 
reluaance mar inp^1:-"9 suPer"nducti"g ^gnet excitation.    This low 
for hinK ontmt      ' US ?9 r?0!" ^P^ture excitation, has capability 
I?iowc95n   K Per umt weight and VOiUme-    The modular construct on 
?11 rL^Är 0Utp*Utt by usin9 m"y modules connected in serie 
In ano her Unri?n 0f ^l "r^™ hfe been Castigated thoro g iy in another U. S. Government Contract (N000 14-72-C-0393). 

2.2.3 Current Progress 

The electrical and mechanical design of the SEGMAG demonstration urnf 
was essentially completed. A detailed design layout 1? being d2ve"oL 
to permit generation of subassembly detail drawing  The e earica 
design ana ysis was completed with the exception of the flefd eicl 

pe^d'ana0] si 'anV^a^-^ Vm' ^ ^    Therotorirl Ic 
The finSl marhin^oc^1"6-.?^6^ analysis are nearing completion, 
of cur?pit rnf ^.fS19n all0WS for maximum flexibility in the areas 
sv^Pm^ P^C  ^10n' ^ntainment seals and liquid metal support 
lirl^L     Se0J alsmb}y  and decontamination during disassembly 
were also considered. The major design factors were: 

•  ^chine Assembly - The original SEGMAG configuration 
placed the excitation coils behind the current col- 
lectors. This required that the stator be assembled 
from several subassemblies. This procedure would 
require extremely tight tolerances to insure alignment 
of the rotating and stationary portions of the current 
collectors. An alternate design was evolved that 
allowed the use of a two piece stator consisting of an 
axially split cylinder. This configuration places the 
field coils between the stator current collection sites 
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enabling assembly of the coils and rotor into the lower 
stator half. This concept allows machining of the 
assembled su,ator as a unit enabling precise alignment 
of current collectors. In addition, the collector 
clearances can be inspected upon installation of the rotor 
and field coils into the low stator half. The assembly 
is completed by installing the upper stator half with 
a seal between the two halves  Although this configura- 
tion results in a larger rotor, the three piece con- 
struction provides advantages during assembly, dis- 
assembly and decontamination. 

Rotor Construction - The rotor design is strongly 
dependent upon the collector configuration developed 
during subassembly testing. The initial rotor design 
provided for crossover in the rotor for series con- 
nection of the modules. In order to allow the flexibility 
of accommodating a variety of potential collector con- 
figurations rotor crossovers were abandoned. In their 
place, three separately fabricated modules will be used. 
The rotor conductors and current collector rings will 
be assembled into the iron structure for each of the three 
modules and the rotor assembled. The rotor collector 
rings will be left unmachined until the selected con- 
figuration is determined in mid-November of 1973. This 
design will permit concurrent efforts in machine design 
and current collector development resulting in shortened 
program schedules. 

Stator Lead Connections - The electrical leads for the 
machine will be connected on the outside of the stator. 
These external connections will increase the weight and 
volume of the machine; however,they will provide the 
testing flexibility necessary for a prototype machine. 
The external connections will allow no-load, single 
module and rated output operation during the test 
program. 

Containment - The containment design provides for 
primary and secondary vessels to prevent external 
leakage and internal contamination. The primary con- 
tainment seals the machine internals while the secondary 
vessel prevents leakage from machine primary barrier 
from escaping into the atmosphere. Both areas will be 
provided with an ultra-dry inert atmosphere. The pri- 
mary containment vessel penetrations will be hermetically 
sealed using highly reliable mechanical joints and 
welded seals where possible. The secondary vessel will 
contain the piping connections for liquid metal, 
cooling fluid and purification gas cooling and liquid 
metal piping will require insulating sections to 
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prevent excessive leakage current within the machine. 
This multiplicity of connections will require access 
for potential maintenance and repair during the test 
program. For this reason the secondary containment vessel 
has been designed for maximum accessibility. 

Materials - Samples of candidate insulating, sealing, 
and structural materials have been made available for 
NaK compatibility testing. An attempt is being made 
to keep the machine design flexible enough to acconmodate 
those required materials changes which may result from 
the compatibility test program, while avoiding an 
overly complex machine configuration. The selection of 
a NaK-compatible braze material, for example, might 
require a high brazing temperature which could reduce 
the strength of the r-jtor iron and of the copper of the 
conductor bar/collector ring assembly. Therefore design 
modifications to include steel support rings are being 
investigated for the copper structures, and a center ' 
module which can be shrunk onto the shaft after brazing, 
is being considered. 

Thermal Design - A cooling tube imbedded in the stationary 
part of the current collector assembly serves as tne heat 
sink for the collector test stand. The cooling require- 
ment for a single collector has been calculated to be 
about 4 kw at 3600 rpm. This is predominantly due to 
viscous drag of the liquid metal filling the collector 
gap. 

The cooling system has been designed with the ability 
to use either a light transformer oil or water as the 
cooling medium. Oil is planned for most of the 
testing at low and moderate collector speeds. At the 
high speed range (above 3000 rpm) the switchover to 
water will take place in order to provide the necessary 
thermal performance. 

Potentially critical procurement items have been 
identified. These include the rotor forgings, collector 
rings, hollow conductor for the field winding,and the 
stator iron. Procurement action has been initiated on 
these items. 
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2.3 GEC GENERATOR 

2.3.1 Objectives 

The General Electric Company, Ltd., of England has developed an 
•experimental homopolar generator which utilizes a Gain current col- 
lection 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. The machine will be used to provide operating 
and technical experience with Gain as a current collector liquid 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 alkali metals. The physical 
design of the machine and its performance will be investigated 
thoroughly, and the unit may also be employed as a high current dc 
source in the current collector test program. 

T 
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2.3.2    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 homopolar machines of the advanced segmented magnet design. 

Based on extensive study, NaK-78 was selected as the best liquid 
r.etal for current collectors employed in the Segmag machine, and 
Gain was selected as the alternate choice. 

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

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

2. 3.3   Current Progress 

The generator was ordered from GEC in April  1973 and is scheduled for 
delivery in October 1973. 

I 
2-5 

19 

iiiiiiitüirtnir-"-      -   - — ÜirtBiiiilir IlT i "• 



c^rfl  HIMI mm*** 

Performance testing of prototype units were reviewed with GEC 
personnel by Westinghouse (Dr. E. Serkey), during April 1973 visit to 
England. 

An installation site has been selected within the Westinghouse R&D 
Center. Steps are being taken to prepare the site, install the 
necessary utilities, and to provide the drive motor. 

0 

0 
0 
0 
D 
;] 

2-6 

20 

mm M ii<iii'ar'aia~<m'"-" - ^^^^^ -•-ffliiiumitriiii im n ■--<■■■ -.^^■^■■'- 



mm^mmmmmwmim mmmmmmmmmm mm 

1 

i 

i 

SECTION 3 

APPLICATION STUDY 

3.0 OBJECTIVES 

Review and select promising anplications for the segmented magnet 
homopolar machines and torque converters. 

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

3.1 PRIOR AND RELATED WORK 

The Semi-Annual Technical Report for Period Ending November 30, 1972 
discussed in some detail a number of applications which are potentially 
feasible. All applications are contingent upon proper solution to the 
problem of current collection. The use of liquid metal to transmit 
simultaneously large quantities of electrical current and large quan- 
tities of heat flow from the rotating armature must be solved in a 
reliable and safe fashion to realize these applications. While con- 
siderable progress has been made during Phase I of this study, such 
progress has been relevant to the basic research involved with such a 
current collection system. The current collector must now be tested 
(in Phase II) in its expected environment, i.e., the conduction of 
heat and current in the prsence of magnetic field phenomena. 

I 

3.2 CURRENT PROGRESS 

No work was scheduled for this reporting period. 
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SECTION 4 

CURRENT COLLECTION SYSTEMS 

4.0   OBJIICriVES 

louTcZ ItlTwlZ lluUcX iZLJl 1° U%W* 0^^ current magnetic intorirti™ f^iytically   nvestigating the complex electro- 
™llector "Ss Le? . St^f11 Wi,1^e W*?™** ^ fUnct?oning metals   21 tn rf»L^„ I     »anety of operating conditions and liquid 
ÄssocIatÄ   he^l SS   W^l1*^ t0 ^"^of pro- 

4.1    PRIOR AND RELATED WORK 

cLn?o"rarMgi™,SHclr?„adns l?39h]aherU?dr C0?t1nu0US W™"'* 
"rt^-rt\a^{^r ™ ?Je:°'-^^^ - ^-0"a ^^löj:?^ 
empl ^g5 iqu d me? ? Ä Z5.0   ""^ brushes-    ^«nt c" ectiU 
verv hvgh   ejels Sf current ^ff^i1"^11"" are capable of fänsferring 
the contact «r». ?I f ^en* efficiently because essentially all of 
of th,  ^f     "   u actlvelJ' e"gäged to transfer current   -3   i state 

?of   e s     ed" e?^ luc"   fTiono^"' ^J*"™ -obleus nlln 
utlHzmg llquld^tir^J ^^^^ ^^T^ 
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fields in the current collection zones are very weak. 

Probably the most serious concern in applying an "un-; .ooded gap" 
liquid metal  current collection system is confinement of the liquid 
to the annular gap of the current collector.    The systems are 
designed so that centrifugal force tends to keep the liquid metal  in the 
annular gap of the current collectors.    This constraining force is 
opposed by several forces which tend to remove liquid metal from the 
collectors.6-7   The significant opposing, or expelling, forces are 
classified as gravity, acceleration, and magnetic.    The balance between 
the constraining and expelling forces will  depend on the type and 
specific design of the machine.    Since a generator will always be running 
at high speed, its relatively high constraining force will be helpful 
in obtaining confinement of the liquid metal.    Motors must operate at 
both low and high speeds, even zero speed, and thus the confinement problem 
is of much greater concern in that case. 

An important concern involving the reliability of liquid metal  current 
collection systems over long time operation is if low electrical  resis- 
tance within the fluid and low contact resistance at the collector member 
surfaces can be maintained.    Both of these concerns appear to be 
associated with purity or integrity of the liquid metal, especially in 
the face of viscous working.    Of concern, with regard to volume resis- 
tivity,  is a change of state phenomenon which has been shown with certain 
liquid metals.7-8   such transfer in the physical state is manifested 
by the collector fluid changing to a "powder".    Unclean collector surfaces, 
initially or subsequently formed, may seriously inhibit "electrical 
wetting" and lead to increased contact resistance with the liquid metal. 

4.2    CURRENT PROGRESS 

During the current period, progress was made in the analytical study of 
power losses, liquic' metal confinement, and other considerations in 
the selection of liquid metal for current collectors useful to SEGMAG 
machines.    Additionally, our experimental  program was developed to 
resolve recognized problem areas in applying liquid metal current 
collectors.    Experimental  test apparatus was designed and fabrication 
initiated.    Preliminary current collector designs were made and 
fabrication of these is underway.    Detailed information is contained 
in sections 4.2.1  through 4.2.6. 

. . 

I 

4.2.1    Power Losses in Current Collectors 

Although significant improvements in current collection efficiency 
are achieved through the unflooded machine gap designs, power losses 
are still  significant, and warrant detailed study. 

Principal  types of power loss are listed below. 

4-2 
23 

laniM        n iiiiiiiiülllil 



mmmmmmmmmsmm^m j^mn^mmmmmmm mmmmmrnmm nn 

T-:; Pf I :•■■ •V\V^:,-.M„.„I„^nra^ 

r 

1. Ordinary hydrodynamic losses. 
2. Magnetohydrodynamic (MHD) losses due to circumferential magnetic 

force on the liquid metal. 
3. Eddy current drag. 
4. Ohmic losses due to the load current crossing the collector gap. 

Ordinary Hydrodynamic Losses. These power losses occur due to shear in 
the liquid metal caused by relative motion of the inner and outer portions 
of the collectors. For many configurations under consideration, the 
Reynolds number is quite high and the Hartmann number is low, so the flow 
will genera^  be turbulent. Losses In this case tend to be proportional 
to the density of the liquid, the cube of the rotor surface speed, the 
wetted area, and a friction factor which is a weak function of the Reyn- 
olds number.4>s-1' To keep this loss to a minimum, a liquid with a low 
density should be used, the wetted area should be kept to a minimum, 
and the linear speed of the rotating portion of the collector should be 
kept as low as possible. 

MHD Losses. The influence of ambient magnetic fields in the current 
collection zone, occasioned by the machine's excitation, depends on 
the relative magnitudes of their axial and radial components. The axial 
magnetic field component, Bx, if present, will interact with the ortho- 
gonal radial electrical load current density, Jy, to create circumferen- 
tially directed Lorentz body forces, Fe, in the liquid metal; see Fig. 
4-1. This force may be in either direction, depending on direction of 
the vector quantities, so it may either increase or decrease the velocity 
of the liquid metal. 

Figure 4-1 - Interaction Between Bx and Jy in Liquid Metal Prod icing 
Circumferentially Directed B"ödy Force, Fe 
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Generally, a circumferential force in either direction will increase 
the total power loss of the system. In the case of a motor, with the 
Field coils located on the stator, the force is usually exerted in the 

For a generator, with the field coils located on 
is exerted in the direction opposite to the direc- 
a generator and motor are compared with all param- 
loss the same, except for the polarity of the load 

current (or of the field applied to the armature), the total power loss 
will be the same. Equations relating the total power loss per unit 
area of collector surface are extracted from Ref. 5 and represented 
below. 

direction of rotation, 
the stator, the force 
tion of rotation. If 
eters affecting power 

P „ ■ H1-   [' *  3 {
2] 

when 

av   8 

2 B J d 
6  = —s-jy.  < 1, 

f p r 

(1) 

3 
Pav =  S1- [2(1 + 6) ^^^ (2) 

when 

6 > 1, 

where: 

P... = viscous loss per unit collector area 
av 

f = Fanning friction factor 

p = fluid density 

V = rotor surface velocity at the collector 

6 = collector parameter 

B    = axial magnetic field 
A 

J = collector output current density 

d = collector radial gap 

0 
0 
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The circumferential Lorentz body forces influence the fluid powir losses 
in two ways. First, by distorting the fluid's velocity profile, they 
modify the shearing stresses normally induced hydrodynamically by the 
moving contact member. The shearing stresses are increased in the case 
of a generator, but decreased for a motor. Consequently, fluid hydro- 
dynamic power losses are increased in the former case, but decreased 
in the latter; see Fig. 4-2. In the motor situation, when values of 
the collector constant (6) are greater than 1, the mean fluid velocity 
is greater than the rotor speed. Under these cond--tions, the fluid con- 
tributes useful torque to the motor and the hydroaynamic losses are nega- 
tive, or power is gained from the fluid. Second, by modifying the fluid's 
mean velocity, the Lorentz forces affect the electrodynariic losses. The 
moving fluid, in the presence of an axial magnetic flux, will act as an 
electrical generator or motor connected in series with the homopolar 
machine. For relatively low Lorentz forces, 6<1, the effect is to decrease 
the electrodynamic losses in a homopolar generator, but to cause.an . 
increase in a motor. When the Lorentz forces become high, when Bx x Jy 
is large or 6>1, electrodynamic losses increase for both machine appli- 
cations. The net effect of increasing axial magnetic field components 
and radial current densities in the collector fluid zone is to increase 
the power losses. 
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Figure 4-2 - Liquid Metal Power Losses 

Eddy Current Drag. Another cause of power loss is due to eddy currents 
caused by a magnetic field with a component normal to the conducting 
surface of the collector rotor. The case of a radial magnetic field and 
axial rotor surface is illustrated in Fig. 4-3. The velocity of the 
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Figure 4-3 - Eddy Current Drag on Rotor 
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In the case of machines with high magnetic fields (superconducting 
windings), high load current density, and low rotor speed calculated 
values of collector power losses, not shown, present Gain as a more 
attractive liquid metal than NaK. For other assumed operating conditions, 
NaK is generally superior to Gain. Even so, collector power losses are 
significantly high for both liquid metals when employed in machines 
which impose high magnetic fields in the current collection zones. 

4.2.2 Liquid Metal Confinement Problems 

Probably the most serious problem of an "unflooded gap" liquid metal 
current collector system is confinement of the liquid to the annular 
gap of the current collector, and exclusion of the liquid metal from the 
remainder of the machine rotor-stator gap. It is especially necessary 
to prevent the liquid metal from forming a continuous path from one 
collector to the next, since in unflooded gap machines, the adjacent 
collectors are generally at different voltages. 

The collectors are designed so that centrifugal force tends to keep the 
liquid metal in the annular gap of the current collectors. This force 
is opposed by several forces which tend to remove liquid metal from 
the collectors. In a horizontally mounted machine, at low rotational 
speed, gravity tends to cause liquid metal to flow around the collector 
ring from the top to the bottom. It may overflow at the bottom into 
the space between adjacent collectors and cause a short circuit. At 
somewhat higher speeds, the liquid metal tends to pool at the top, where 
it loses speed. In this case, also shorting of adjacent collectors may 
occur. 

There are also magnetic forces which tend to remove liquid metal from 
the current collectors. The most significant of these is due to the 
machine load current which flows along the armature conductors, and 
crosses the gap at the current col lectors.6-7 The load current produces 
a magnetic field which runs circumferentially around the axis of the 
machine. The model shown in Fig. 4-4 illustrates the load current, and 
the magnetic field it produces. The induced field, when interacted with 
the load current, produces a body pressure which tries to expel the fluid 
axially out of the collector gap. 

If all the current crossing the gap travels along armature bars toward the 
right, and no other current threads the collector rotor ring, the axial 
body pressure which tends to more liquid metal through the gap is given 
by the equation: 

J 

6.28 x 10"7 Ip (3) 

Newtons per square meter. Ip is the load current per unit of collector 
perimeter, amperes per meter. 
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Figure 4-4 - Interaction Between Be and U in Liquid Metal 
Producing Axially Directed Body Forces F 

If the load current is reversed in direction, the magnetic field due 
to it also reverses, so the force on the liquid metal is unchanged in 
either magnitude or direction. 

In some machine designs, alternate armature conductors are at different 
voltages, and they are attached to separate collectors. In these designs, 
the current carried by one set of conductors may pass through the ring 
of the collector under consideration without crossing its gap. The 
axial pressure across that collector will then be greater than the value 
given by Eq. (3). For example, if the current passing through the collec- 
tor ring is equal to the current crossing it, then the pressure will be 
three times as great. 

The effect of the load current-magnetic force is to cause liquid metal 
on the sides of the rotating collector member to assume unequal heights. 
When the machine speed is sufficiently high, a relatively small degree 
of fluid height inequality will automatically occur, which provides a 
hydraulic pumping force that just balances the opposing magnetic force; 
see Fig. 4-5. 

Centrifugal 
Depends on Machine Velocity, 

Depends on Rotor/Stator 
Self Field and Ju Interaction 

B^, Jv Interactions 

F Grwity* 

Figure 4-5 - Forces Acting on Liquid Metal 
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Under conditions of low machine speed or standstill and a oartiallv 
fed co lector, where load current per unit of col ector^er mlier 

w       ie dlL?nnLreatr tha[! norma1' rather h^ axial Lgneic pressures 
w t    m^P irPnn'h H

Even
1
short ^^ of operation under these conditions 

o7? tT^fecrde^r^^b^rlr f° 1lluS^t« ^e relative significance 

calculations are given in Tab?eip    SESMAG machines.    Results of these 
The centrifn™    fnl.! .'    Calculations were made for NaK-78 

various fircLwhichC%:nHPLeSented V™^6 a measure ^ whi^ the 
centHfnn^fn e?d f0 reiT10ve 1^uid meta1 can be compared      The 

S [9 e
f

h
0
a

r | i^r r hfrot' ™r:g-that the speed of ^ ^ 

metal is 0.01 meters     -~ -— -•'    t!?e/adla1 dTmensTon of the liquid 
pressure. The centrifugal  force is then presented as a 

of the liquid meJal 1   0 0   ™?eJs ' WlAllt™* that. the/^ial extent 

con^deration the CUrrent paSSes throu9h the collector under 

;l 
1 

4.2.3   Additional  Considerations in Selection of Liquid Metal 

r^lJIng^afcMSal^l^'^T1 CK0!leCti0n fluids' ^though 
introd ces  a new tec no 'iv    nS^l"1  Pr°b1emS i" homopolar machines, 

new technology and increased complexity to machine desiq gn 
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Not only must an optimal  liquid metal be selected, but now complex 
support systems such as purification loops, cover gas systems, and com- 
patible materials must be considered. 

Property Considerations.    Ideally a liquid metal  for current collector 
application should possess the following properties: 

1. It should remain in the liquid phase for all  expected machine tem- 
peratures. 

2. Its density, viscosity, and electrical conductivity should be such 
that they result in low power losses. 

3. Its surface tension should be high to resist changes in shape and 
position. 

4. Its specific heat and thermal conductivity should permit temperature 
control. 

5. It should have adequate and enduring wetting characteristics. 

6. It should be non-toxic, chemically stable, and resistant to con- 
tamination. 

7. It should be compatible with selected contacting materials, i.e., 
con-corrosive and non-erosive. 

8. It should be safe and easy to handle. 

Unfortunately, no one liquid metal is known to possess all of these 
desired properties.    As shown in Table 4-3 and as demonstrated in Table 
4-1, NaK-78 is a prime current collector fluid.    NaK-7G is a eutectic 
alloy of sodium and 78 wt% potassiumJ3-14   Gain 76  is also a prime 
candidate, but cannot be considered as highly as NaK-78 since it is 
corrosive to structural metals, copper, and transition metals; may cause 
liquid metal  embrittlement in structural metals;15 has a higher melting 
point and density; and for most applications envisioned causes higher 
hydrodynamic losses than NaK-78. 

Feasibility of NaK-78.    NaK-78 is chemically reactive with the normal 
atmospheric constituents oxygen, carbon dioxide, and water vapor, and 
must be protected by a high purity, inert cover gas such as nitrogen. 
Alkali metal  protective cover gas systems are well  developed and are 
commercially available.    Maintenance of NaK purity and the prevention of 
oxide crusts should be feasible with current technologies.    NaK is com- 
patible with most structural metals, copper, and other transition metals.^ 
Also, NaK handling, pumping, containment, and purification are documented 
technologies with a proven history.    NaK oxides are easily removed from 
machine surfaces with methanol and water and leave no residue. 
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4.2.4    Experimental  Program 

An experimental  program leading to the solution of problems associated 
with the application of liquid metal current collection systems as estab- 

llltt ^rom
TJhe 'tute"0

1
f'the"art review and analytical  study has been 

prepared.    The technical  plan involves experimental  investigations to 
resolve potential  problems in regard to    (1)    injection and withdrawal 
of liquid metal  from the current collector.    (2)    stability of liquid 
containment in the collector annular gap.    (3)    retainment of liquid 
metal chemical  integrity in the face of viscous and electrical working, 
if linn.-H    eJPflin9 foirce due to load current, and    (5)    development 
tLlT    m? ?    confine-nent methods.    A description of the experimental 
tasK areas follows: 

1 Injection. Quantity Control, and Withdrawal of Liquid Metal 

Because the liquid metal  under consideration (i.e.. NaK-78) will  react 
chemically with any oxygen and water vapor present in the ambient cover 

f^-t lL1i-neC5SKa7 t0 Provide means for amoving the reaction products 
MtPd tLl ?Me      [?rK th.eir tccmuUt'on becomes excessive.    It is antici 
?nniJn W-  be.d0ne by Wlthdrawing liquid metal  from the current 
it In*      I circuU}]W ^ through a purification system, and returning 
it again to the collector.    Means must be provided for injecting liquid 
metal  into the current collector without causing excessive turbulence, 
for controlling the amount of liquid metal in the annular gap. and for 

are JMSH lqnUid m'ta\fJom the cu^nt collector.     Initial  experiments 
are intended to develop these means and capability. 

2.    Demonstration of Containability 

nihll^lUT are ea|ily distorted or made to flow when influenced by 
wh?rh tPnH IrCeS-    E?Pen.ü'ents wil1  be ^de to evaluate various effects 
which tend to remove liquid metal  from the collector gap.    The phenomenon 
of low speed drop-out will be evaluated for several  collector geometries 
Tests at speeds higher than the drop-out speed will also be made to 

channel "Ip^n^h  V^ f 1iqUid metal   tends  to flow down  ^he Stator channel due to the lack of centrifugal  force in the thin boundry layer 

need wn    hnh the St/t0J surface-    Tests 0f brief du^tion at high speed will be run. and observations will  be made to determine whether 
the cSn^t        Phenomena occur which tend to remove liquid metal  from 

3. Long-Term Viscous/Joule Effects-Liquid Metal   Integrity 

The purpose of these experiments is to determine whether changes in current 

cted fo^rr r r^ When the liquid ^  1s si^ltaneSusly 
?nnn n       A    high levels of viscous working and electrical currents over 

e?LPir0wf JT'   .H
PerfrrnCe.may be affected by the Production o? 

nftho ^i      !        ^f10 metal conductivity due to impurities, and erosion 
of the collector surfaces.    Tests of extended duration will be made at 

4-14 

35 

mm mmtmrnfm iMHiiliaMHIIMn ""^^^^ 



„.j,,,, i.,.,. -wmsffwmwmwmmmM*. wmmmmfWi&Q&lit immmm mm** ■iM<<mmmvmmv*WA 

I 
I 
I 
I 
I 
I 
1 
I 
i 
1 
I 
I 
I 
I 
I 
I 
I 
I 
n 

speeds up to the highest anticipated for the prototype SEGMAG machine. 
A radial magnetic field will be applied to the collector to generate a 
very large eddy current in the liquid metal. This condition will simulate 
the load current and serve to reveal any unknown effects associated with 
the load current which may remove liquid metal from the collector gap. 

4. Load Current Expelling Force 

The tendency for load current-self magnetic field forces to remove liquid 
metal from the collector gaps, and the effectiveness of centrifugal 
force in providing for retention of liquid metal, will be evaluated. 
A description of these forces and an indication of their magnitudes were 
previously presented in Sec. 4.2.2. Axial pressure caused by the load 
current forces will be simulated by providing a gas pressure differential 
across the collector gap. Various techniques for retaining liquid metal 
in a current collector gap against such axial pressures will be evaluated. 
Considerations of methods for minimizing the effects of load current 
will also be made. 

5. Liquid Metal Confinement Methods 

A major objective of the long range experimental program is to provide 
current collectors in which liquid metal can be confined to all speeds, 
including standstill. Certain methods for confining the liquid metal to 
the current collector when run under a variety of conditions will be 
tested. The confinement systems will be subjected to forces of thy 
same magnitude as those anticipated in the prototype SEGMAG. Results 
from this work will provide design criteria for current collectors which 
provide for liquid metal confinement under all operating conditions, 
including the SEGMAG and torque converter (SMHTC). 

4.2.5 Experimental Test Apparatus 

Experimental apparatus capable of testing liquid metal current collectors 
under the operating conditions discussed in the Technical Plan has been 
designed and is being fabricated. A view of the general assembly drawing 
of the current collector test stand is shown in Fig, 4-6. The test 
stand is relatively simple in design, flexible in test usage, and easily 
assembled. 

The basic test stand provides for testing two current collectors in 
combination or separately, as desired. To facilitate the testing of 
different collector designs, the rotors are readily attached to a specially 
shaped drive shaft with clamping rings. The rotor diameter and maximum 
rotational speed were selected to be similar in size and value to those 
anticipated for the prototype SEGMAG demonstration machine. The mating 
collector test stators or shrouds are fabricated as half cylinders and 
they are supported and surrounded by a similarly shaped, but longer outer 
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I 
I housing member 

housing can be 
of the test co 
the whole test 
will be contai 
filling the gl 
it at a pressu 
ments, ports a 
viewing of the 

During certain experiments this outer half-cylinder 
removed to afford accessibility to and good observation 

Hectors.    Removal of the top housing is possible because 
stand, excluding the drive motor and the drive transmission, 

ned in a gas tight glove box.    Provisions were made for 
ove box with high purity nitrogen gas and for maintaining 
re slightly above that of the test room.    For other expen- 
re provided in the end housings for partial  indirect 
current collectors. 

Provisions were made so that a variable radia   magnet c field can be 
obtained in the test collector zone for certain expenments, to generate 
very large electrical eddy currents in the liquid metal,    'his is 
accomplished by surrounding a portion of the specially shaped ^t stand 
shaft with an electromagnet coil  and through proper election of magnetic 
and nonmagnetic materials for the end housing members.    The coi    was 
designed to provide a maximum test magnetic field intensity (0.1 Tesla) 
??Sve9Ses as great as that expected in the SEGMAG PJ^W ^^J6^^, 
(0 02 Tesla)      A 15 hp, 1750 rpm, dc motor was selected to meet the drive 
power and tbrque requirements imposed by the eddy current drag and viscous 
power   Ssses anticipated in the test collectors.    The test stand wi      be 
driven through a 2:1 step up pulley-belt transmission     A magnetically 
loaded-gas buffered rotating contact type seal was selected to prevent 
room air leakage into the glove box through the drive shaft penetration. 

A number of stainless steel  and copper tubes are provided for introducing 
and withdrawing liquid metal  into and from the test current collectors, 
for circulating coolant fluid in and out of the collector stators. and 
when desired, for introducing gas to create pressure differentials 
across the collectors. 

Most of the technical  plan objectives can be met with this test stand. 
A collector design will  be evolved and subsequently e^ated in the 
SEGMAG prototype demonstration homopolar generator.    This will  Permit 
the final  test program to be run under prototype 3^^Jg "fjf 0"S'ent 
Uooer levels of the test parameters to be imposed during the final current 
collector experiments are presently envisioned to be 80 meters per second 
rotor speed. 0.03 Tesla axial magnetic field, and 80.000 amperes load 
current. 

4.2.6    Current Collector Design 

Flow of liquid metal directly into and out of the collector annul us is 
envisioned to be a serious problem.    The problem is one of how to control 
precisely the liquid metal  flow rate through the collector under all 
machine operating conditions.    Variable centrifugal  pressure acting on 
Kd metal  in the gap. caused by changes in rotor speed and/or load 
current, introduces a variable counter pressure to the inflowing fluid 
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and also provides a variable exit pressure to the outflowing fluid 
This    ituation requires that careful regulation of the liquid metal 
Injection pressure be provided, compensating for the effects of chanaina 
Tntll °Pera^ "9 conditions, to prevent the possibility fo? either       9 

a o hTf^h^ 0r °ver-(fl00din9) filing of the    ollector a   ular 
gap     Both of these conditions are undesirable.     In the first case thl 

b     is? Smbthe0PconlrtCUlted an?Jn the SeCOnd case^iqu^d'meta3fma? 
machine. collector, possibly causing short circuiting of the 

scheS.       eCt0r 3eomet""' ^^Pes and liquid meta? handb'g a™ now 

i 
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SECTION 5 

LIQUID METAL SUPPORT SYSTEMS 

! 

5.0 OBJECTIVES 

The objectives of .his Task are: 1) to investigate the compatibility 
of candidate machine materials with NaK and Gain as well as with 
potential decontamination solutions, 2) to perform literature, analytical, 
and experimental studies to identify suitable materials and suggest 
alternate choices where necessary, 3) to design, fabricate, and test 
the liquid metal loop and cover gas systems that will be required in 
the SEGMA6 generator, and 4) to establish the operating parameters 
and interactive responses of these systems. 

5.1 PRIOR AND RELATED WORK 

The compatibility of machine materials, both organic and inorganic, 
with the liquid metal curreni. collection fluid and cover gas were 
reviewed in the literature and analyzed by chemical coniposition. 
Consideration was also given to the reaction products which would be 
generated during machine cleanup and decontamination. Even though many 
of the materials were found to be compatible with the proposed liquid 
metal current collection fluid, they were ruled out simply because of their 
incompatibility with these reaction products. In the event that total 
materials compatibility cannot be achieved, alternate methods were 
studied such as the canning or encapsulation of those component materials 
which may be reactive with the liquid metal or the decontamination pro- 
ducts. In addition, the canning or encapsulation would be expected to 
prevent insulation outgassing products from reaching the liquid metal. 
This was considered to be a far more important consideration than the 
liquid metal leaving the current collection region and coming in con- 
tact with the interior of the machine. 

Proposed methods of liquid metal handling and purification, as well as the 
required on-line instrumentation to monitor the chemistry of the liquid 
metal were reviewed. This included the liquid metal loop system and 
the requirements necessary to interface the liquid metal/cover gas 
system with the machine current collector. In addition, the require- 
ments for machine cleanup, routine operation, and safety were analyzed. 

The liquid metals proposed for use as current collection fluids in 
advanced design homopolar machines are sodium potassium alloys (NaK) and 
gallium-indium alloys (Gain). These metals, depending on their com- 
position, may be liquids at room temperature (250C). For this particular 
application, NaKyo (eutectic) is the prime candidate current collection 
fluid. Gain has been considered, but due to the higher power losses 
associated with it and to its strong corrosive action on structural 
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reaciive   an in^^ r
Secondary a.s a candidate fluid.    Because NaK is so 

liquid ^ta? lull   0u?ru9aS    ! necessa^ to prevent oxidation of the 
cation a?thi.ni ^h    Hl9h PUnt^ nitro9en my be used in this appli- cat^n although other gases such as argon or helium may be considered. 

Once the current collection fluid and cover gas were defined    thp 

^ew^si^p fUdied ^ a t0tal maten,als co^bilUy point of 
he lie   d J "f A

C?r0neniS fre ^Xpected t0 be in cont^t with both tne  liquid metal alloy and also the cover gas.    Materials cornoatibi  itv 

nsted'beS:"5"1' ^ many areaS-   A fe" of thosTconside^d^re11^ 

(1) Liquid metals reacting with materials, 

(2) Materials outgassing and contaminating the liquid metal, 

(3) Local machine hot spots, 

(4) Impurities in the cover gas contaminating the liquid metal. 

Assurance of continuous on-line operation of a liquid metal current 

t nee 0°? SS Tr' Testigation f™ theslanSpoiitS main- tenance of TquTd metal purity. Of the various methods of orevpnt nn 
liquid metal  contamination, the following were selected as Lst 9 

r^ po nt o^Moh appl ica
+

ti°n:    ^    Fabricatfthe mcZl from ire standpoint of high vacuum techno ogy to prevent serious oiitna^l™ 

(2)   u?nize a'T'r t0 the ,1quid ^al "S cl?leaor ™g91o   " Uj    utilize a positive pressure gradient inert cover aas inHH« tho 

(oxygen t? M.P,irf 'J? "^f" 0f '^ ^Tc^n^l In   ' ^uxygen, moisture),  (3)    Continuously recirculate the cover oas 
through a purification cycle; (4)   Continuous rreclrcSlafe     quid metal 
system co SnaHn1160'?' r91'0" throu9h a Purification 100^10^ 
a^flabirtechSologles0"^01 ^ be eXPeCted thr0U9h current^ 

Integral gas purification/machine/liquid metal  IOOD svstem vaHahw 

as ?nsSrmiun?able       conslde^tions. no potential problems were viewed 

A number of homopolar machines are now in operation which utilize both 

most situations which are now encountered.    In general    more oro- 
blems are encountered with NaK than with Gain but the pro?eduS to 

de? LV'Ttrf TS rere reviewed and we^ Ä to beTlrly we?l defined.    Methods which are now employed utilize alcohol    alcohol/wito^ 
u! 1  zlno5^ t0 Saf.ely reaCt a"ddecontaminate NaK sy tern /Water' 
utilizing these procedures a number of hazards are involved.    These 
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include liquid metal exposure to personnel, the evolution of hydrogen 
as one of the reaction products and the caustic liquids which result 
trom the cleanup procedures. From visiting a number of homopolar machine 
sites which employ NaK as the current collection fluid, th^ most 
hazardous problem appears to be that of hydrogen generation and the 
possibility of explosions which exist under decontamination conditions. 

5.2 CURRENT PROGRESS 

5.2.1 Material Selection and Compatibility 

The principal task for Phase II has been to define machine materials 
that are compatible with NaK. the liquid metal current collection 
tluid. Proposed materials are to be subjected to the liquid metal 
environment, decontaminated, and evaluated as a function of embrittlement, 
pitting, electrical measurements, and physical and chemical changes 

Candidate 
have been 
compounds 
materials 
ing fluid 
being eva 
fluids, 
each mate 
necessary 

materials for construction of the SEGMAG demonstration machine 
defined; these include rotor bar insulation, coating and potting 
silastic sealants, banding pads and tapes, laminates, seal 

(dry lubricants), braze alloys, structural metals, and cool- 
s.  Table 5-1 lists all proposed machine materials which are 
uated in the program by exposure to NaK and NaK decontamination 

in addition, the evaluation criteria are also listed for 
rial. A test plan has been established and the apparatus 
to perform the experiments has been installed and calibrated 

Experimental work has been initiated with the selection and preparation 
ot rotor bar insulation. Test specimens were prepared in accordance 
with accepted state-of-the-art methods for insulating large electric 
machines. Hard drawn copper bars served as the base material. Kapton 
film was 1/? lapped on the bar and subsequently covered with a mica- 
kapton (1/2 lapped) tape or mica glass tape. An outer binder tape 
* 7Cno£

pedLwas then aPPlied- This system was then cured for 6 hours 
at 150 C. After the cure cycle, the rotor bar insulation was vacuum 
pressure impregnated with an epoxy resin  and cured at various time/ 
temperature intervals. Four different rotor bar insulation systems have 
been prepared  Figure 5-1 illustrates the initial preparation of a rotor 
bar system. An example of a complete insulation test system including 
the test canister is shown in Figure 5-2. Note that the four different 
rotor bar insulation systems are all potted in a silica filled epoxy 
compound which permits the testing of the various systems in a single 
canister  The test plan requires that these test specimens be subjected 
to an NaK environment for various time/temperature intervals. 

Preliminary screening experiments have been performed to evaluate seal 
and dry lubricant materials for NaK compatibility. These short term 
experiments were performed at room temperature (250C) in NaK with a cover 
gas of high purity nitrogen. To date, eighteen of the nineteen 
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Table 5-1.    Candidate SEGMAG Materials to be 
Evaluated for NaK Compatibility 

Material 

Rotor Bar 
Insulation 

Coating-phenolic- 
alkyd paint 

Potting compound 
53841-MU silica 
filled epoxy 

silastic sealants 
(1) 116 RTV 
(2) 732 RTV 

Banding Pads 

Phase/Form 

sol id-total 
insulation 
package 

film on steel 
substrate 

cast solid 

cast solids 

stiff tape 

Banding Tapes     stiff tape 
(1) polyester on glass 
(2) acrylic modified 

epoxy on glass 
(3) polyester on 

experimental 
fibers 

Evaluation Criteria 

weight (gain/loss), hardness, 
embrittlement, electrical 
resistivity 

weight (gain/loss), adherance (bend 
90°, peel) embrittlement, pitting 

weight (gain/loss), discoloration, 
embrittlement, pitting 

weight (gain/loss), discoloration, 
embrittlement, pitting, geometrical 
changes, outgassing (components/ 
amounts) 

weight (gain/loss), hardness, 
embrittlement, discoloration, 
outgassing (components/amount) 

weight (gain/loss), hardness, 
embrittlement, discoloration, 
outgassing (components/amount) 

Laminates        solid 
(1) Glass cloth base, 

silicone resin 
(2) Glass cloth base, 

epoxy basin 

Seal Materials solid 

(1) 90 WGI,5Ag.5CaF„ 
(WGI-A)     d 

(2) 80 WSe2,20GI 
(WGI) 

(3) C/Graphite w MoS? 
(SK235 and SK278T 

(4) EVC Graphite 
(5) 80WSe2,20GI with 

oxide coat (WGI-0) 

weight (gain/loss), delamination, 
resistivity, pitting, discoloration 

weight (gain/loss), pitting, geometrical 
changes, hardness 
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Material 

Table 5-1   (cont'd.) 

Phase/Form Evaluation Criteria 

(6) C/Graphite with 
resin binder (SK~218) 

(7) Pure WSe? 

(8) CR-218 
(9) CR-219 

(10) MF343 (Bronze 1 
Graphite) 

(11) 1257 C/Graphite 
(12) Boron Nitride + 

3 w/o Boric Oxide (BN-0) 
(13) Impervious Pyroimpregnated 

Graphite (LEM-2) 
(14) Raython Pyrographite 

(LEM-1) 
15) High Density Graphite 
16) AXZ Poco Graphite 

(d - 1.5g/cc) 
(17) AXM Poco Graphite 

(d=1.8g/cc) 
(18) AXF Poco Graphite 

(d=1.9g/cc) 
(19) ATJ Graphite 

: 

i  ' 

Braze Alloys 
(1) soft solder 

(copper and 
copper & nickel 
plated) 

(2) silver solder 
(3) nicrobraze 

Structural Metals 
(1) rotor forging 
(2) copper current 

collector 
(3) housing 

Cooling Fluid 
Wemco C 

solid joints 

solid 

liquid 

butt joints -- pitting, material 
loss, hardness 

pitting, hardness, "C" rings 
(induced stress) 

coking, color change 
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Fig. 5-1- Preparation of rotor bar insulation for NaK compatibility studies 

1S; 

Fig. 5-2- Insulation test specimens and test canister 

5-6 

RM-5 75? 

■MiayMajMaM^^.^^^  .^^mmmäm****^^^^^.*..  .^,.^.^.. 



II.    HU ilJIMMHIIJmiWI 

" ■ ■ ',      

?9»Wf?«s^P<W»WW^«PE!^l!W«SBPBiPBIi 

I 
I 
I 
\ 

I 
i 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 

materials listed in Table 5-1 have been screened for NaK compatibility. 
Only two show promise: Sample (10) MF 343 Bronze/Graphite and Sample 
(12) Boron Nitride + 3 w/o Boric Oxide. The Sodium-NaK Engineering 
Handbook notes that potassium readily formslamellar compounds with 
graphite, in which the alkali metal is believed to be loosely bonded 
between parallel graphite planes.2 On the other hand, high density graphite 
is said to be compatible with NaK to temperatures of 100oC.3 Our 
preliminary running experiments in which candidate materials are exposed 
to NaK at room temperature, see Figure 5-3, have shown that Graphite and 
seal materials containing WSe2 and Gallium Indium are not compatible with 
NaK. Degradation of these types of seal materials in NaK at 250C has 
occurred in time periods ranging from instantaneous to > 100 hours. It 
is interesting to note that pure WSe2 ignites and evolves purple smoke 
immediately when contacting NaK. Conversely a seal material made up of 
80 w/o WSe2 and 20 w/o Gallium/Indium survived 19 hours. 

Examples of incompatible high density graphite seal materials are shown 
in Figure 5-4. A pyrographite material [table 5-1 (14)] is shown in 
Figure 5-4a. This material survived in the NaK environment for a 
period of 120 hours and failed by delaminating. Figure 5-4b is an 
example of a high intensity ATJ graphite [Table 5-1 (19)] which com- 
pletely disintegrated within a period of 35 minutes. Only one exception 
has been noted for graphite containing seal materials and that in the MF 343 
Bronze/Graphite which appears to be compatible in NaK at room temperature. 
Additional studies are planned at elevated temperatures. 

A literature survey was conducted to select braze materials that might 
be compatible with NaK. This study indicated that soft solder and precious 
metal brazes are not compatible. Nicrobraze alloys have been shown 
to be compatible with the NaK environment and are recommended for long 
term use. Since it would be highly desirable to utilize lower melting 
point braze alloys, a technique is being evaluated to render soft solder 
and previous metal brazes compatible with NaK. Test specimens have been 
prepared utilizing these joining alloys. The joints have been electro- 
plated with copper or copper plus nickel to serve as a protective barrier 
against the NaK. Preliminary compatibility studies, performed at room 
temperature, showed that these plated joints were compatible with NaK. 
Additional studies are planned at elevated temperature which are more 
prototypic of actual machine conditions. 

The results of the materials compatibility studies have had a direct 
influence on the design of the prototype SEGMA6 machine and on the 
materials selected for machine application. 

5.2.2 Liquid Metal Loop and Cover Gas Systems 

Extended operation of a current collector utilizing liquid metal contacts 
requires a means for maintaining purity of the liquid and for replacing 
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5-3a. Test Specimens 

5-3ti. NaK Exposure 

» 
• 

5-3c       Incompatible Seal  Materials Containing Gallium/ 
Indium and W Se2 

Fig. 5-3-Room temperature screening of seal materials 

Reproduced  from 
best available  copy. %mi 
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5-4a. Pyroqraphite (LEM-1) Before and After NaK Exposure 

^Htop- 
*. **M% 

I 
I 
I 

5-^.    ATJ Graphite after NaK Exposure 

Fig. 5-4-Incompatible graphite seal materials 
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any lost through aerosol formation and overflow.    An external  liquid metal 
loop system and a recirculating cover gas purification system best serves 
these purposes. 

Present design concepts for the liquid metal   (NaK) system provide for 
purification of the fluid by cold trapping as it is continuously re- 
circulated through the current collectors and the loop.    Makeup liquid is 
automatically supplied from the sump reservoir which is equipped with 
level  sensors for indicating NaK inventory.    Simplification of the liquid 
metal  system by batch loading is a long term objective.    However, the 
initial work must have full flexibility regarding liquid metal cleanup. 

The current collector/liquid metal  system for the SEGMAG generator has 
undergone considerable evolution as machine requirements have become 
better defined.    A common liquid metal   loop system has been designed 
which can supply the current collectors with NaK from six parallel  NaK 
flow branches.    This design features a single pump with contamination 
control  and monitoring equipment in the common loop, and provisions for 
bypassing the demonstration machine for initial  startup and conditioning 
of the NaK.    Flowrate to individual  current collectors,  as well as the 
main flow,  plugging meter flow and bypass flow, can be monitored.    Flow 
control  valves and pump power control  provide a means for fine tuning 
the loop circuit.    Dual  purification stations allow maximum flexibility 
and contamination trapping capacity.    Figure 5-5 schematically illustrate: 
the design. 

Power loss analysis in the conmon loop design due to the electrical 
shorting of the NaK lines connected to a common header and the resultant 
heat generated in these lines have indicated that the losses from this 
source are unacceptable.    Two approaches were investigated to eliminate 
this problem of power losses.    One approach was either to break each 
NaK line electrically or to increase its resistance in order to minimize 
losses.    Figure 5-6 illustrates two of the methods that were experimentally 
tested and which demonstrated considerable promise.    One technique in- 
volves the injection of gas bubbles into the NaK stream as it flows 
through an insulated pipe section.    The other technique involves breaking 
the NaK into droplets as it strikes a splash plate.    These techniques 
have been experimentally verified to be effective over mors than 100 
hours of operation. 

A second approach to the power loss problem is to service each of the six 
current collectors with an independent system.    A loop system based on this 
concept has been designed and is schematically presented in Figure 5-7. 
Each loop is composed of a sump tank, pump, cold trap, flow meter, valves, 
and piping to complete the flow system.    Flowrate is controlled by flow 
control  valves and monitored by the Zll flowmeter.    NaK makeup is provided 
by the sump tank inventory which is monitored by liquid level  sensors. 
Purification is achieved in two stages.    NaK oxides are trapped in the 
sump tank as they float to the surface and the cleaner liquid is drawn off 
below.    More soluble contaminants are precipitated and filtered in the cold 
trap.    Also included in the scheme is a positive gas flow through the NaK 
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drain lines to assist draining. Success of the small independent loop 
concept depends upon evaluating and qualifying a suitable pump. 
Sealless centrifugal, canned motor, metal diaphragm, gear, and electro- 
magnetic pumps are under consideration. The most promising pump system 
at this time is a commercial stainless steel, canned motor, magnetically 
coupled, centrifugal pump. Cost considerations as well as performance 
are major criteria for the selection of a suitable pump system. 

An inert, protective cover gas system is required to prevent NaK 
oxidation and contamination products from affecting machine operation. 
A commercial gas recirculation and regeneration system to remove oxygen 
and moisture from the nitrogen cover gas has been ordered. This commercial 
gas recirculation unit has two parallel purification towers to permit 
regeneration of one tower while the other is on-line. This unit is 
similar to those used on inert gas glove boxes at the laboratory, and 
will be capable of gas recirculation at 1 ppm oxygen and moisture 
purification, at up to 40 cfm. The total cover gas system for the 
demonstration machine, tandem circumferential gas seals, and NaK loop 
system has been designed and is illustrated in Figure 5-8. 

5.2.3 Loop and Support Studies 

Several areas of investigation were pursued in order to support 
technically the liquid metal loop design and its subsequent operation, 
and to assist in the current collector development program. These areas 
included refinement of NaK flowrate measurement techniques; projecting 
NaK loop contamination rates and cold trap designs to maintain NaK purity; 
investigation of methods to monitor the NaK liquid level in the current 
collector during machine operation; analysis of possible machine decon- 
tamination techniques and sequences, with high standards of safety; and 
studies of the aerosol effect and methods to eliminate or control its 
influence upon maci. ne operation. In addition to these activities, the 
test layout, instrumentation installation, and test stand assembly for 
the current collector test station were conducted. 

If NaK flowrates through the prototype machine current 
are not monitored, loss of flow due to plugging or los 
serious effects. Several methods of flowrate monitor 
turbine wheel, calorimetric, acoustic, pressure sensor 
magnetic (EM) means were reviewed4.5,D Design simplici 
minimsal instrumentation (electronics), and durability 
considerations for the selection of EM techniques. A 
1800 gauss "U" magnet was modified by pole pieces to 
across the NaK loop tubing and resulted in a 9000 gaus 
of 50 to 500 cc/min were recorded on a recording milli 
of flow actuates a relay to signal an alarm or remedia 
prototype machine NaK flews will be monitored by such 
relay interlocks for safety. 

collector zones 
s of NaK could have 
ing, such as 
and electro- 

ty, economic operation, 
were the prime 
small commercial 
reduce the gap 
s field. NaK flows 
voltmeter. Loss 
1 action. The 
a flowmeter, with 
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1 -Automatic Regenerative Gas Purifier Station 

2 - Gas Pump 
3 - Gas Purifier Towers 
4 - Moisture Analyzer 
5 - Oxygen Analyzer 
6 - Constant Flow Regulator 
7 - Electric Isolator 
8 -Gas Bearing Inlet 
9 - Current Collector Vapor Trap 

10 - Machine Mousing Vapor Trap 
11 - Expansion Tank Vapor Trap 
12 - Sump lank Vapor Trap 
13 - Gas Deiramer Vapor Trap 
14- Pressure Relief Valve 
15-Shut Oil Valve 
16 - flowmeter 
17 - Pressure Alarm 
18 - Check Valve 
19 - Pressure Gage 
20 - Pressure Regulator 
21 - Nitrogen Bottles 
22 - Prototype Segmag Machine 
23 - Combustaftlo Gas Detector 

Cover gas system for demonstratLon 
machine. 
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A NaK loop cold trap for NaK purification, either intermittent (batch 
process) or continuous, was designed and constructed. NaK properties^ 
as well as expected machine operating conditions (cover gas recirculation 
rate, purity, NaK temperatures, NaK dwell time in the current collector 
etc) were employed to conservatively design7>8»9 a QQ]^  trap for 6 
months operation. This acitivity will continue with cold trap efficiency 
experiments and operating characterization. 

The in-situ monitoring of NaK liquid levels in the current collector 
appears feasible with acoustic probes. Initial tests with acoustic 
reflection techniques were promising, but were suspended pending 
resolution of the current collection geometry. 

Machine decontamination techniques such as the conventional moist 
argon, dry steam, wet steam, alcohol, and water sequence as well as 
techniques such as liquid ammonia flooding continue to be investigated. 
Important to these operations are the requirements of machine material 
compatibility with decontamination solutions and products, in-situ 
decontamination (factory location or shipboard), and machine and personnel 
safety. Close coordination witl machine design personnel is required 
in order not to preclude decontamination alternatives by design limits. 

Initial rotor/^tator experiments demonstrated the existance of a fine 
(NaK) aerosol mist at low rpm. Charged plates appeared effective in 
collecting the aerosol. Since the aerosol deposition upon exposed 
surfaces was not line-of-sight, more than shields or baffles will be 
required to resolve this problem. Experiments were designed for the high 
rpm current collector test stand and include cover gas flow deflection 
of aerosols, current collector stator/rotor gap reductions to limit the 
aerosol window, and withdrawal of cover gas through the NaK current collector 
effluent sump. These tests are considered more amenable to the stringent 
geometry requirements of the prototype machine than the charged plates 
described earlier. 

Figure 5-9 illustrates the glove box test facilities where the material 
compatibility screening and loop support and equipment evaluation studies 
are being performed. 

Instrumentation requirements for the current collector test stand were 
defined, instrument panels and layouts were determined and assembly of the 
test stand is underway (Figure 5-10). As illustrated, the current collector 
test stand will be located in a controlled, inert gas glove box with the 
drive motor, coolant loop, and NaK loop located below the box. The instru- 
ment panels are under assembly and include: (1) Two 24-point recorders 
for temperature monitoring of the current collectors, seals, bearings, and 
NaK loop; (2) Spark plug probes to determine Narv levels in the loop 
sump; (3) EM flowmeter and single point recorder for monitoring NaK 
flow, with alarm relay for loss of flow; (4) Drive motor controls; 
(5) Motor rpm monitor (by tachometer generator) with overspeed controls 
and relays; (6) Lebow torquemeter to determine power losses; 
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Figure 5-9 -- Inert cover gas glove boxes for NaK loop development 
and materials compatibility studies. 

Figure 5-10 -- Current collector test stand and instrumentation -in assembly. 
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(7) Coolant loop flowmeter, pressure gauge, loss of coolant, (i.e., 
over temperature) alarm; (8) Excitation coil current supply and controls; 
(9) Gaussmeter for magnetic field intensity; (10) NaK loop pump, cold 
trap, heater controls; and (11) Recirculation cover gas system and controls, 
Most of this instrumentation will transfer directly to the demonstration 
SEGMAG machine. 
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SECTION 6 

SEAL STUDY 

1 
I 
I 
I 

6.1 OBJECTIVES 

The primary goal of this task is to develop a method to avoid 
contamination of the machine's containment vessel by either air or the 
hydrocarbon-based fluid used for bearing lubrication and thereby prevent 
contamination of the liquid metal system. In addition, excessive losses 
of the machine's inert cover gas to the atmosphere must be avoided. 

The specific objectives of the seal task of this program are as follows: 

• Construct a seal test stand capable of evaluating the performance of 
tandem circumferential seals in a dry, inert environment. 

• Perform functional seal tests at 3600 rpm in dry nitrogen gas on seal 
units equipped with carbon-graphite type materials capable of retain- 
ing their self-lubricating ability in a no-moisture environment. 

• Perform functional endurance tests on that combination of seal design 
and material demonstrating optimum performance with respect to gas 
leakage, seal wear, operating temperature, and NaK compatibility. 

Complementing this portion of the program are two supporting efforts 
designed to (a) evaluate the compatibility of a variety of candidate 
seal materials with NaK (reported in 5.2.1), and (b) determine the friction- 
wear characteristics of these seal materials. 

6.2 PRIOR AND RELATED WORK 

Studies performed during the Phase I effort of this program indicated 
strongly that a tandem circumferential seal,'»2 or bor.^ seal, is the 
prime candidate for satisfying the requirements imposed on the rotor 
shaft seal. The circumferential seal not only exhibits the ability to 
withstand high velocity rubbing at its primary sealing surfaces, but 
also the ability to provide a high degree of sealing effectiveness. 
Its design conserves weight and space, provides virtually unlimited 
shaft travel, and is easily assembled. The seal ring itself is enclosed 
by a cover ring to close off joint leakage. Joints on the seal and 
cover ring segments are staggered to minimize leakage at these locations. 
The segments are usually held in place by Inconel X garter springs. 

The runners against which the seal operates are made as replaceable 
shaft sleeves of hard chrome plate or Linde flame sprayed alumina. It 
should be pointed out that the geometry of the runner is as important as 
that of the seal. It must be sealed to the shaft to prevent leakage past 
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itself and the shaft. Runner faces must be truly flat and should be 
clamped to a shaft shoulder with no distortion. 

With regard to material selection for use in these seals, care must be 
exercised to insure that the self-luoricating composite employed retains 
its lubricating ability in a no-moisture, inert environmen   In this 
respect, a recent Westinghouse supported program3 directed toward the 
evaluation of seal materials for liquid metal pump cover gas systems has 
shown that standard grades of carbon-graphite seal materials exhibit 
extremely poor friction-wear characteristics in dry argon. In contrast, 
modification of these carbon-graphites through the addition of fillers, 
such as Teflon, molybdenum diselenide, tungsten disulfide, etc., has 
reduced sliding friction coefficients of these materials by a factor of 
three under identical operating conditions. Seal wear was negligible 
over a 100-hour period under a 6 psi load at 2200 fpm. 

In view of the decision to utilize the tandem circumferential seal as 
the rotor shaft seal, a seal test stand was designed during the Phase I 
effort of this program. Figure 6-1 is a schematic of the device and 
provides an overall view of the drive motor, support frame, and the seal 
test stand itself. Figure 6-2 is a more detailed view of the test stand, 
illustrating slave bearing preload techniques and test seal mounting and 
locking arrangement. The drive motor is a 10 hp, 3 phase, 230 volt 
adjustable speed drive with a static dc thyristor drive control. Maximum 
operating speed of the motor is 3600 rpm, regulated to within + 1% by 
means of a separate tachometer unit. The motor is equipped with jogging 
and reversing capabilities as well as dynamic braking. Through the use 
of a 2:1 pulley ratio, the test stand is capable of performing experiments 
on various seal configurations over a 7000 rpm speed range in inert, 
bone-dry environments. Leakage rates, operating speed, and seal tempera- 
ture are continuously monitored. One major objective of this task is to 
construct this test device so as to provide the means for evaluating the 
performance of candidate shaft/containtrent vessel seal configurations. 
The test stand is capable of evaluating seals for shafts ranging in 
diameters from 2 to 6 inches. 

6.2 CURRENT PROGRESS 

The test program planned for functional seal testing consists of three 
phases: 

1) Candidate seal materials will be evaluated regarding their ability 
to operate effectively in an inert, no-moisture environment. 

2) Concurrently, these materials will also be evaluated with respect to 
their compatibility with NaK at room temperature and, where appropriate, 
at elevated temperature. 

3) Finally, the most promising materials will be fabricated into actual 
seals and tested extensively with respect to operating speed, runner 
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Figure 6-1 - Shaft/Containment Seal Test Sta nd 

Figure 6-2 - Details of Seal Test Device 
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design and material, and pressure. The results will be compared 
against those obtained on units employing standard carbon-graphite 
materials. Parameters monitored during these tests will include 
seal water, leakage, and operating temperatures. 

During this reporting period, the above program was implemented by 
initiating construction of the test stand and procuring candidate seal 
materials for evaluation with respect to friction-wear characteristics 
and NaK compatibility. Progress in these areas is described below. 

. , 

6.2.1 Test Stand Construction 

Fabrication of the seal test stand was completed during this reporting 
period. Figure 6-3 is a photograph of the rig and shows the main frame, 
seal housing chamber, spindle, and slave bearing arrangement. Drive 
motor delivery and installation are scheduled for early in the next 
reporting period. 

The hardened, tool steel (#21) shaft is 3 inches in diameter at the 
test seal site. Precision bearings employed as slave bearings are grease 
packed and equipped with riveted phenolic retainers. Maximum speed rating 
for these bearings is 8400 rpm when grease is used as the lubricant. 
A sealed, plexiglas housing is located around the test seal and provides 
for not only visual observation of the test seal while in operating but 
also a means for monitoring gas leakage past the seal i'ace. The flow 
rate of gas feeding the seal faces is continuously monitored. Seal 
temperature and both spindle be?, ing temperatures are also continuously 
monitored and recorded. A temperature excursion at any of these loca- 
tions will automatically terminate the test by interrupting power to 
the motor. 

6.2.2 Material Studies of Candidate Seal Composites 

In considering carbon-graphite base materials as potential candidates 
for seal applications in NaK, or NaK-containing environments, materials 
compatibilities must be determined. As reported in Section 5.2.1, 
compatibility studies being performed under the Phase II effort of this 
program have already illustrated that many of the conventional carbon- 
graphites employed as seal materials undergo rapid chemical reactions 
with NaK at room temperature. Table 6-1 lists and identifies the various 
seal materials procured for compatibility studies. 

As indicated in the compatibility studies, the rapid reaction of graphite 
with potassium presents a serious problem in respect to considering 
graphite composites as seal materials for NaK. In addition, the potassium 
may act as a "spacer" for opening the lattice for reaction with sodium. 
Since the reactions' take place between the layer planes of graphite, the 
less structured carbon-graphite or carbon materials should be less 
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Figure 6-3 - Seal Test Stand 

I Figure 6-4 -  Face Seal  Test Stand 
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TABLE 6-1 
SEAL MATERIAL PROCURED FOR FRICTION-WEAR AND COMPATIBILITY STUDIES 

Supplier 
Grade 
Number   

EVC U.S. Graphite 

Sk-235 Stackpole Carbon Co. 

Sk-278 Stackpole Carbon Co. 

Sk-218 Stackpole Carbon Co. 

CR-218 Stackpole Carbon Co. 

CR-219 Stackpole Carbon Co. 

1257 Stackpole Carbon Co. 

MF-343 Stackpole Carbon Co. 

SP-3 Dupont 

SP-211 Dupont 

WGI Westinghouse Electric 

WGI-0 Westinghouse Electric 

WGI-A Westinghouse Electric 

WSe» Cerac, Inc. 

AXZ Poco Graphite 

AXM Poco Graphite 

AXF Poco Graphite 

LEM-1 Raytheon 

LEM-2 Raytheon 

BN-0 Raytheon 

Identification 

99.9% graphite 

Carbon-graphite + MoS_ 

Carbon-graphite + MoS2 (>Sk-235) 

Similar to Sk-278 with Phenolic impregnation 

Resin bonded with fillers of graphite and Teflon 

Resin bonded with fillers of graphite and Teflon 

Straight carbon-graphite 

Bronze matrix + carbon 

Polyimide matrix + 15% graphite + 10% Teflon 

Polyimide matrix + 15% MoS 

80% tungsten diselenide - 20% gallium-indium 

WGI + oxide coating 

90% WGI - 5% Ag - 5% CaF2 

Tungsten diselenide 

Car'.on-graphite; density = 1.5 gms/cc 

Carbon-graphite; density =1.8 gms/cc 

Carbon-graphite; density =1.9 gms/cc 

Pyrographite 

Impervious pyroimpregnated graphite 

Boron nitride + 3 w/o boric oxide 

1 I 
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reactive and may represent potential materials for "carbon" type base 
composite seal materials where direct exposure to NaK is involved. 
Composite matrices could be comprised of NaK-resistant metals or polymers, 
such as iron, beryllium copper, polyimide, polypropylene and polyethylene. 
Throughout these matrices would be distributed potentially NaK compatible 
solid lubricants such as boron nitride, carbon, or inorganic fluorides. 

In addition to NaK compatibility studies, it is also necessary to 
evaluate the friction-wear characteristics of candidate seal materials 
to determine their ability to retain their self-lubricating properties 
in a no-moisture, inert environment. It is a well-known fact in the 
lubrication field that the solid lubricating characteristics of graphite 
and carbon-graphite composites are lost when moisture is removed from 
their environment. The rotor shaft seals of the prototype SEGM/U", machine 
must operate effectively in the dry, 
containment vessel. For this reason 
to lubricate satisfactorily in such 

inert cover gas of the machine's 
the 

an 
ability of the seal material 

en :ronment is of major concern. 

During the reporting period, two functional seal tests were completed 
on face seals operating in a dry, inert environment. The seals were 
operated at a surface velocity of 2400 fpm (40 fps) and face loadings of 
15 psi and 30 psi. These operating conditions are equivalent to PV 
ratings of 36,000 and 72,000, respectively, conditions substantially more 
severe than those anticipated for the prototype SEGMAG machine. The seal 
material was fabricated from the WSe2/GaIn composite and mated with a 
tungsten carbide runner. After operating for a period of 140 hours, the 
tests were intentionally terminated and wear measurements taken. In 
both experiments, seal wear was found to be less than 0.5 mil. Seal 
operating temperature under the 15 psi and 30 psi load conditions 
stabilized at 105° and 110oF, respectively. Temperature stabilization 
required approximately 24 hours, with a peak temperature of 140oF being 
reached during this period. Figure 6-4 is a photograph of the equipment 
being used in these tests. 

Pressure (psi) x surface velocity (fpm) 
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SECTION 7 

PLAN FOR PHASE II 

7.0    OBJECTIVES 

A plan for Phase II of the Contract has the 
providing the necessary theoretical and eng 
well as the supporting experimental tasks, 
efficient subsystems necessary for the succ 
segmented magnet homopolar machines, such a 
torque converters. Another objective is to 
areas, along with subtask activities, neces 
struction, and operation of a SEGMAG machin 

primary objective of 
ineering design work, as 
to develop reliable and 
essful operation of 
s generators, motors, and 
identify the key task 

sary to the design, con- 
e by the end of Phase II. 

Fundamental  Studies 

Current Collection Development 

Seal Studies 

Liquid Metal and Cover Gas Systems, including 
Materials Compatibility Studies 

Machine Design and Testing 

7.1     PRIOR AND RELATED WORK 

This is fully reported in sections 1 to 6 of this report 

7.2    CURRENT PROGRESS 

This is fully reported in sections 1  to 6 of this report. 
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