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PREFACE

This document is the historical technical record of the design, 

development, fabrication, and testing of a synchronous condenser prior to 

its installation in the tracked levitated research vehicle. Numerous 

photographs supplement the detailed textual descriptions to provide a 

clear visualization of this machine. Engineering assembly drawings are 

also included.

The program was accomplished under the sponsorship and guidance of 

the Office of Research and Development, Federal Railroad Administration,

U.S. Department of Transportation, Mr. Matthew Guarino, Jr., Manager for 

Electrical Traction R&D.

Overall propulsion system program responsibility throughout the 

period of time covered by this report was vested in the Ground Transportation 

Group, headed by Mr. K. Chirgwin; and in the Electrical and Electromechanical 

Project, Chief Engineer, D. Moeller. Program guidance was provided by 

Mr. C. Weinstein, Program Manager; Mr. W. J. Hanlon, Program Administrator; 

and Mr. G. P. Kalman, Technical Manager. Significant technical contributors 

to the synchronous condenser work described herein were: Mr. T. E. Brown,

Engineer-in-Charge; Mr. R. F. Grahl, Design and Development; Mr. F. B. McCarty, 

Electromagnetic Analysis; Mr. F. E. Faulkner, Thermal Analysis; and 

Dr. A. Hammoud, Stress and Dynamics Analysis.



C O N T E N T S

S e c t  i on Page

1 INTRODUCTI ON 1

2 SUMMARY 3

3 SYNCHRONOUS CONDENSER CONCEPT 4

D es ig n  Req u ir e m e nts  4

Des ig n  Im p le m e n ta t i o n  6

4 MATERIALS 24

A p p l i c a t i o n  and S e l e c t i o n  24

B e a r i n g s  and S e a l s  35

C o o l a n t  F low Pa th  C o n f i g u r a t i o n  36

S t a t o r  and R o to r  C o i l s  37

5 FABRICATION AND ASSEMBLY 39

R o t o r  F a b r i c a t i o n  39

R o t o r  Assembly 41

S t a t o r  S ta c k  Assembly 45

S t a t o r  Housing Assembly 49

S t a t o r  C o i l  I n s t a l l a t i o n  49

F i n a l  Assembly 52

6 DEVELOPMENT TESTING 58

B r a z i n g  Tec h n iq u es  58

W a te r  C o n n e c t io n  59

Lower E n d - B e l l  C a s t i n g  63

R o t o r  Core  64

v



C O N T E N T S  ( C o n t i n u e d )

S e c t i o n Page

7 FUNCTIONAL TESTING 67

T e s t  R ig 67

F u n c t i o n a l  T e s t s 71

8 ROTOR BALANCING 91

B a l a n c i n g  P r o c e d u r e s 91

Sp i n T e s t 92

9 ASSEMBLY DRAWINGS 94

V

v

Vi



I L L U S T R A T I O N S

F i g ure Page

3-1 Synchronous Condenser 7

3 - 2 Load /N o-Load  S a t u r a t i o n  and S h o r t - C i r c u i t  
C u r r e n t  Pe r fo rm an c e  ( C a l c u l a t e d )

12

3 - 3 S t a t o r  S l o t  and C o i I 16

3 - 4 S t a t o r  Winding Design Data 17

3 - 5 R o to r  S l o t  and Damper and F i e l d  Conductor  
Conf i g u r a t  ion

18

3 - 6 R o to r  Core S l o t  and C o i l  C o n f i g u r a t i o n 19

3 - 7 R o to r  Winding Des ign  D a ta 20

4-1 R o to r  Core M a t e r i a l  M ag n e t ic  P r o p e r t i e s ,  LIMRV 
vs TLRV

30

4 - 2 Lower E n d - B e l l  C a s t i n g  w i t h  C a s t - i n - P I  ace  
C o o l a n t  L i n e

31

4 - 3 R o to r  C o i l  C o o l a n t  M a n i f o l d 33

4 - 4 T y p i c a l  S t a t o r  C o i l  as I n s t a l l e d 38

5-1 R o to r  Core in H o l d i n g  F i x t u r e 42

5 - 2 F i n i s h e d  Mach ined R o to r  Core 42

5 - 3 Cl amp Ri ngs 43

5 - 4 R o to r  C o i l s  in  I n s p e c t i o n  F i x t u r e 44

5 - 5 Upper End o f  F i n a l  R o to r  Core 46

5 - 6 Lower End o f  F i n a l  R o to r  Assembly 46

5 - 7 Completed Damper Bar I n s t a l l a t i o n 47

5 - 8 S t a t o r  S ta ck  and C o i l  Assembly 48

5 - 9 Su pport  Arr angem ent  f o r  I n s t a l l a t i o n  o f  L a s t  15 
C o i l s

50

5 - 1 0 Jumper Bar I n s t a l l a t i o n  w i t h  C o i l  S u p p o r t  Cord  
and T i e s

54

v i i



I L L U S T R A T I O N S  ( C o n t i n u e d )

F i .qure Page

5-11 T y p i c a l  S t a t o r  T e r m in a l  Assembly 55

5 - 1 2 S t a t o r  C o i l  C o o l a n t  T r a n s f e r  Tube and M a n i f o l d  
Assembly ( P r i o r  t o  S h r i n k i n g  I n s t a l l a t i o n )

56

5 - 1 3 Top E n d - B e l l  Assembly 57

6-1 S t a t o r  C o i l  C o o l a n t  T r a n s f e r  Tube 61

6 - 2 R o to r  C o i l  C o o l a n t  T r a n s f e r  Tube 62

6 - 3 T y p i c a l  S t a t o r  C o i l  H o l lo w  C o nd u c to r  C o n f i g u r a t i o n 66

7-1 T e s t  R ig  Dummy R o t o r ,  R o t o r  M a n i f o l d ,  and Lower  
D u p 1 ex Bea r  i ng

69

7 -2 Synchronous Condenser  T e s t  R ig 70

7 - 3 F u n c t i o n a l  T e s t  Setup 72

7 -4 No-Load S a t u r a t i o n  T e s t s 74

7 -5 No-Load S a t u r a t i o n  T e s t  a t  O n e - H a l f  Rated Speed 75

7 -6 S h o r t - C i r c u i t  T e r m in a l  T e s t  a t  O n e - H a l f  Ra ted  Speed 76

7 -7 N e g a t i v e  Sequence Impedance T e s t  a t  O n e - H a l f  
R ated  Speed

77

7 - 8 B e a r i n g  T e m p e r a tu r e s  a t  End o f  T e s t  Run 78

7 - 9 S t a t o r  W in d i n g  T e m p e r a tu r e  d u r i n g  No-Load  
S a t u r a t i o n  T e s t

79

7 -1 0 C o o l a n t  Wa ter  T e m p e r a tu r e  vs Runn ing  Time 80

7-1 1 No-Load S a t u r a t i o n  T e s t ,  Run 70 81

7 -1 2 No-Load S a t u r a t i o n  T e s t ,  Run 49 82

7 - 1 3 No-Load S a t u r a t i o n  T e s t ,  Run 48 83

7 - 1 4 C r i t i c a l  Speed Search 84

7 - 1 5 No-Load S a t u r a t i o n ,  S h o r t - C i r c u i t  C u r r e n t ,  
and F u l l - L o a d  S a t u r a t i o n  T e s t s

85

v i i i



I

I L L U S T R A T I O N S  ( C o n t i n u e d )

F i g ure Page

7 - 1 6 C o o l i n g  Water  System 87

7-1 7 C o o l i n g  Water  System Schemat ic 88

8-1 R o to r  T e s t  F i x t u r e  Removed f rom Spin P i t 93

9-1 Assembly Draw ing  2 0 0 0 9 4 2 ,  Synchronous Condenser  
Out I i ne

95

9 - 2 Assembly Dra w in g  2 0 4 5 1 7 5 ,  S t a t o r  C o i l  Assembly 96

9 - 3 Assembly Dra w in g  2 0 4 5 1 6 2 ,  S t a t o r  St ack  Assembly 97

9 - 4 Assembly Draw in g  2 0 4 5 1 7 7 ,  R o to r  C o i l  Assembly 98

9 - 5 Assembly Draw in g  2 0 4 5 1 6 6 ,  R o to r  Core Assembly 99 
and
100

TABLES

T a b l e Pa^e

1-1 M a j o r  C h a r a c t e r i s t i c s ,  TLRV Condenser  and L I MRV 
A I t e r n a t o r

2

3-1 Synchronous Condenser  D es ig n  C r i t e r i a 5

3 - 2 Synchronous Condenser  Des ign P a r a m e t e r s  ( C a l c u l a t e d ) 9

3 - 3 E l e c t r i c a l  W inding  D a ta  ( C a l c u l a t e d ) 14

3 - 4 Mac hine  Losses 22

4-1 Synchronous Condenser  M a t e r i a l s 25

IX



S E C T I O N  1

INTRODUCTI ON

T h i s  r e p o r t  d o c u m e n ts ' t h e  d e s i g n ,  d ev e l o p m en t ,  f a b r i c a t i o n ,  and t e s t i n g  

o f  a w o u n d - f i e l d ,  n o n s a l i e n t - p o l e  synchronous machine ( h e r e i n a f t e r  c a l l e d  a 

synchronous c o n d e n s e r )  b u i l t  t o  o p e r a t e  in t h e  t r a c k e d  l e v i t a t e d  r e s e a r c h  

v e h i c l e  (TLRV)  p r o p u l s i o n  sys tem.  The work was sponsored by t h e  O f f i c e  o f  

Research and D e v e l o p m e n t ,. F e d e r a I  R a i l r o a d  A d m i n i s t r a t i o n ,  U . S .  D ep a r tm en t  o f  

T r a n s p o r t a t i o n ,  W as h i n g to n ,  DC.

The synchronous condenser  e l e c t r i c a l l y  p a r a l l e l s  t h e  l i n e a r  i n d u c t i o n  

motor  and power c o n d i t i o n i n g  u n i t ,  p r o p u l s i o n  components o f  t h e  TLRV, and 

is o p e r a t e d  as an o v e r e x c i t e d  synchronous motor  t o  p r o v i d e  r e a c t i v e  power f o r

( 1 )  l i n e  com muta t ion  o f  t h e  power c o n d i t i o n i n g  u n i t  i n v e r t e r  t h y r i s t o r s ,  and

( 2 )  power f a c t o r  c o r r e c t i o n  o f  t h e  L IM .  The o v e r a l l  TLRV p r o p u l s i o n  sys tem has

(n*been documented '  f o r  DOT by A i R e s e a r c h .

The TLRV synchronous condenser  is  s i m i l a r  in p h y s i c a l  s i z e  and speed

r a t i n g  t o  a w o u n d - f i e l d ,  n o n s a l i e n t - p o l e  synchronous a l t e r n a t o r  d e v e l o p e d  by

A iR es ea rc h  f o r  a p r e v i o u s l y  produced ground t r a n s p o r t a t i o n  v e h i c l e ,  t h e  l i n e a r

( p )
i n d u c t i o n  motor  r e s e a r c h  v e h i c l e  (L I M R V ) .  D e t a i l e d  d o c u m e n t a t i o n '  '  is  a v a i l ­

a b l e .  The LIMRV was d e l i v e r e d  t o  t h e  DOT T r a n s p o r t a t i o n  T e s t  C e n t e r ,  P u e b l o ,  

C o l o r a d o ,  in e a r l y  1971 ,  and has undergone e x t e n s i v e  t e s t i n g  s i n c e  t h a t  t i m e .

T a b l e  1-1 compares m a jo r  c h a r a c t e r i s t i c s  o f  t h e  TLRV con d enser  and t h e  

LIMRV a l t e r n a t o r .  W h i l e  t h e  LIMRV a l t e r n a t o r  is  e x t r e m e l y  l i g h t w e i g h t  and 

compact  f o r  i t s  r a t i n g ,  i t  i s  o b v io u s  t h a t  t h e  TLRV synchronous con denser  

r e f l e c t s  an even more s i g n i f i c a n t  improvement in p o w e r - t o - w e i g h t  r a t i o .

* N u m b e r s . i n  p a r e n t h e s e s  d e s i g n a t e  R e f e r e n c e s  a t  end o f  r e p o r t .
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The TLRV mach ine  p r o v i d e s  h i g h - v o l t a g e  c a p a b i l i t y  w i t h  v e r y  low w e i g h t .  T h is  

goal  was met by i n c o r p o r a t i n g  d i r e c t  w a t e r  c o o l i n g  o f  s t a t o r  and r o t o r  w i n d i n g s ,  

and a l l  a d j u n c t i v e  machine e l e m e n ts  ( b e a r i n g s ,  b r u s h e s ,  s l i p r i n g s ,  e t c . ) .

TABLE 1-1

MAJOR CHARACTERISTICS, TLRV CONDENSER AND LIMRV ALTERNATOR

TLRV Condenser LIMRV A I t e r n a t o r

Rated speed ,  rpm 4950  ( 4 - p o l e ) 5200 ( 4 - p o l e )

Rated power 7 MVA c o n t i n u o u s ,  
10 MVA o v e r  load  
(0  power f a c t o r ,
165 H z )

3 MVA
( 0 . 6  power f a c t o r ,  
173 Hz)

V o l t a g e  ( I i n e - t o - I i n e ) , VRMS 7150 1000

T o t a l  w e i g h t ,  lb 4202 3600

Power d e n s i t y ,  k V A / l b 1 .7  a t  c o n t i n u o u s  
power r a t i n g  

2 . 4  a t  o v e r  load 
power r a t i n g

0 . 8

Roto r  d i a m e t e r , i n . 21 .4 6 2 0 . 0

Mount i  ng V e r t  i ca I Hor i z o n t a I

C o o l i  ng D i r e c t  w a t e r - c o o l e d Force d  a i r - c o o l e d

v
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S E C T I O N  2

SUMMARY

The f i n a l  des ig n  c o n f i g u r a t i o n  f o r  t h e  synchronous condenser  was a 4 - p o l e ,

3 - p h a s e ,  4 - w i r e ,  w a t e r - c o o l e d ,  n o n s a l i e n t - p o l e ,  w o u n d - f i e l d  synchronous  

machine w i t h  damper w i n d i n g ,  r a t e d  a t  7 MVAR c o n t in u o u s  d u ty  a t  560 amp, 4950  

rpm, and 165 Hz.

The p r i m a r y  des ig n  goal  was an o v e r a l l  TLRV p r o p u l s i o n  sys tem w i t h  an 

a c c e p t a b l e  v e h i c l e  p e r fo r m a n c e  f a c t o r .

To meet  t h e s e  o b j e c t i v e s  r e q u i r e d  t h e  h i g h e s t  p r a c t i c a l  r o t o r  speed ,  

combined w i t h  r e l i a b l e  d i e l e c t r i c ,  m e c h a n i c a l ,  and t e m p e r a t u r e  c a p a b i l i t i e s .

To a s s u r e  machine  c o m p a t i b i l i t y  w i t h  t h e  t e m p e r a t u r e  r e q u i r e m e n t s ,  a v e r y  e f f e c ­

t i v e  c o o l i n g  system was d e v i s e d ;  d e i o n i z e d  w a te r  as t h e  c o o l a n t  was pumped under  

r e l a t i v e l y  h igh  p r e s s u r e  t h r o u g h  t h e  e n t i r e  mach in e ,  i n c l u d i n g  t h e  r o t o r ,  b e a r ­

in g s ,  b r u s h e s ,  and s l i p r i n g s .

The d es ig n  and f a b r i c a t i o n  o f  such a machine p r e s e n t e d  many e n g i n e e r i n g  

c h a l l e n g e s  in t h e  a p p l i c a t i o n  o f  m a t e r i a l s .  Where m a t e r i a l  i n f o r m a t i o n  was 

n o n e x i s t e n t ,  t e s t s  were conduct ed  t o  s u b s t a n t i a t e  m a t e r i a l  i n t e g r i t y  and a d a p t ­

a b i l i t y .

The machine s u c c e s s f u l l y  d em o n s t r a ted  conform ance t o  t h e  d e s ig n  c r i t e r i a  

a t  t h e  A iR e s e a r c h  t e s t  f a c i l i t y ,  T o r r a n c e ,  C a l i f o r n i a .

Upon c o m p l e t i o n  o f  component  t e s t i n g ,  t h e  machine was ship-ped t o  t h e  DOT 

T r a n s p o r t a t i o n  T e s t  C e n t e r ,  P u e b l o ,  C o l o r a d o ,  f o r  i n s t a l l a t i o n  in t h e  TLRV 

and s ub sequent  sys tem c h e c k o u t ,  t e s t ,  and e v a l u a t i o n .

3



SECTION 3

SYNCHRONOUS CONDENSER CONCEPT

DESIGN REQUIREMENTS

T a b l e  3-1 l i s t s  t h e  m a jo r  s y n c h r o n o u s  con d e n se r  (SC) d e s ig n  c r i t e r i a ,  which 

were e s t a b l i s h e d  f rom  i n i t i a l  TLRV s ys te m  s t u d i e s .

As p r e v i o u s l y  s t a t e d ,  t h e  SC e l e c t r i c a l l y  p a r a l l e l s  t h e  L lM and t h e  power 

c o n d i t i o n i n g  u n i t  (PCU),  and i s  o p e r a t e d  as an o v e r e x c i t e d  s y n c h ro n o u s  m oto r  t o :  

(1)  l i n e  commutate t h e  PCU i n v e r t e r  t h y r i s t o r s  by p r o v i d i n g  a s i n u s o i d a l  b a c k -  

emf and l e a d i n g  r e a c t i v e  c u r r e n t ,  and (2 )  c o r r e c t  low power f a c t o r  o f  t h e  LIM 

o v e r  t h e  ra n g e  o f  o p e r a t i n g  f r e q u e n c y  and t h r u s t .

Two s y n c h r o n o u s  c o n d e n s e r s  a r e  u t i l i z e d  in a f u l l  TLRV p r o p u l s i o n  s y s te m ,  

one f o r  each LIM.  The s t a t o r  i s  f o u r - w i r e  w y e -c o n n e c te d  w i t h  n e u t r a l  grounded 

t h r o u g h  a h i g h  r e s i s t a n c e .  The r o t o r  f i e l d  i s  a c o n v e n t i o n a l  b r u s h / s I i p r i n g - f e d  

s e r i e s  ( f o u r  n o n s a l i e n t  p o l e s )  c o n n e c t i o n .  The machine i s  o p e r a t e d  a t  e s s e n t i a l l y  

c o n s t a n t  f l u x  d e n s i t y  ( f i x e d  v o l t a g e  p e r  c y c l e )  down t o  z e r o  f r e q u e n c y  and speed.  

The r o t o r  i s  c a p a b l e  o f  s a f e  o v e r s p e e d  o p e r a t i o n  t o  6000 rpm.

V

'  The SC i s  c o m p l e t e l y  w a t e r  c o o l e d ,  i n c l u d i n g  b o th  r o t o r  f i e l d  and damper 

w i n d i n g s ,  s t a t o r  w i n d i n g s ,  b e a r i n g s ,  s e a l s ,  s l i p r i n g s ,  b r u s h e s ,  and f i e l d  p r o ­

t e c t i o n  d i o d e .  In a d d i t i o n ,  p r o v i s i o n s  f o r  wa+er c o o l i n g  o f  t h e  s t a t o r  c o r e  and 

lower  e n d - b e l l  0D a r e  a l s o  i n c o r p o r a t e d .  R e l a t i v e l y  h l g n  t e m p e r a t u r e s  (up t o  

350UF) and h i g h  p r e s s u r e s  <up t o  4b0 p s i )  a r e  u t i l i z e d ,  t h e s e  s e v e r e  o p e r a t i n g  

c o n s t r a i n t s  r e q u i r e d  i n n o v a t i v e  d e s iq n '  a p p ro a c h e s  w i t h  r e s p e c t  t o  e l e c t r i c a l  

i n s u l a t i o n ,  s e a l i n g ,  and d e i o n i z e d  w a t e r  c o n n e c t i o n s .

The mach in e  r a t i n g  o f  7 MVA ( c o n t i n u o u s )  i s  t h e  sum o f  t h e  r e a c t i v e  power 

f o r  t h e  LIM and t h a t  r e q u i r e d  f o r  t h e  i n v e r t e r ,  i n c l u d i n g  p h a s e - b a c k  and o v e r l a p  

c o n s i d e r a t i o n s .

%



TABLE 3-1

SYNCHRONOUS CONDENSER DESIGN CRITERIA

Type N o n s a l i e n t - p o l e ,  w o u n d - f i e l d  s y n c h r o n o u s ,  w i t h  damper
w i n d i n g ,  -in p a r a l l e l  w i t h  LIM a c r o s s  i n v e r t e r  o u t p u t  
t e r m i  n a 1s

C o o l a n t D e i o n i z e d  w a te r

R a t i  ng O u t p u t ,  MVAR 7 10 

Du ty  C o n t i n u o u s  90 sec 

O u t p u t  c u r r e n t ,  amp 560 809

S p e e d / f r e q u e n c y 4950 rpm /165  Hz

T e m p e r a t u r e / c 1 ass 3 5 6 ° F / 1EEE C la s s  H

Vo 1t a g e 7150 VRMS ( L - L ) ,  3ph,  4 - w i r e  ( w y e - c o n n e c t e d ) ,  n e u t r a l  
r e s i s t a n c e  grounded

Reac tance X ( n e g a t i v e  sequence)  n o t  t o  exceed 0 . 3 2  pe r  u n i t  
( u n s a t u r a t e d )

Losses T o t a l  f u l l  load ( c o n t i n u o u s  d u t y )  lo s s e s  n o t  t o  exceed 
500 kW

F i e l d  power 2670 Adc a t  127 Vdc ( m a x . ) ,  9 0 - s e c  d u t y

M o u n t i n g V e r t i c a l

Wei g h t Minimum

SC/power s u p p l y Power s u p p l y  i s  grou nde d  t o  v e h i c l e  b o d y ,  w h ic h  i s
r e  1 a t  i onsh ip f l o a t i n g .  The emf o f  t h e  SC and t h e  power  s u p p l y  

v o l t a g e  can be a d d i t i v e  t h r o u g h  t h e  PCU, ( p r o v i d i n g  
an e q u i v a l e n t  15,900 V, I i n e - t o - 1i n e ,  s t e a d y - s t a t e  
maximum o p e r a t i n g  v a l u e  o f  t h e  m a c h in e ;  t h i s  e x c l u d e s  
t r a n s i e n t  v o l t a g e  e f f e c t s ,  r e s u l t i n g  i n  a l i n e - t o -  
ground  v o l t a g e  o f  a p p r o x i m a t e  8900 V)

E x c i t a t i o n From s t a t i c  phase d e l a y  r e c t i f i e r / b r u s h / s 1i p r i n g  u n i t

Overspeed c a p a b i l i t y  , 125 p e r c e n t

J F i e l d  p r o t e c t i o n F r e e w h e e l i n g  d io d e  '
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DESIGN IMPLEMENTATION

The SC assem bly  (shown in  F i g u r e  3-1 a f t e r  c o m p l e t i o n  o f  component t e s t i n g )  

was d e s ig n e d  t o  meet t h e  t e c h n i c a l  c r i t e r i a  s p e c i f i e d  in T a b l e  3 - 1 .  The p r i m a r y  

g o a l s  a r e :  ( 1 ) low w e i g h t  and vo lume a t  v e r y  h ig h  power r a t i n g ,  ( 2 ) combined

h i g h - v o l t a g e  and h i g h - t e m p e r a t u r e  c a p a b i l i t y ,  and (3)  minimum lo s s e s  p r o p o r t i o n e d  

f o r  ease o f  c o o l i  ng.

M e e t in g  t h e s e  o b j e c t i v e s  r e q u i r e d  t h e  use o f  t h e  h i g h e s t  p r a c t i c a l  r o t o r  

speed ,  d e ve lo p m ent  o f  r e l i a b l e  h i g h - d i e l e c t r i c ,  m e c h a n i c a l ,  and t e m p e r a t u r e  

c a p a b i l i t y ,  i s u l a t i o n  s y s te m s  f o r  r o t o r  and s t a t o r  w i n d i n g s ,  and t h e  use o f  

e x t r e m e l y  e f f e c t i v e  c o o l i n g  t e c h n i q u e s .

A g e n e ra l  r e l a t i o n s h i p  f o r  t h e  mac hine  w e i g h t ,  r a t i n g ,  and e l e c t r o m a g n e t i c  

and m e ch a n ic a l  f a c t o r s  may be e x p r e s s e d  as :

/c-kVA(R) \ 0-75
We,3 h+ “  \7BQn)  /

where C = a c o n s t a n t  ( r e l a t i n g  t h e  w i n d i n g  and m a g n e t i c

fo rm  and d i s t r i b u t i o n  f a c t o r s  and u n i t s )  

kVA(R) = t h e  r a t i n g  ( i n  t h i s  case s p e c i f i e d  by t h e  p r o p u l s i o n  

sys te m  r e a c t i v e  power r e q u i r e m e n t s )

B = f l u x  d e n s i t y  ( m a g n e t i c  l o a d i n g  o f  t h e  mach ine)

Q = c u r r e n t  d e n s i t y  ( e l e c t r i c a l  l o a d i n g  o f  t h e  mach ine)

V  = speed (a measure o f  m e ch a n ic a l  c a p a b i l i t y  o f  t h e  

m a c h in e )

Very  g e n e r a l l y ,  t h e  v a l u e s  f o r  B, Q, and 17 a r e  l i m i t e d  by t h e  i n h e r e n t  

c a p a b i l i t i e s  o f  t h e  m a t e r i a l s  used and how e f f e c t i v e l y  t h e y  a r e  hand le d  and 

m o d i f i e d  in t h e  d e s ig n  ( e . g . ,  t h e  t e c h n i q u e s  used t o  m i n i m i z e  l o s s e s ,  re d u c e  

h e a t i n g  e f f e c t s ,  and a c h i e v e  r e l i a b l e  and e f f i c i e n t  e l e c t r i c a l  i n s u l a t i o n  f o r

6



Figure 3-1 . Synchronous Condenser
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t h e  w i n d i n g s ) .  A l s o ,  t o  a d e g r e e ,  t h e  m a n u f a c t u r i n g  p r o c e s s e s  a v a i l a b l e  m o d i f y  

t h e  above c o n s i d e r a t i o n s  and must be t r e a t e d  by t h e  d e s i g n .

An e x t e n s i v e  a n a l y t i c a l  de ve lo p m e n t  e f f o r t  was made, c o n s i s t i n g  o f  s e p a r a t e ,  

d e t a i l e d  e l e c t r o m a g n e t i c ,  t h e r m a l ,  and m e c h a n ic a l  ( s t r e s s )  a n a l y s e s .  The d e s ig n  

p r o c e s s  r e l i e d  h e a v i l y  upon e x i s t i n g  and p ro v e n  d i g i t a l  com pute r  p rogram s and 

was i t e r a t i v e ,  u s i n g  s u c c e s s i v e  r e s u l t s  f r om  t h e  s e p a r a t e  a n a l y s e s  made in  t h e  

above t h r e e  a r e a s .  S u p p o r t i n g  manual c a l c u l a t i o n s  were a l s o  made t o  d e v e lo p  

c e r t a i n  o f  t h e  mach in e  l o s s e s  and m e c h a n ic a l  f a c t o r s .  T a b le  3 - 2  p r e s e n t s  t h e  

m a jo r  p a r a m e t e r  d e s c r i p t i o n  o f  t h e  machine as c a l c u l a t e d  in  t h e  f i n a l  d e s ig n  

i t e r a t i o n .

The d i g i t a l  co m p u te r  p rog ram  used may be s e t  up e i t h e r  t o  d e v e lo p  a 

mach in e  g e o m e t ry  and r e s u l t i n g  p a ra m e te r  and p e r f o r m a n c e  c o n d i t i o n s  based 

upon s e l e c t e d  m a jo r  i n p u t  e l e c t r o m a g n e t i c  a s s u m p t i o n s ,  o r  t o  d e v e lo p  e l e c t r o ­

m a g n e t i c  and o t h e r  p a r a m e t e r s  and p e r f o r m a n c e  c o n d i t i o n s  based upon a s e l e c t e d  

machine g e o m e t r y .  The f o r m e r  pro gram  i n p u t  mode was used i n i t i a l l y  t o  d e v e l o p  

t r i a l  mac hine  g e o m e t r i e s ,  w h ic h  were th e n  t r e a t e d  and s u c c e s s i v e l y  m o d i f i e d  by 

s u p p o r t i n g  m e c h a n ic a l  and t h e r m a l  a n a l y s e s .  From t h e s e  i t e r a t i o n s  and m a t e r i a l  

s e l e c t i o n  and m a n u f a c t u r i n g  p r o c e s s  t r a d e o f f s ,  t h e  f i n a l  m ac hine  g e om etr y  was 

d e v e lo p e d  and used t o  c a l c u l a t e  t h e  e l e c t r o m a g n e t i c  and p e r f o r m a n c e  r e s u l t s  

shown in  F i g u r e  3 - 2 .

A d e t a i l e d  w e i g h t  a n a l y s i s  was made a f t e r  d e s i g n  c o m p l e t i o n .  The computed 

t o t a l  d r y  w e i g h t  f o r  t h e  mach in e  i s  4221 l b .  The m a c h i n e ' s  c e n t e r  o f  g r a v i t y  

i s  a p p r o x i m a t e l y  2  in^  lo wer  t h a n  i t s  p h y s i c a l  c e n t e r .

D u r i n g  t h e  p r o g ra m  d e s i g n  phase ,  f o r m a l  p r e l i m i n a r y  and f i n a l  d e s ig n  

r e v i e w  m e e t i n g s  were a t t e n d e d  by A iR e s e a r c h  d e s i g n  team members,  o u t s i d e  c o n ­

s u l t a n t s ,  and r e p r e s e n t a t i v e s  o f  t h e  c o n t r a c t i n g  (DOT) o f f i c e .  P e r t i n e n t  a c t i o n  

i t e m s  r e s u l t i n g  f r o m  t h e s e  tw o  r e v i e w s  were i n c o r p o r a t e d  in  t h e  SC d e s i g n .
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TABLE 3-2

SYNCHRONOUS CONDENSER DESIGN PARAMETERS (CALCULATED)

Va 1 ue

System R a t i n g  F a c t o r s

T h r u s t ,  I b f 0  t o  10,000 0  t o  15,000
V e h i c l e  speed,  mph 0 t o  250 0 t o  300
Load c o n d i t i o n Norn i n a I Maximum
Load d u t y  c y c l e C o n t in u o u s 90 sec (max.)

T o t a l  o p e r a t i n g  l i f e  ( g o a l ) ,  hr 1 0 0 0

E l e c t r o m a g n e t i c  S p e c i f i c a t i o n s

R a t i n g ,  MVA 6 .9 4 1 0

Power f a c t o r 0

A r m a t u r e  v o l t a g e ,  VRMS 4 1 3 0 /7 150
F i e l d  v o l t a g e ,  Vdc 85 128
A r m a t u r e  c u r r e n t ,  ARMS 560 809
F i e l d  c u r r e n t ,  Adc 1795 2664
A r m a t u r e  phases 3
R o t o r  p o l e s 4
Speed, rpm 4950
F r e q u e n c y ,  Hz 165
T o t a l  w e i g h t ,  lb 4202
O u t s i d e  d i a m e t e r ,  i n . 33

( e x c l u d i n g  f l a n g e s )
Overa  11 1e n g t h , i n . 4 5 . 5
T o t a l  vo lu m e ,  cu f t 2 2 . 5
T o t a l  l o s s e s ,  kW 495.4 9 3 2 . 6
R o t o r  d i a m e t e r , i n . 21 .46
A c t i v e  ( m a g n e t i c )  l e n g t h ,  i n . 13 .6 0
R a d ia l  a i r g a p  l e n g t h ,  i n . 0 . 4 0
S p e c i f i c  w e i g h t ,  Ib /kVAR 0 .605 0 . 4 2 0
S p e c i f i c  vo lu m e ,  cu f t / k V A R 0.0 0537 0 .0 0 2 2 5

M e c h a n ic a l  S p e c i f i c a t i o n s

Over sp eed ,  rpm ( p e r c e n t ) 5940 (1 2 0 )
F i r s t  c r i t i c a l  sp eed ,  rpm 2700

( i n c l u d e s  v e h i c l e  d a t a )
P e r i p h e r a l  v e l o c i t y ,

f t / s e c  a t  4950 rpm:
R o t o r  coi+e 465
S I i  pr  in g 135
O u te r  w a t e r  sea l 7 5 . 5
In n e r  w a t e r  seal 46

9



TABLE 3-2 (Continued)

Va lue

R o t o r  u n b a la n c e  l i m i t ,  i n . - o z 16
R o t o r  a n g u l a r  momentum, i n . - I b - s e c 158,000
R o t o r  mass moment o f  i n e r t i a , 297

i n . - 1b - s e c ^
R o t o r  a c c e l e r a t i o n  l i m i t ,  sec

(0 t o  4950 rpm) 1 .5
G y r o s c o p i c  lo a d ,  lb

A t  mounts 476
A t  b e a r i n g s 190

G y r o s c o p i c  moment, i n . - l b 6070
W e i g h t ,  lb

R o t o r  assem bly 1745
S t a t o r  assembly 1950
Lower e n d - b e l l  assembly 288
Upper  e n d - b e l l  assembly 2 0 2

1 n c 1uded w a te r 2 2

T h e rm a 1 Spec i f  i c a t  ions

Coo 1 a n t T r i p l e - d i s t i l l e d  d e i o n i z e d  w a te r
C o o l a n t  e l e c t r i c a l  r e s i s t i v i t y

l i m i t ,  megohm-cm a t  70°F 1 . 0 -
I n l e t  p r e s s u r e ,  ps i

S t a t o r  (m ax . ) 450
R o t o r  (m ax . ) ' 360

Water f l o w ,  gpm
S t a t o r ,  t o t a l 3 7 .5

A r m a t u r e  c o n d u c t o r s 3 6 . 0
Back i r o n  ( c l o s e d  f o r 0

6 . 2  m i l e  d u t y )
E n d - b e 11 and d io d e 1 . 0

B ru sh e s  and mounts 0 . 5
R o t o r , t o t a 1 3 6 . 0

F i e l d  c o n d u c t o r s 2 4 .0
Damper b a r s  and r i n g s 1 0 . 0

S 1 i p r  i ngs 1 . 0

B e a r i n g s 1 . 0

T e m p e r a t u r e ' ( m a x .  f o r  3 m i n ,  6 . 2 - m ' i l e d u t y ,  110 UF s t a r t ) ,  °F

S t a t o r
Copper  ( a r m a t u r e ) 322
T oo th 378
Backi  ron 204
H ous ing 260
Diode 255
E n d - b e I I  . - 255
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TABLE 3-2 (Continued)

V a lu e

I n t e r n a l  a m b ie n t 300
Brush 346
Wate r  i n l e t 224
Water o u t l e t 320

R o t o r
Copper  ( f i e l d ) 349
Damper 303
Core 293
Too th 313
Top b e a r i n g 286
B o t to m  b e a r i n g 252
SI i p r i n g 335
I n t e r n a l  a m b ie n t 300
Water  i n l e t 224
Wate r  o u t l e t 342

S u p p o r t i n g  m e c h a n ic a l  and t h e rm a l  a n a l y s e s  were p e r f o r m e d  f o r  t h e  f i n a l  d e s ig n  
i t e r a t i o n .
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S t a t o r  W in d in g  Reac ta nce

P r o v i s i o n  o f  a l o w - r e a c t a n c e  machine i s  o f  d i r e c t  b e n e f i t  t o  t h e  i n p u t  

s o u r c e ,  o v e r a l l  p r o p u l s i o n  sys te m ,  and i n v e r t e r  s i z i n g .  An a m o r t i s s e u r  w i n d ­

in g  was i n c o r p o r a t e d  in  t h e  d e s ig n  t o  a i d  in r e d u c i n g  m ach in e  r e a c t a n c e  v a l u e s  

( e . g . ,  n e g a t i v e  s e q u e n c e ) .  For  t h e  same r e a s o n ,  s t a t o r  w i n d i n g  d e s ig n  was 

emphasize d t o  m i n i m i z e  r e a c t a n c e  v a l u e s .  T a b le  3 -3  l i s t s  c a l c u l a t e d  d a t a  on 

t h e  e l e c t r i c a l  w i n d i n g s .

R o to r  M e chan ic a l  S t r e n g t h

O b t a i n i n g  a m e c h a n i c a l l y  rugged r o t o r  was a m a jo r  d e s i g n  c o n s i d e r a t i o n ,  

s i n c e  t h i s  a l l o w s  c o n f i d e n t  s e l e c t i o n  o f  a h ig h  r o t o r  speed w i t h  a t t e n d a n t  

w e i g h t  b e n e f i t .  For  t h i s  r e a s o n ,  use o f  a h i g h - s t r e n g t h  m a c h i n e - s t e e l  f o r g i n g  

was most  a t t r a c t i v e .  S e c t i o n  4 p r o v i d e s  d e t a i l s  on m a t e r i a l  s e l e c t i o n .

R o t o r  W in d in g  E x c i t a t i o n

The machine  u t i l i z e s  a l i g h t w e i g h t ,  compact b ru s h  and s l i p r i n g  f o r  r o t o r  

f i e l d  w i n d i n g  e x c i t a t i o n .  T h i s  approach a l l o w s  f u l l  f i e l d  e x c i t a t i o n  ( f o r c i n g )  

d u r i n g  system  s t a r t u p  and a v o i d s  a d d i t i o n a l  d e s ig n  and m a n u f a c t u r i n g  c o m p l e x i t y  

a s s o c i a t e d  w i t h  an i n t e g r a t e d  o r  companion r o t a t i n g  e x c i t e r  m ach in e  by makin g 

use o f  a more r e a d i l y  a v a i l a b l e  l o w - v o l t a g e ,  h i g h - c u r r e n t ,  s t a t i c  power s u p p l y  

t e c h n o l o g y .

S t a t o r  L a m i n a t i o n  Des ign

A c o n v e n t i o n a l  s i n g l e - p i e c e  c o n c e n t r i c  s t a t o r  l a m i n a t i o n  c o n c e p t  was 

a d o p t e d .  T h i s  a pproach  has s e v e r a l  adva n ta g e s  o v e r  a segmented ( m u l t i p l e - p i e c e )  

a p p r o a c h ,  i n c l u d i n g :

•  G r e a t e r  m e c h a n ic a l  s t r e n t h  and r i g i d i t y

•  T i g h t e r  d i m e n s i o n a l  c o n t r o l  p o s s i b l e

•  B e t t e r  s t a c k i n g  f a c t o r s  and c o n t r o l
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TABLE 3-3

ELECTRICAL WINDING DATA (CALCULATED)

Parameter Va I ue

Load Condition Nominal Maximum
2Armature density, A/in . 18,667 26,973

Field current density, A/in.^ 15,885 23,578

Armature

Phase resistance, ohms (356 F) 0.218

Base impedance, ohms 7.38

Synchronous reactance, per unit (unsaturated) 3.44

Transient reactance, per unit (unsaturated) 0.496

Subtransient reactance, per unit (unsaturated) 0.316

Negative sequence (X2) reactance, per unit 0.316

Stator leakage reactance, per unit 0.174

Field leakage reactance, per unit 0.358

Zero sequence reactance, per unit 0.102

Damper leakage reactance, per unit 0.142

Mean turn length, in. 82.56

Strands per turn 2

Turns per phase 72

Turn per slot 3

Field

Resistance, ohms (356°F) 0.0481

Inductance mH (unsaturated) 16.9

Mean turn length, in. 61 .43

Strands per turn 1

Turns per pole 20

Turns per slot 5

14



•  Improved e l e c t r i c a l  and w e i g h t  c h a r a c t e r i s t i c s  due t o  e l i m i n a t i o n  o f  

p a r a s i t i c  a i r g a p s  between segments ( r e f e r  t o  S e c t i o n  4 f o r  a d d i t i o n a l  

i n f o r m a t i o n  on m a t e r i a l  s e l e c t i o n )

C o n d u c t o r s  and W in d in g s

Use o f  h o l l o w  c o pper  c o n d u c t o r s  d i r e c t l y  c o o l e d  by d e i o n i z e d  w a te r  i s  t h e  

s i n g l e  most  a d v a n ta g e o u s  w e i g h t  f a c t o r  o f  t h e  d e s i g n .  By f u r t h e r  p r o p o r t i o n i n g  

t h e  d e s ig n  so t h a t  most o f  t h e  machine lo sse s  a re  p ro d u ce d  in  t h e  w i n d i n g s  

( i . e . ,  in  t h e  a re a  most a t t r a c t i v e  f r om  a h e a t  t r a n s f e r  and c o o l i n g  s t a n d p o i n t )  

t h e  maximum b e n e f i t s  o f  t h i s  approach a re  a c h i e v e d .

1. S t a t o r

S e l e c t e d  s t a t o r  c o n d u c t o r  s i z e  r e s u l t s  f rom v a r i o u s  t r a d e o f f s  made in  t h e  

d e s i g n ,  i n c l u d i n g  s t r a n d i n g  r e q u i r e m e n t s  t o  m i n i m i z e  eddy c u r r e n t  l o s s e s ,  

number o f  t u r n s  r e q u i r e d  t o  meet t h e  s p e c i f i e d  v o l t a g e ,  i n s u l a t i o n  t h i c k n e s s  

r e q u i r e m e n t s ,  and m a i n t e n a n c e  o f  r e a s o n a b l e  c o o l i n g  passa ge  s i z e .  The r e s u l t ­

in g  c o n d u c t o r  s i z i n g  i s  shown in  F i g u r e  3 -3  w i t h  t h e  c o r r e s p o n d i n g  s t a t o r  s l o t  

s i z i n g .  F i g u r e  3 -4  p r o v i d e s  s t a t o r  w i n d i n g  d e s ig n  d a t a .  D e s ig n  p a r a m e t e r s  

a r e  s p e c i f i e d  and c o n n e c t i o n  d e t a i l s  shown. The c o n n e c t i o n  was a r r a n g e d  t o  

p r o v i d e  minimum l e n g t h  buses  t h a t  d i d  n o t  r e q u i r e  a c t i v e  i n t e r n a l  c o o l i n g  and 

a l s o  t o  p e r m i t  minimum s i z e  t e r m i n a t i o n s  f o r  t h e  w i n d i n g .

2 .  R o t o r

The r o t o r  c o n d u c t o r  s e l e c t i o n  was h e a v i l y  i n f l u e n c e d  by t h e  need t o  

p r o v i d e  a rugged  c o n s t r u c t i o n  c a p a b l e  o f  h i g h - s p e e d  o p e r a t i o n  t h a t  r e q u i r e d  

r e l a t i v e  minimum o f  c o o l i n g  c o n n e c t i o n s .  These c o n s i d e r a t i o n s  g e n e r a l l y  lead t o  

a low number o f  w i n d i n g  t u r n s  and t h e  l a r g e s t  p r a c t i c a l  c o n d u c t o r  s i z e .  F i g ­

u r e s  3 - 5  and 3 -6  show t h e  s e l e c t e d  r o t o r  c o n d u c t o r  and s l o t  s i z i n g .  F i g u r e  3- 7
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0 . 0 0 6  TYP

0.094 
GROUND WALL 
INSULATION

2 2 . 2 6 0  DIA 
STATOR
LAMINATION ID

0 .5 0 2  COIL

0.141 SQ, 
CONDUCTOR 
WITH 0 .0 7 9  
DIA HOLE

1 .5 5 5

0.161

0 .0 2 5

WEDGE

NOTES:

1. ALL DIMENSIONS ARE IN INCHES
2. 72 STATOR SLOTS AND COILS REQUIRED

S-86565 -A

F i g u r e  3 - 3 .  S + a t o r  S l o t  and C o i l

1 6



I

POSITIONS OF COIL GROUPS, JUMPERS, AND 
INTERCONNECTIONS BY SLOT NUMBERS

68

62

56

50

F i g u r e  3 - 4



OPERATIONAL DATA
RATING
VOLTAGE
CURRENT
FREQUENCY
TEMPERATURE
WATER INLET PRESS
WATER FLOW RATE
LIFE

0-7000 KVAR (CONTINUOUS)
0-A130/7150 VRMS (8900 VRMS LINE-TO-GROUND) 
0-565 A PER PHASE (RATED)
0-165 Hz
•R32 TO 350°F (COIL AVERAGE)
450 PS I
36 GPM (TOTAL)
1000 HR

WINDING DATA
COILS AND SLOTS 
POLES 
PHASES 
COIL GROUPS 
COIL GROUPS PER PHASE 
COILS PER COIL GROUP, 6 REQD 
(REF: DWG 2045175)

COIL GROUPS PER POLE 
TURNS PER COIL 
SERIES COILS PER PHASE 
PARALLEL COILS PER PHASE 
WINDING CONNECTION 
PHASE BELT 
COIL THROW
NUMBER OF STRANDS PER TURN 
PHASE/ROTATION (LOOKING AT 
LEAD END)

SLOTS PER POLE
SLOTS PER POLE PER PHASE
SKEW
JUMPER BARS
SERIES ELECTRICAL CONNECTIONS AND 
QUADRUPLE-BRAZE WATER FITTINGS 

END ELECTRICAL CONNECTIONS AND 
DOUBLE-BRAZE WATER FITTINGS

72
4
3
1 2
4
- 1 PN: 1 EA, - 2 PN: 3 EA, - 3 PN:

1
3
24
1
WYE (FOUR WYE)
60°
SLOT 1 - 1 6 (15 SLOT OR 5/6 PITCH)
2
ABC FOR CCW

6 (INTEGRAL)
NONE
10 (INCLUDING NEUTRAL)
60

24

S-86568 -B

2 EA

S t a t o r  W in d in g  D e s ig n  Da ta



‘J

S-86566 -A

F i g u r e  3 - 5 .  R o t o r  S l o t  and Damper and F i e l d  C o n d u c to r  C o n f i g u r a t i o n
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WEDGE

1. DRAWING NOT TO SCALE
2. ALL DIMENSIONS ARE IN INCHES

s-86562 - a

F i g u r e  3 - 6 .  R o t o r  Core S l o t  and C o i l  C o n f i g u r a t i o n
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OPERATIONAL DATA

VOLTAGE
CURRENT
TEMPERATURE
WATER INLET PRESSURE
WATER FLOW RATER
LI FE

WINDING DATA

FIELD COILS 
DAMPER BARS 
SLOTS
POLES (NONSALIENT)
COIL AND POLE GROUPS 
COILS PER POLE OR COIL GROUP 
TURNS PER COIL 
SERIES COILS PER POLE 
PARALLEL COILS PER POLE 
SERIES COILS TOTAL 
STRANDS PER TURN 
JUMPER BARS 
FIELD WINDING 
DAMPER WINDING
COOLANT (COILS,  DAMPER BARS,

0 -  I AO VDC
0 - 1 7 5 0  AMP DC (CONTINUOUS) 
320 TO 350°F (CONTINUOUS) 
360  PS I (AT SHAFT INLET)
36 GPM (TOTAL)
1 00 0  HR

16
A8
A8
A
A
A
5
A
1
1 6 

1 
3

CONCENTRIC COIL
SQUIRREL CAGE
LIQUID (DEIONIZED WATER)SLIPRING)

F i g u r e  3 - 7 .  R o t o r  W in d in g  Des ign Data

S -8 6 5 6 7  -A
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r o t o r  w in d in g  des ign  d a ta .  Design parameters are s p e c i f i e d  and c o n n e c t io n  

d e t a i l s  shown. Ro to r  bus bars are s o l i d  conduc to r  s t y l e  t o  o b v i a t e  t h e  need 

f o r  c o o l i n g  c o n n e c t io n s .

C o o l in g  Water Connec t ions

Both t h e  s t a t o r  and r o t o r  w ind in gs  are s e r ie s - c o n n e c te d  e l e c t r i c a l l y  and 

para I I e I - c o n n e c t e d  h y d r a u l i c a l l y .  The c o n n e c t io n s  t o  t h e  wa ter  system must 

a c c o r d i n g l y  be e l e c t r i c a l l y  n o n c o n d u c t i v e . The number o f  such c o n n e c t io n s  

was ke p t  t o  t h e  p r a c t i c a l  minimum. The c o n n e c t io n s  are made in  bo th  cases by 

s p e c ia l  d e s ig n ,  h i g h - s t r e n g t h  s e c t i o n s .

S t a t o r  and R o to r  I n s u l a t i o n

Rather  h igh  s t a t o r  v o l t a g e  re q u i re m e n ts  ( i . e . ,  above normal co rona

p ro d u c in g  l e v e l s )  and th e  d e s i r a b i l i t y  o f  o p e r a t i n g  a t  f a i r l y  h ig h  te m p e ra tu re
\

o b v i o u s l y  n e c e s s i t a t e d  c a r e f u l  a t t e n t i o n  t o  th e  area o f  s t a t o r - w i n d i n g  e l e c ­

t r i c a l  i n s u l a t i o n  s e l e c t i o n  and c o o r d i n a t i o n .  The problem was f u r t h e r  com­

p l i c a t e d  by th e  re q u i re m e n t  f o r  a v e ry  compact machine and th e  r e s u l t i n g  need 

f o r  p r e c i s e  d im ens iona l  c o n t r o l .  D u r in g  th e  l a t e  design  and e a r l y  m a n u fa c tu r in g  

phases o f  th e  program, t h e  s e le c te d  i n s u l a t i o n  was s u c c e s s f u l l y  endurance te s t e d  

a t  maximum a n t i c i p a t e d  o p e r a t i n g  te m p e ra tu r e  and in excess o f  bo th  t h e  maximum 

o p e r a t i n g  v o l t a g e  and l i f e .  The b a s ic  need was a v e ry  rugged r o t o r  i n s u l a t i o n  

system w i th  low creep p r o p e r t i e s  under mechanical  lo a d ing  due t o  h ig h-speed  

o p e r a t i o n .

Machine Losses

Table  3 -4  l i s t s  machine losses under r a t e d  load and o v e r lo a d  c o n d i t i o n s .

I t  i s  e v i d e n t  t h a t  t h e  w ind in g  losses r e p r e s e n t  a h igh  p o r t i o n  o f  t h e  t o t a l  

machine lo sse s .
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TABLE 3-4

MACHINE LOSSES

Source
Rated Load, 

kW
Over load,  

kW .

S t a t o r  copper 192.2 401 .4

Rotor  copper 155.1 341 .7

S t ra y 69.4 100.3

Pole  s u r fa c e 48.0 46.0

F r i c t i o n  and windage 10.5 10.5

S t a t o r  co re 9 .5 10.8

S t a t o r  t e e t h 4 .2 4.7

Brush f r i c t i o n 4 .9 4.9

Brush ( e l e c t r i c a 1) 1 .4 2.1

Seal f r i c t i o n 0 .2 0.2

Tota  1 495.4 922.6

Damper Windings

In t h e  TLRV a p p l i c a t i o n ,  t h e  SC o p e ra te s  in p a r a l l e l  w i t h  t h e  LIM a t  the  

t e r m i n a l s  o f  th e  v a r i a b I e - v o I t a g e / v a r i a b I  e - f r e q u e n c y  i n v e r t e r .  S ix  t im es  per 

c y c l e ,  d u r in g  i n v e r t e r  commuta t io n ,  o v e r l a p  o c c u r s ,  which in  e f f e c t  i s  a I i n e -  

t o - l i n e  s h o r t  c i r c u i t .  The damper w in d in g s  compensate f o r  t h e  n e g a t i v e  sequence 

c u r r e n t  and r e s u l t i n g  mmf developed d u r in g  such asymmetr ica l  o p e r a t i o n .

A c o n s e r v a t i v e  approach was used t o  p r e d i c t  t h e  magni tude o f  t h i s  mmf.

The SC was assumed t o  be s i n g l e - p h a s i n g  d u r in g  such o p e r a t i o n .  On t h i s  b a s i s ,  

the.mmf t h a t  must  be compensated i s  equal t o  o n e - h a l f  o f  t h e  s in g le - p h a s e  mmf. 

Linder t h i s  assumpt ion ,  t h e  c u r r e n t  in  each damper bar w i l l  be two and o n e - h a l f
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t im e s  th e  SC c u r r e n t .  At  t h e  o ve r lo ad  c o n d i t i o n ,  w i th  800-A a rm ature  c u r r e n t ,  

t h e  damper bar c a r r i e s  2000 A. Th is  corresponds  t o  a damper bar c u r r e n t  

d e n s i t y  o f  15,000 A /sq  i n .
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SECTION 4

MATERIALS

APPLICATION AND SELECTION

E v o l u t i o n  o f  t h e  SC p r e s e n t e d  many u n i q u e ,  r i g o r o u s  c h a l l e n g e s  in t h e  

a r e a  o f  m a t e r i a l s  a p p l i c a t i o n .  In a d d i t i o n  t o  h i g h - v o l t a g e  r e q u i r e m e n t s  and 

compact  s i z e  w i t h  low w e i g h t  c r i t e r i a ,  i t  was a l s o  n e c e s s a r y  t o  d e v i s e  a 

r e l i a b l e  c o o l i n g  system u s i n g  d e i o n i z e d  w a te r  as t h e  c o o l a n t  a t  225 F i n l e t  

t e m p e r a t u r e .  S e l e c t i o n  o f  m a t e r i a l s  was a v e r y  i m p o r t a n t  p a r t  o f  t h e  SC 

d e s i g n ,  i n v o l v i n g  c o n s i d e r a b l e  t r a d e o f f  in c a n d i d a t e  m a t e r i a l s ,  c a r e f u l  

d e s c r i p t i o n  o f  m a t e r i a l  p r o p e r t i e s ,  and c l o s e  com par is on  and e v a l u a t i o n  o f  

m a t e r i a l  t r e a t m e n t s  and p r o c e s s e s .  Where s u f f i c i e n t  i n f o r m a t i o n  was not  

a v a i l a b l e  t o  e v a l u a t e  a m a t e r i a l  w i t h  r e s p e c t  t o  t h e  r e q u i r e m e n t  o f  the'  

m a ch in e ,  t e s t s  were i n i t i a t e d  t o  p r o v i d e  d a t a  f o r  s e l e c t i o n .

S e l e c t i o n  C r i t e r i a

T a b l e  4-1  l i s t s  c r i t i c a l  m a t e r i a l s  used ,  i d e n t i f i e s  p e r t i n e n t  s p e c i f i c a ­

t i o n s ,  and d e s c r i b e s  s p e c i a l  h a n d l i n g  r e q u i r e m e n t s .  Each l i s t e d  component  

o r  m a t e r i a l  is  d is c u s s e d  in d e t a i l  b e low .  P a ra g r ap h  numbers a r e  keyed t o  

T a b l e  4 - 1 .

1.  S t a t o r  L a m i n a t i o n s

S t a t o r  l a m i n a t i o n s  we re  f a b r i c a t e d  f rom 0 . 0 1 4 - i n . - t h i c k  M-19 s i l i c o n  s t e e l  

w i t h  C4 s u r f a c e  i n s u l a t i o n .  Use o f  t h i s  e l e c t r i c a l  g ra de  s t e e l  was based upon 

i t s  proven e l e c t r o m a g n e t i c  c a p a b i l i t y  and m a n u f a c t u r i n g  t e c h n o l o g y .  The 

m a t e r i a l  has e x c e l l e n t  and r e l i a b l e  p r o p e r t i e s  f o r  both  m a g n e t i c  i n d u c t i o n  and 

mech anica l  c a p a b i l i t y .  In a d d i t i o n ,  i t s  s u p e r i o r  h i g h - r e s i s t a n c e  s u r f a c e  c o a t ­

ing p r o v i d e s  a h igh  i n t e r l a m i n a r  r e s i s t a n c e  t h a t  a i d s  in m i n i m i z i n g  lo sse s  o f
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TABLE 4-1
SYNCHRONOUS CONDENSER MATERIALS

Component/Item Desc ri p t i on Spocifi cati on Special Handling Selecti on Basi s Rema rks
1 . Stator lamination 29 gage (0.014 sheet) Al SI M-19-C4 Heattreat per 1) Noncritical heat treatment Vanadium permendursi 1i con steel (ful ly AiResearch HT59 2) Mechanical and electrical consi deredprocessed, single- propert i espi ece core p 1 ated 3) Available in large sizesProven technology
2. Stator housing Aluminum alloy forging 6061-T6 per Heattreat to T6 1) Hi gh strength Lower cost thanQQ-A-367 comp 6061 cond T651 per Ai Research HT3 2) Low weight weld fabrication
3. Stator conductor Boron deoxidized copper CDA No. 109 Add 7 to 10 oz 1) Hi gh conduct i vi ty

0.0548-0.0594 lb/ft si lver per ton 2) Excel lent braze0.141 x 0.141 cross sec- tion (ho 1 low) propert i es
4. Stator conductor 1 layer Kapton, 2 layers Hot-pressed, vacuum 1) High-temp capabi 1ity Li fe tested (acce1)i nsu 1 ati on Dacron-glass (ground wall: i mpregnati on 2) Good dielectric at 150 VRMS/mi 1,

5 layers loaded epoxy 60 Hz, 356°F, formica paper with glass cloth and Dacron mat) 2500 hr
5- Stator coolant Thermop1ast i c A:> t re 1 Machi ned from 1) Water compatibility Test-proved overtransfer tube (polyary1su1fone) 36O plasti c round stock 2) Temp capabi 1i ty Teflon Nomex at3) Good dielectric rated condi t i onsHigh strength
6. Rotor core High-strength alloy HP 9-4-20 Heattreat to i) Hi gh strength Three pi ecessteel forging Rc 41-45 per dwg 2) Magnetic properties E-beam welded3) Previous experience together

*0 Good thick section properties after heat treatment
7. Rotor conductor Boron deoxidized copper CDA No. 109 Add 7 to 10 oz 1) Hi gh conducti vi ty0.483-0.495 lb/ft si lver per ton 2) Excel lent braze propert i es
8. Damper bar 0.28 x O.56 cross section (hoi low)
9. Rotor coi 1 Mica ring layup 15 percent 1) Minimum deflectioni n su1 at i on shroud fiber glass, 14-17 percent and creepepoxy resin, balance mica 2) Good dielectric
10,. Winding support Forged ring, nickel base AMS 5663 Heattreat to 1) Hi gh strengthr i ng alloy (INC0 718) Rc 38 (mi n) per 2) Low thermal expansionAiResearch HT71 treatment B 3) Previous use
11 , End-bel1 Cast aluminum alloy MlL-A-21180 Lower end-bell has 1) Low weight, highcomp A356-T61 cast-i n-place CRES strengthcoolant line 2) Good thick-section propert i es
12. Brush Copper graphi te (75 1) Hi gh conducti vi typercent copper by weight) 2) Low specific resistance3) Low contact drop4) Low friction
13- Col lector ri ng Forged ring, chromium- RwMA, Class 2 Age 2-4 hr at 875°- Hi'gh conducti vi ty andcopper (Ma 1 lory 3) 925°F in a pro­ strengthtective atmosphere
14. Damper bar Forged ring, chromium- RWMA, Class 2 Age 2-4 hr at 875°- High conductivity andmani fold copper (Ma1 lory 3) 925°F in a pro­ strengthtective atmosphere
15. Rotor winding Stainless steel AMS 5643 Heattreat per 1) Strengthcoo 1 ant mani fo1d (17-4 PH) Ai Research HP38 2) Low thermal expansion3) Minimum distortion after we 1 d
16. Rotor i nsu1ati on 0.020 sheet hard mica 1) Strength undersplitting

2) compressi on Good dielectric3) Hi gh-temp capabi 1i ty
17- Coi 1 blocki ng and Glass mat polyester Glastic 200 High-temp strength Fabri cati on easebraci ng lami nate
18.1 Stator tape 0.006-in.-thick mica mat G.E. 77956 1/2 lap wrap 1) Good di e1ectri ci nner 1ayer (polyester fi lm, non- 4 i ayers mi ni mum 2) High-temp capabi litywoven glass, polyester fi lm) 3) Conforms easi 1y
18.,2 Stator tape 0.0075“thk, B-staged, G.E. 76593 1/2 lap wrap 1) Good dielectric Shrinkage and resinouter layer epoxy-coated polyester 8 1ayers mi ni mum, 2) Low dissipation factor flow insures sealing;glass cure at 170°C for 3) High-temp capabi lity use to wrap rotor

1 hour coi 1 end turns
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TABLE 4 -1  (CONTINUED)

\
Component/I tern Descri pti on Speci fi cati on Speci al Hand!i ng Selection Basi s Remarks

19* Stator jumper bar Electrolytic tough-pitch copper COA Mo. 110(QQ-C-502) 1) High conductivity2) Avai labi 1i ty Wrapped wi th 1 terns 
18. 1 and 18.2

20. Rotor jumper bar Oxygen-free, hi gh-conduc- ti vi ty copper CDA No. 102 (QQ-C-502) 1) No residual deoxidant2) High conduct i vi ty Wrapped wi th I tern 
18.2

21 . Stator stack ti e bolt Stai n 1 ess stee 1 A286(AMS 5737) Insulation is over­wrapped wi th stretch Mylar, cured, and machined to si ze

1) Hi gh strength2) Low thermal expansion Insulated with epoxy­glass tape 
1 01 2-36 cross ply (3M)

22. Collector ri ng
1nsulati on (s 1 ip- ri ng assy)

A1 u: i i nu cerami c(9v percent Al̂Q̂) Coors AD-99 Fi ts 0.012 ti ght(00) 1) Thermal conductivity2) Compressive strength3) Good di electri c
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t h e  assembled l a m i n a t i o n s .  The m a t e r i a l  is  a v a i l a b l e  in w i d e - s t r i p  w i d t h s ,  

p e r m i t t i n g  s i n g l e ,  c o n c e n t r i c  l a m i n a t i o n  c o n s t r u c t i o n  in t h e  s i z e  d e s i r e d  and 

has proven  punching  t e c h n o l o g y  and n o n c r i t i c a l  h e a t  t r e a t m e n t  r e q u i r e m e n t s .

Due t o  s l i g h t l y  s u p e r i o r  i d e a l  e I e c t r o m a g n e t i c  p r o p e r t i e s ,  t h e  use o f  

vanadium permendur was a l s o  c o n s i d e r e d  f o r  s t a t o r  l a m i n a t i o n s ,  b u t  r e j e c t e d  

because  o f  t e c h n o l o g i c a l  l i m i t a t i o n s .  A p r im a r y  d i s a d v a n t a g e  o f  vanadium  

permendur is i t s  need f o r  a c r i t i c a l  and v e r y  p r e c i s e l y  c o n t r o l l e d  i n e r t  

a tm osphere  h e a t  t r e a t m e n t  t o  a t t a i n  f u l l  e l e c t r o m a g n e t i c  p r o p e r t - i e s .  F u r t h e r ­

more,  t h e  m a t e r i a l  i s  n o t  a v a i l a b l e  in wide s t r i p s ,  o r  w i t h  a s u i t a b l e  h i g h -  

r e s i s t a n c e  s u r f a c e  c o a t i n g .  I t s  c o s t  is  c o n s i d e r a b l y  g r e a t e r .  These f a c t o r s  

r e s u l t  in compromises o f  t h e  SC d es ig n  and c o n s t r u c t i o n  t h a t  r u l e  o u t  vanadium  

permendur  d e s p i t e  i t s  p o t e n t i a l l y  a t t a i n a b l e  s u p e r i o r  e l e c t r o m a g n e t i c  p r o p e r t i e s

2 .  S t a t o r  Housing

C o n s i d e r a t i o n  was g i v e n  t o  m ach in in g  t h e  housing  f rom ( 1 )  a r o l l e d  and 

welded p l a t e  w i t h  we lded  f l a n g e s ,  o r  ( 2 )  a c y l i n d r i c a l  f o r g i n g .  Approach  

( 2 )  was used as i t  proved  more p r e d i c t a b l e  and e c o n o m i c a l .

3 .  S t a t o r  Conductor

S t a t o r  c o n d u c to r  m a t e r i a l  i s  boron d e o x i d i z e d  c op p e r  No. 109 w i t h  7 t o  

10 ounces o f  s i l v e r  added per  ton  t o  e nsure  h i g h - t e m p e r a t u r e  s t r e n g t h  p r o p e r t i e s  

o f  c o n d u c t o r s  above 3 0 0 ° F .  The use o f  o x y g e n - f r e e  c op p e r  i s  n e c e s s a r y  t o  a v o id  

e m b r i t t l e m e n t  prob lem s a s s o c i a t e d  w i t h  b r a z i n g .  The s t a t o r  c o n d u c to r  form  

chosen ( i . e . ,  s quare  w i t h  a round h o l e )  i s  c o n s i s t e n t  w i t h  s t a n d a r d  c o n d u c to r  

p r o d u c t i o n  t e c h n o l o g y ,  a l t h o u g h  s m a l l e r  than  s t a n d a r d  s i z e .  In f a c t ,  t h i s  is  

one o f  t h e  s m a l l e s t  s i z e  h o l l o w  c o n d u c t o r s  t h a t  has been produced  (s e e  F i g u r e

3 - 3 ) .
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4. S t a t o r  C onduc to r  I n s u l a t i o n

The mica i n s u l a t i o n  system f o r  t h i s  m ach ine  was dev eloped  e s p e c i a l l y  f o r  

t h i s  u n i t ,  and t o  t h e  b e s t  o f  our  kno w led g e ,  has not  been used by o t h e r  manu­

f a c t u r e r s .  I t  q u a l i f i e s  f o r  C la s s  H ( 3 5 6 ° F  c o n t i n u o u s )  r a t i n g  and c o n s i s t s  o f  

a fused  Kapton t a p e  and g l a s s  s l e e v i n g ,  f o l l o w e d  by f i v e  s e a l e d  h a l f - l a p  t a p e
t

l a y e r s  o f  epoxy m i c a ,  and a f i n a l  c or on a  s h i e l d  o f  a s b e s t o s / g r a p h i t e . The 

co-H i s h o t  p ressed —ho— e nsur e a s e a t e d , v o t 'd - ' f r e e  i n s u f a t f o n . T e s t  b a r s  rrrarde 

w i t h  t h e  s t a t o r  c o n d u c t o r  and i t s  i n s u l a t i o n  system were s u b j e c t e d  t o  an a c c e l ­

e r a t e d  l i f e  t e s t  a t  150 VRMS per  m i l ,  60 H z ,  a t  a t e m p e r a t u r e  o f  3 5 6 ° F ,  and 

s u c c e s s f u l l y  w i t h s t o o d  more th a n  2500  h o u r s .

5 .  S t a t o r  C o o l a n t  T r a n s f e r  Tube

S e l e c t i o n  o f  h i g h - s t r e n g t h  and h i g h - t e m p e r a t u r e  t h e r m o p l a s t i c  used f o r  

t h e  e l e c t r i c a l l y  n o n c o n d u c t i v e  s t a t o r  c o o l a n t  t u b e  was based upon r e s u l t s  o f  

dev elopm en t  t e s t s .  T e s t s  were conducted  on a v a r i e t y  o f  m a t e r i a l s  and c o n -

i
f i g u r a t i o n s ,  w i t h  d e i o n i z e d  w a t e r ,  a t  t e m p e r a t u r e  and p r e s s u r e  in exc es s  o f  

3 50°F  and 450  p s i g ,  w i t h  both  t e m p e r a t u r e  and p r e s s u r e  c y c l e d  up and down.

A l t e r n a t e  c o o l a n t  c o n n e c t i o n s  based upon use o f  a f l e x i b l e  T e f l o n  hose w i t h  

o u t e r  Nomex c l o t h  d i d  n o t  w i t h s t a n d  t h e - t h e r m a l  c y c l i n g  t e s t s .

6 .  R o to r  Core

R o to r  c o r e  m a t e r i a l  s e l e c t i o n  was based on t h e  need f o r  a m e c h a n i c a l l y  

s t r o n g  and e l e c t r o m a g n e t i c a I  Iy  e f f i c i e n t  s t e e l .  R e p u b l i c  S te e l  Co. m a t e r i a l  

HP 9 - 4 - 2 0  o f f e r s  t h e  a d v an tag e  o f  t h r o u g h  h a r d e n i n g  in t h i c k  s e c t i o n s ,  com­

b in ed  w i t h  good r e t e n t i o n  o f  e l e c t r o m a g n e t i c  p r o p e r r i e s  a f t e r  h e a t  t r e a t m e n t .

P r e v i o u s  use o f  t h i s  m a t e r i a l  on a s i m i l a r  program (LIMRV)  p r o v i d e d  a b a s i s  

f o r  e v a l u a t i n g  p o s t - m a n u f a c t u r e  p r o p e r t i e s .  T e s t  bars  c u t  from t h e  r o t o r  

c o r e  f o r g i n g s  and h e a t  t r e a t e d  w i t h  t h e  r o t o r  assembly were used f o r  m a t e r i a l
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and p ro cess  sam p l i n g  t o  p r o v i d e  d a t a  on m a t e r i a l  c h a r a c t e r i s t i c s ,  i n c l u d i n g  

t e n s i l e  s t r e n g t h ,  h a r d n e s s ,  e l e c t r o m a g n e t i c  p r o p e r t i e s ,  p l a t i n g  e f f e c t i v e n e s s ,  

h a r d n e s s ,  and ma ch inab i  I i t y . See F i g u r e  4-1 f o r  m a g n e t ic  t e s t  d a t a .

7 .  and 8 .  R o to r  Cond ucto r  and Damper Bar

The r o t o r  f i e l d  and damper c o n d u c to r  m a t e r i a l  s e l e c t i o n  c r i t e r i a  p a r a l l e l  

t h o s e  f o r  t h e  s t a t o r  c o n d u c t o r .  I t s  f u l l - s l o t  w i d t h ,  r e c t a n g u l a r  c r o s s  s e c ­

t i o n  e s t a b l i s h e s  a good f o o t p r i n t .  A s t r o n g  and s imple-  e e t  I i -nstrTat ion sys te m  

can be used due t o  low v o l t a g e  ( se e  F i g u r e s  3 - 5  and 3 - 6 ) .

9 .  Ro to r  C o i l  I n s u l a t i o n  Shroud

The mica m a t e r i a l  s e l e c t e d  f o r  t h e  i n s u l a t i n g  shroud  r i n g  p r o v i d e s  a 

d i e l e c t r i c  s e p a r a t i o n  o f  f i e l d  and damper w in d in g s  w i t h  h ig h  c o m pr es s iv e  

s t r e n g t h  and low d e f l e c t i o n  and c r e e p ,  which r e s u l t s  in v e r y  low b a l a n c e  s h i f t .

10.  W ind ing  Su p p o r t  Ring

The w i n d i n g  s u p p o r t  r i n g  m a t e r i a l  must h a v e . h i g h  s t r e n g t h  and minimum 

t h e r m a l  g r o w t h .  T h i s  r i n g  must  s u p p o r t  a l l  r o t o r  f i e l d  end t u r n s  and damper 

bar  e x t e n s i o n s .  P r e v i o u s  e x p e r i e n c e  in s i m i l a r  a p p l i c a t i o n s  was t h e  reas on  

t h a t  a n i c k e l - b a s e d  a l l o y  f o r g i n g  was s e l e c t e d .  <

11.  End-Be I  I

The 356-T61 c a s t  a luminum i s  a commonly used m a t e r i a l  w i t h  good t h i c k -  

s e c t i o n  p r o p e r t i e s  and v e r y  h ig h  s t r e n g t h ,  which p r o v i d e s  t h e  c a p a b i l i t y  t o .  

s u p p o r t  t h e  v e r t i c a l l y  mounted machine (se e  F i g u r e  4 - 2 ) .

12.  Brush

The bru shes  must o p e r a t e  a t  a maximum r a t e d  speed o f  1634 i n . / s e c .  Brush  

l o a d i n g  is  about  2 lb w i t h  c o n s t a n t - t e n s i o n  s p r i n g s .  The m e t a l / g r a p h i t e  b r u s h e s ,  

w i t h  a 75 p e r c e n t  cop per  c o n t e n t ,  p r o v i d e  high  c o n d u c t i v i t y  w i t h  low f r i c t i o n
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LIMRV ALTERNATOR TLIW SYNCHRONOUS CONDENSER

Rotor Rotor RotorRotor Rotor Rotor Rotor Rotor Rotor Rotor Rotor Rotor Rotor Rnq 1 Rotor R inq Fna lRing 2 R i nq 3 Ri nt *4 R i nq 2 R ny 3 R ng *4 R ny *4 R ng Ri ny Rnq ) 500°F Rng 2 500°F T emperH B H B H B H B H B H B H B H H B H B H B H B H B H B293 7k 356 111.8 360 103 352 111.1 399 103 350 111.5
269 286 283 108 263 72 268 92.9 319 109.2 325 101.5 309 109.8 320 101 318 108.2

120 112 258 72 2 80 73- 1 289 73 2 5*4 93 2 52 90.9 290 108.0 290 99.5 291 108.9 291 99.5 2 72 108.022*4 118.2 266 110 251 105.5 252 72 2*48 72.*4 260 72.8 221 92.5 2 3*4 89.5 258 11C.5 26*4 106.5 2 6*4 98 262 106.0 262 98.5 258 105.5193 116.0 238 107 212 109 226 70 21*4 69.0 231 72.5 I83 88 202 88.6 293 109.6 2 32 105.5 239 96 2 39 103.9 2 30 96 2 30 102.9lfi9 112 206 105 178 97-5 212 69 182 66.7 202 69.0 193 8*4 173 86.2 211 108.0 203 102.0 203 9*4 207 101.0 20*4 9*4.6 198 99-5109 10*4 180 101 1*48 93 185 68 150 63.0 173 65.O 98.*472.5 i9o 82.0 155 106.0 168 98.5 17*4 89 178 99.0 163 91.0 172 96.187 101 150 97 1 1*4 85 161 6*4 113 55.7 1*4*4 61 86 66 117 11.2 108 97.0 112 89-0 1*45 87 '37 92.6 1*40 87.0 1*4*4 92.556 87 121 91 89 77 12*0 6*4 95.5 *49.6 1 16 5**. 5 58 *48.5 8*4 68.0 6*4 8*4.0 90 79.0 116 83.2 116 87.5 116 81.0 117 88.2
k5 75 91 81 5 7 55 120 60 63-5 39.6 87 *48.9 38 30 61 53.7 *4 1 55 58 59 90 75 87 79.1 87 7*4.8 86 79.035 57 61 61 *4*4 *42 9*4 56 3*»-7 15.0 58 3̂-5 kl *40 9 8 32 36 58 60.2 52 56.1 61 59.5 57 62.925 *40 kl *48 30 23 63 *48 32 16.*4 29 26.5 32 3*4 32 38.8 29 35-6
• ■ . • ▲Not same batch O'.

Specimen to deter- Testfor run'Otor Specimen 1 after ini L T01
Specimen 2 after initia Af ter finalLIMrotor t rea t hoot treat heat treat Lempercycle t i on

F i g u r e  4-1 R o t o r  C ore  M a t e r i a l  M a g n e t i c  P r o p e r t i e s , LIMRV vs TLRV

< !



F i g u r e  4 - 2 Lower E n d - B e l l  C a s t i n g  w i t h  
C a s t - i n - P I  ace C o o l a n t  L in e
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and c o n t a c t  d ro p .  Thus,  a maximum r a t e d \ c o n t i nuous c u r r e n t  o f  123 A is  

c a r r i e d  w i t h  r e l a t i v e l y  low l o s s e s ,  m i n i m i z i n g  t h e  c o o l i n g  r e q u i r e m e n t s .

13.  Co I I e c t o r  Ri ng

The bo I t e d - t o g e t h e r  c o l l e c t o r  r i n g s ,  due t o  o p e r a t i n g  t e m p e r a t u r e  and 

c e n t r i f u g a l  lo a d s ,  must  be f a b r i c a t e d  f rom a h i g h - s t r e n g t h  m a t e r i a l  t h a t  is  

a l s o  a good e l e c t r i c a l  c o n d u c t o r .  The chr om ium -copper  f o r g i n g  p r o v i d e d  a h e a t -  

t r e a t a b l e  m a t e r i a l  w i t h  u n i f o r m  p r o p e r t i e s  in a d d i t i o n  t o  t h e  n e c e s s a r y  good 

conduct  i v i t y .

14.  Damper Bar M a n i f o l d

For t h e  damper bar  m a n i f o l d ,  s e l e c t i o n  o f  t h e  chr om ium -copper  f o r g i n g  was 

a g a in  based on t h e  r e q u i r e m e n t s  f o r  a v e r y  h i g h - s t r e n g t h  (must  w i t h s t a n d  

2000 p s i )  m a t e r i a l  w i t h  good e l e c t r i c a l  c o n d u c t i v i t y .  I t  i s  a l s o  an easy  

m a t e r i a l  t o  b r a z e  and r e h e a t - t r e a t  t o  a c c e p t a b l e  s t r e n g t h  c h a r a c t e r i s t i c s .

15.  R o to r  W inding  C o o l a n t  M a n i f o l d

The r o t o r  w in d in g  c o o l a n t  m a n i f o l d  ( F i g u r e  4 - 3 )  is  s u b j e c t e d  t o  h igh  

c e n t r i f u g a l  l o a d i n g .  I t  r e q u i r e s  c o r r o s i o n  r e s i s t a n c e  and a minimum o f  the rm a l  

e x p a n s i o n .  The m a t e r i a l  n o t  o n l y  i s  a c c e p t a b l e  f o r  t h e s e  re as o n s  but  can be 

e a s i l y  w e ld ed  w i t h  a minimum o f  d i s t o r t i o n  and i s  f a i r l y  f r e e  m a c h i n i n g .  A 

c a s t  v e r s i o n  was i n i t i a l l y  c o n s i d e r e d  t o  e I i m i n a t e - c o m p  I ex w e ld m ent ,  b u t  f a b ­

r i c a t i o n  s c h e d u le s  c o u ld  n o t  be met  under  t h e  then  e x i s t i n g  p a t t e r n - s h o p  work  

l o a d s .

16.  R o to r  I n s u l a t i o n

The r o t o r  i n s u l a t i o n  must be a b l e  t o  w i t h s t a n d  C la s s  FI ( 3 5 6 ° F )  t e m p e r ­

a t u r e s .  T h i s  m a t e r i a l  p r o v i d e s  t h a t  c a p a b i l i t y  and i t  has t h e  c h a r a c t e r i s t i c s  

o f  a v e r y  h ig h  d i e l e c t r i c .  I t  can a l s o  s ta n d  h ig h  c o m pr es s iv e  lo a ds .
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F i g u r e  4 - 3 .  Rotor  C o i l  C o o l a n t  M a n i f o l d
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17.  C o j I  B l o c k i n g  and B r a c i n g

The compar ison o f  v a r i o u s  i n s u l a t i n g  m a t e r i a l s  r e s u l t e d  in t h e  s e l e c t i o n  

o f  G l a s t i c  200 as t h e  s u p e r i o r  m a t e r i a l  f o r  t h i s  C la s s  H ( 35 6  F) t e m p e r a t u r e  

a p p l i c a t i o n .  I t  has good h i g h - t e m p e r a t u r e  s t r e n g t h ,  h ig h  d i e l e c t r i c  s t r e n g t h ,  

and low m o i s t u r e  a b s o r p t i o n .  I t  can be e a s i l y  f a b r i c a t e d .

18.1 S t a t o r  Tape In n er  Layer

C h o ice  o f  h igh mica  c o n t e n t  t a p e  is  based on e x c e l l e n t  e l e c t r i c a l  

s t r e n g t h  a t  t h e  C la s s  H t e m p e r a t u r e  and proven a p p l i c a t i o n  a t  t h e  v o l t a g e  

l e v e l  .

1 8 . 2  S t a t o r  Tape O u te r  L ay er

T h i s  B -s t a g e d  t a p e  p r o v i d e s  v e r y  h ig h  e l e c t r i c a l  s t r e n g t h  (2 1 00  V / m i I  a v g ) ,  

e f f e c t i v e l y  w i t h s t a n d s  t h e  C l a s s  H t e m p e r a t u r e s ,  and is  f a s t  c u r i n g  a t  388 F.  

D u r i n g  c u r e ,  t h e  f l o w  o f  r e s i n  p l u s  s h r i n k a g e  o f  t h e  p o l y e s t e r  t h r e a d  wrap 

e n s u r e s  a m o i s t u r e - t i g h t  wrap and a r u g g e d ,  d a m a g e - r e s i s t a n t  f i n a l  c a s t i n g .

19.  S t a t o r  Jumper Bar

S t a t o r  jumper  bar  m a t e r i a l  c o n s i d e r a t i o n  was p r i m a r i l y  based on h igh  

c o n d u c t i v i t y  and ease  o f  f a b r i c a t i o n .  The s e l e c t e d  copper  was immedi­

a t e l y  a v a i l a b l e ,  and f a b r i c a t i o n  posed no p ro b lem .

2 0 .  R oto r  Jumper Bar .

High c o n d u c t i v i t y  and a b i l i t y  t o  w i t h s t a n d  b r a z i n g  o p e r a t i o n s  were t h e  

r e q u i r e m e n t s  f o r  t h i s  m a t e r i a l .  The s e l e c t e d  o x y g e n - f r e e ,  h i g h - c o n d u c t i v i t y  

copper  i s  w i t h o u t  r e s i d u a l  d e o x i d a n t ,  a s s u r i n g  e x c e l l e n t  b r a z e  c h a r a c t e r i s t i c s .

2 1 .  S t a t o r  .S tack T i e  B o l t

S t a i n l e s s  s t e e l  (A 2 8 6 )  was s e l e c t e d  p r i m a r i l y  bec ause  i t  i s  a common, 

h i g h - s t r e n g t h  b o l t  m a t e r i a l ,  and in r e l a t i o n  t o  t h e  s t a c k  has low therm a l  

e x p a n s i o n .  I t  is  a l s o  n o n m a g n e t i c .
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2 2 .  C o l l e c t o r  R in g  I n s u l a t i o n

Ring i n s u l a t i o n  c r i t e r i a  d i c t a t e d  a good t h e rm a l  c o n d u c t i n g  m a t e r i a l  

a b l e  t o  w i t h s t a n d  v e r y  h ig h  c om press iv e  loads and p r o v i d e  good e l e c t r i c a l  

i n s u l a t i o n .  A t i g h t  i n t e r f e r e n c e  f i t  between t h e  c o l l e c t o r  r i n g s  and c o l l e c ­

t o r  hub t h r o u g h  t h e  a lu m in a  c e ra m ic  p e r m i t s  i n d i r e c t  c o o l i n g  o f  t h e  c o l l e c t o r  

r i n g s  w h i l e  e f f e c t i v e l y  i s o l a t i n g  them e l e c t r i c a l l y .

BEARINGS AND SEALS

Bear i ngs

The upper b e a r i n g  f o r  t h e  SC is  a C la s s  5 r o l l e r  b e a r i n g  w i t h  a b r o n z e  

cage f o r  h i g h - t e m p e r a t u r e  o p e r a t i o n .  The lower  b e a r i n g s  a r e  d u p l e x ,  40  

a n g u l a r  c o n t a c t ,  w i t h  b ro n z e  c ag es .  They a r e  i n s t a l l e d  b a c k - t o - b a c k  b u t  

p r e c i s e l y  s e p a r a t e d .  These b e a r i n g s  a r e  machined t o  p r o v i d e  a medium p r e l o a d  

(78 5  lb per  s e t )  when c lamped up.  The b e a r i n g  l u b r i c a n t  i s  a h i g h - s p e e d ,  h i g h -  

t e m p e r a t u r e  g r e a s e ,  a m i x t u r e  o f  s y n t h e t i c  ( n o n s i l i c o n )  t y p e  o i l ,  h ig h  m o l e c u l a r  

w e ig h t  o r g a n i c  compound, and sodium soap.

Sea I s

A l l  0 - r i n g  s e a l s  a r e  V i t o n  f o r  h i g h - t e m p e r a t u r e  s e r v i c e .  T h r e e  t y p e s  

o f  r o t a t i n g  s e a l s  a r e  used.  The upper b e a r i n g  c a v i t y  g r e a s e  s ea l  i s  a seg ­

mented carb on  r i n g  w i t h  an o u t e r  g a r t e r  s p r i n g  e x e r t i n g  r a d i a l  p r e s s u r e  

in w a r d .  The sea l  r i d e s  on a hard-chromed r i n g .  The g r e a s e  s e a l s  f o r  t h e  lower  

b e a r i n g  c a v i t y  a r e  s t a n d a r d  m u l t i  l e a f  ( tw o  r o t a t i n g ,  two s t a t i o n a r y )  l a b y r i n t h  

s e a l s .  For w a t e r  s e p a r a t i o n ,  two c a r b o n - f a c e d  s e a l s  a r e  used.  The sea l  f o r  

t h e  lower c o v e r  i s  d es ig n ed  f o r  5 gpm le akag e  w i t h  a p r e s s u r e  d i f f e r e n t i a l  o f  

about  150 psi  ( i n l e t  t o  d i s c h a r g e ) .  A l a r g e r  sea l  i s o l a t e s  t h e  w a t e r  f l o w  

chamber f rom t h e  b e a r i n g  c a v i t y .  T h i s  s ea l  must e x c l u d e  w a t e r  and steam ( c o o l a n t  

w a te r  a t  2 2 5 ° F )  f rom t h e  b e a r i n g  c a v i t y  w i t h  t h e  r o t o r  s t a t i o n a r y  under
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maximum p r e s s u r e .  A p r e s s u r e  d i f f e r e n t i a l  as h igh  as 300 ps.i c o u I d  develop  

h e r e .  T h i s  s e a l  was ■ i n i t i a I  I y  assembIed w i t h  a wavy s p r i n g  Washer ,  bu t  changing

t o  c o i l  s p r i n g s  w i t h  a h i g h e r  s p r i n g  r a t e  p r o v i d e d  more uni form and h i g h e r  

f a c e  l o a d i n g .

COOLANT FLOW PATH CONFIGURATION !

P r e c i s i o n  m a ch in e ry  was n e c e s s a r y  in many a r e a s  t o  e f f i c i e n t l y  p r o v i d e  

a d e q u a te  c o o l a n t  f l o w .  Prob lems and s o l u t i o n s  a r e  d is c u s s e d  b elow .

B e a r i n g  Hous ing

The b e a r i n g  h o u s in g ,  o f  t w o - p i e c e  c o n s t r u c t i o n ,  p r o v i d e s  w a te r  f l o w  around  

t h e  b e a r i n g s .  I t  c o n s i s t s  o f  a s l e e v e  w i t h  a m ach in ed ,  c i r c u m f e r e n t i a l , h e l i c a l  

g roove  we lded  i n t o  a ho u s in g  f o r  t h e  upper  b e a r i n g  and p re ss ed  in p l a c e  w i t h

0 - r i n g s  a t  t h e  lower end .

R o t o r / B r u s h  H o ld e r  -

A n o th e r  he Li ca l  g ro ove  i s  mach ined in t h e  r o t o r  t o  p r o v i d e  t h e  c o o l a n t  

f l o w p a t h  f o r  t h e  bore  o f  t h e  s l i p  r in g s - .  The brush h o l d e r  h e a t  exchanger  is  

a cop per  p l a t e  w i t h  a c i r c u l a r  g r o o v e  abo u t  0 . 6 2 - i n .  w i d e ,  f u r n a c e - b r a z e d  t o  

a c o v e r  p l a t e  t o  form an a n n u l a r  - f l o w p a t h  f o r  t h e  c o o l a n t .

S t a t o r  C o i l s

Water  f o r  t h e  s t a t o r  c o i l s  is  d i s t r i b u t e d  t h r o u g h  two f a b r i c a t e d ,  lo g -  

t y p e  m a n i f o l d s .  Machined f i t t i n g s  a r e  welded t o  a 0 . 7 5 - i n . - O D  t u b e  a f t e r  t h e  

t u b e  ends a r e  welded t o g e t h e r ,  f o r m i n g  a- r i n g .  The f i t t i n g s  a r e  o r i e n t e d  so 

t h a t  t h e  c on n e c te d  t r a n s f e r  t u b e s  form a t a n g e n t * t o  t h e  mean c e n t e r l i n e  o f  t h e  

m a n i f o l d  t u b e .  T h i s  c o n f i g u r a t i o n  p r o v i d e s  a v e r y  compact  assembly a t  minimum 

expense o f  a x i a l  l e n g t h .
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STATOR AND ROTOR COILS

Both t h e  s t a t o r  and r o t o r  c o i l s  a r e  shaped t o  v e r y  t i g h t  bend r a d i i ,  w i t h
/

a l a r g e  p i t c h  t h a t  must  f i t  i n t o  deep s l o t s :  72 deg f o r  s t a t o r  c o i l s  (see

F i g u r e  4 - 4 ) ,  and 8 2 - 1 / 2  deg f o r  t h e  l a r g e s t  r o t o r  c o i l .  The c o i l s  f i t  t o g e t h e r  

w i t h i n  a minimum o f  space and r e q u i r e  u n u s u a l l y  c l o s e  c o n t r o l  o f  t o l e r a n c e s .

The c o i l s  a r e  f i l l e d  w i t h  wax,  wound, and formed w i t h  f i x t u r i n g  and t o o l i n g  t o  

meet  t h e  r e q u i r e d  s i z e  and shap e .  The s t a t o r  c o i l s  a r e  t h e n  i n s u l a t e d  w i t h  

t h e  micaceous m a t e r i a l  and t e s t e d  t o  meet a p p l i c a b l e  d es ig n  c r i t e r i a .  The 

r o t o r  c o i l s ,  though n o t  i n s u l a t e d ,  have f i t t i n g s  b r a z e d  t o  them.  R o to r  c o i l s  

have f o u r  c o n f i g u r a t i o n s  f o r  t h e  f o u r  p o l e s .  The s t a t o r  c o i l  has t h r e e  d i f f e r ­

e n t  c o i l  end c o n f i g u r a t i o n s .  The s t a t o r  c o n d u c to r  i s  0 . 1 4 - i n .  sq ( s e e  F i g u r e

3 - 3 ) ,  w h i l e  t h e  r e c t a n g u l a r  damper and f i e l d  c o n d u c t o r  measures 0 . 2 8 0  by 0 . 5 5 6  

i n .  ( s e e  F i g u r e  3 - 5 ) .
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F i g u r e  4 - 4 .  T y p i c a l  S t a t o r  C o i l  as I n s t a l l e d
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SECTION 5

FABRICATION AND ASSEMBLY

Synchronous con denser  f a b r i c a t i o n  and assembly were c om p l e te d  in t h r e e  

m a jo r  s t a g e s :  ( 1 )  r o t o r  c o r e  f a b r i c a t i o n  and f i n a l  a ssem b ly ,  ( 2 )  s t a t o r

s t a c k  and hous in g  a ssem b ly ,  and ( 3 )  u n i t  f i n a l  a ssem b ly .  P r o c e d u r e s  were e s t a b ­

l i s h e d  f o r  each o p e r a t i o n  and i n s p e c t i o n  t o  i n s u r e  t i g h t  c o n t r o l  o f  f a b r i c a t i o n  

Th ree  m u l t i u s e  f i x t u r e s  were f a b r i c a t e d  t o  p r o v i d e  a c c u r a t e  t o o l i n g  and s p e c i a l  

h a n d l i n g  c h a r a c t e r i s t i c s  c a p a b i l i t y .  Complement ing t h e  t h r e e  main s t a g e s  o f  

f a b r i c a t i o n  and assembly were s e v e r a l  subassembly o p e r a t i o n s  such as t h e  top  

e n d - b e l l  assembly  and t h e  brush h o l d e r  assem bly .

T h ro u gh o u t  des ig n  and f i n a l  a ss em b ly ,  t h e  need f o r  maximum ease  o f  

m a i n t a i n a b i l i t y  was s t r e s s e d .  The i n t e n d e d  o b j e c t i v e  was a c h i e v e d ,  as 

e v id e n c e d  by t h e  f a c t  t h a t  a l l  s e a l s  and b e a r i n g s  a r e  r e m o va b le  w i t h  r o t o r  

d i s a s s e m b l y ,  a l l  c o o l a n t  l i n e s  a r e  r e p l a c e a b l e  w i t h o u t  m a jo r  d i s a s s e m b l y ,  

and a l l  b ru sh es  can be in s p e c te d  o r  removed by re m oving  n o t h i n g  b u t  t h e  to p  

cov er  p l a t e s .  The e n t i r e  r o t o r  assembly  can be removed by two  men in le ss  

than  t h r e e  h o u r s ,  t h u s  making t h e  machine  t o t a l l y  a c c e s s i b l e .

D is cu ss e d  below a r e  t h e  s ta g es  o f  f a b r i c a t i o n ,  a ss e m b ly ,  and m a jo r  s ub-  

assembly n e c e s s a r y  t o  c o m p l e te  t h e  synchronous c o n d e n s e r .

ROTOR FABRICATION

The r o t o r  c o r e  c om pr is e s  t h r e e  f o r g i n g s ,  e l e c t r o n - b e a m  w e lded  t o g e t h e r  t o  

two 4 5 - d e g  c o n i c a l  j o i n t s ,  a t  an a p p r o x i m a te  9 . 2 5 - i n .  mean d i a m e t e r  and 1 . 5 0 - in 

t h i c k n e s s .  The i n i t i a l  o p e r a t i o n  i s  p r e m a c h in in g  t h e  f o r g i n g s  f o r  w e ld m e nt .  

R o to r  c o n f i g u r a t i o n  n e c e s s i t a t e d  t h a t  t h e  f i r s t  weld  be i n s p e c t e d  w h i l e  a c c e s s ­

i b l e ,  p r i o r  t o  c o m p l e t i n g  t h e  second w e l d .  To e x p e d i t e  f a b r i c a t i o n ,  d e t e r m i n e
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p o t e n t i a l  d i s t o r t i o n ,  and d e f i n e  t h e  e l e c t r o n - b e a m  w e l d i n g  s c h e d u l e ,  samples  

o f  i d e n t i c a l  t h i c k n e s s  were we lded  a t  the .  same a n g l e .  P u l l  samples were a l s o  

t e s t e d  t o  e s t a b l i s h  weld p r o p e r t i e s .  Both welds were s e p a r a t e l y  f l u o r e s c e n t -  

p e n e t r a n t  and u I t r a s o n i c a I  Iy  i n s p e c t e d .  A f t e r  w e l d i n g ,  t h e  i n t e r n a l  c a v i t y  

was c l e a n e d  w i t h  a s l u r r y ,  f l u s h e d  w i t h  w a t e r ,  and d r i e d  a t  a t e m p e r a t u r e  o f  

250  F.

F o l l o w i n g  rough m a ch in in g  o p e r a t i o n s  t o  s e m i f i n i s h  t h e  b e a r i n g  j o u r n a l s ,  

t h e  c o i l  s l o t s  were c u t  t o  t h e i r  f i n a l  d e p t h .  The r o t o r  was th e n  h e a t t r e a t e d  

(R ockw el l  C 4 1 -4 5 )  and f i n a I - m a c h i n e d  p r i o r  t o  n i c k e l  p l a t i n g .  The r o t o r  c e n t e r -  

l i n e  was r e e s t a b l i s h e d  by u s ing  f o u r  s l o t  bot toms a t  each end f o r  i n d i c a t i o n  

and l o c a t i o n .  D i a m e t e r s ,  i n c l u d i n g  b e a r i n g  j o u r n a l s ,  were th e n  machined w i t h  

an a l l o w a n c e  made f o r  t h e  f i n a l  p l a t i n g .  The i n t e r n a l  b ore  was honed t o  p r o ­

v i d e  t h e  c r i t i c a l  s u r f a c e  f i n i s h  r e q u i r e d  f o r  i n t e r n a l  s e a l i n g .  F i n a l  o p e r a ­

t i o n s  c o n s i s t e d  o f  t h r e a d  c u t t i n g ,  b o r i n g  o f  v a r i o u s  h o l e s ,  and c u t t i n g  o f  an 

i n t e r n a l  s p l i n e  a t  t h e  t o p  e nd .  The s l o t  wedge grooves were th e n  m i l l e d  i n t o  

t h e  s l o t s ,  and g r i n d i n g  o f  t h e  c r i t i c a l  w in d in g  s u p p o r t  r i n g  d i a m e t e r s  and 

b e a r i n g  j o u r n a l s  was c o m p l e t e d .  The f i n a l  m a ch in in g  o p e r a t i o n  was c u t t i n g  o f  

a t h r e a d  on t h e  c o r e  OD t o  m i n i m i z e  eddy c u r r e n t  l o s se s .

P l a t i n g  a l l o w a n c e  o f  0 . 0 0 2 5  i n .  p e r  s u r f a c e  was p r o v i d e d  f o r  a l l  i n t e r n a l  

and e x t e r n a l  s u r f a c e s  e x c e p t  t h e  b e a r i n g  n u t  t h r e a d s  and i n t e r n a l l y  t h r e a d e d  

h o l e s .  These a r e a s  were masked and t h e  whole  r o t o r  was th e n  e l e c t r o l e s s  

n i c k e l  p l a t e d  t o  a t h i c k n e s s  o f  0 . 0 0 2 5  i n .  C r i t i c a l  t h i c k n e s s  c o n t r o l  was 

m a i n t a i n e d  a t  t h e  b e a r i n g  j o u r n a l s  t o  p r o v i d e  t h e  c l o s e  t o l e r a n c e  r e q u i r e d  

f o r  b e a r i n g  f i t s .  No f u r t h e r  m a c h in in g  was n e c es s ary  t o  e n s u r e  p ro p er  c l e a r ­

a n c e s .  ( P r i o r  t e s t  samples were p l a t e d  t o  in s u r e  t h e  c o m p a t i b i l i t y  o f  t h e  

H P 9 - 4 - 2 0  s t e e l  w i t h  t h e  e l e c t r o l e s s  n i c k e l . )
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A f t e r  i n s t a l l a t i o n  o f  v a r i o u s  p l u g s ,  t h e  f i n i s h e d  r o t o r  c o r e  was 

d y n a m i c a l l y  b i p l a n a r  b a l a n c e d  by removing m a t e r i a l  f rom t h e  c o r e  s i d e s  f o r  

c o r r e c t i o n .  F i n a l  b a l a n c e  was w i t h i n  2 o z - i n .  (see  F i g u r e s  5-1 and 5 - 2 ) .  

ROTOR ASSEMBLY

P r i o r  t o  assembly  i n t o  t h e  r o t o r ,  t h e  r o t o r  c o i l s  were i n s p e c t e d ,  f l o w -  

che ck e d ,  and o r i f i c e d  f o r  f l o w - c o n t r o l  c r i t e r i a .  The f o u r  c o i l s . w e r e  then  

i n s t a l l e d  one p o l e  a t  a t i m e  w i t h  t h e  t u r n - t o - t u r n  i n s u l a t i o n  ( s h e e t  mic a )  

i n s e r t e d  and t r im med as r e q u i r e d .  A x i a l  b l o c k i n g  p o s i t i o n e d  t h e  c o i l s  and 

end t u r n s  were t a p e d .  With  a x i a l  a l i g n m e n t  and b l o c k i n g  e s t a b l i s h e d ,  s t e e l  

bars  w i t h  clamp r i n g s  we re  p o s i t i o n e d  in p l a c e  o f  t h e  damper b a r s ,  us ing  

48 t h r e a d e d  rods  t o  c lamp down on the- bars  ( se e  F i g u r e  5 - 3 ) .  The c o i l s  were  

clamped r a d i a l l y  in ward  and compressed and t h e  e n t i r e  assembly was o v e n -c u r e d  

f o r  fo u r  h o u r s .  Hardwood fo r m i n g  b lo c k s  were i n s t a l l e d  under  t h e  end t u r n s  

t o  e n s u r e  t h e  p r o p e r  r a d i a l  d im e n s io n s .  A f t e r  t h e  c la m p i n g  bars  and r i n g s  

were d i s a s s e m b l e d ,  t h e  mica c o i l  s u p p o r t  r i n g  was added a lo n g  w i t h  t h e  damper 

b a r s .  The c la m p i n g  f i x t u r e  was then  reas se m bled  t o  p r o v i d e  c o m p r e s s io n ,  and 

t h e  assembly was r e h e a t e d  f o r  f o u r  hours t o  c u r e  t h e  i nsu I a t  i n g -m ica  r i n g .

The Inconel  s l o t  wedges were i n s t a l l e d .  To assemble t h e  damper bar  m an i ­

f o l d ,  t h e  damper b a r s  were s l i g h t l y  deformed r a d i a l l y ,  and c lamped in p o s i ­

t i o n  f o r  t o r c h  b r a z i n g  t o  t h e  m a n i f o l d  (see  F i g u r e  5 - 4 ) .  To p r e v e n t  damage 

t o  t h e  c o i l  i n s u l a t i o n  and b l o c k i n g ,  wet  a s b e s to s  was packed around each bar  

as a h e a t  b a r r i e r .  The damper bars  and both m a n i f o l d s  were then  h y d r o ­

s t a t i c a l l y  p r e s s u r e  t e s t e d  t o  2000 p s i g  w i t h  w a t e r .  A d d i t i o n a l  f i l l e r  b lo c k s  

were added p r i o r  t o  a s s e m b l i n g  t h e  c o i l  s u p p o r t  r i n g s .
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F i g u r e  5 - 1 .  Rotor  Core in H o l d i n g  F i x t u r e

<7 1 2 1 1 - 8 0

F i g u r e  5 - 2 .  F i n i s h e d  Machined R o to r  Core F-19348
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F i g u r e  5 - 3 .  Clamp Rings
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F i g u r e  5 - 4 .  R o to r  C o i l s  in I n s p e c t i o n  F i x t u r e
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The a s -a s s e m b le d  c o l d  f i t  o f  t h e  s u p p o r t  r i n g s  d i a m e t e r  i s  0 . 0 6 2  t o  

0 . 0 7 0  i n .  t i g h t .  The r i n g s  were h ea ted  t o  1100 F minimum t o  a t t a i n  t h e  r a d i a l  

t h e r m a l  e xp an s io n  n e c e s s a r y  f o r  assem bly .  A t i m e  l i m i t  o f  2 min was e s t a b ­

l i s h e d  t o  p r e v e n t  a hangup o f  t h e  6 5 - l b  r i n g s  due t o  c o o ld o w n .

The r o t o r  m a n i f o l d  was c o m p l e t e l y  assembled and t h e  w i n d i n g  jumper  bars  

were i n s t a l l e d .  The r o t o r  t r a n s f e r  tu b e s  ( F i g u r e s  5 - 5  and 5 - 6 )  were then  

i n s t a l l e d ,  each i n d i v i d u a l l y  f i t t e d .  In some i n s t a n c e s ,  t h i s  o p e r a t i o n  r e q u i r e d  

s l i g h t  a d j u s t m e n t  o f  t h e  c o i l  c o n n e c t i o n s  t o  p r o v i d e  p r o p e r  a l i g n m e n t .  W ith  t h e  

f i n a l  b l o c k i n g  and s u p p o r t s  s e c u r e ,  t h e  s l i p r i n g  assem bly  and t h e  i n t e r n a l  m a n i ­

f o l d  were i n s t a l l e d .  The r o t o r  assembly was h y d r o s t a t i c a l l y  p r e s s u r e  t e s t e d  t o  

450 p s i g  w i t h  w a te r  t o  che ck  t r a n s f e r  t u b e  s e a l s .  As d e s c r i b e d  in S e c t i o n  8 ,
s> ,

t h e  r o t o r  was b a l a n c e d  and s p i n  t e s t e d  p r i o r  t o  assembly in t h e  m a c h i n e '

( See F i g ure  5 - 7 )  .

STATOR STACK ASSEMBLY

The s t a t o r  s t a c k  assembly  (shown in F i g u r e  5 - 8 )  i s  a 7 2 - s l o t  s t a t o r  l a m in a ­

t i o n . s t a c k e d  t o  form a c o n v e n t i o n a l  h o l lo w  c y l i n d r i c a l  s t a t o r  c o r e .  L a m i n a t i o n s  

0 . 0 1 4 - i n .  t h i c k  were c o a t e d  and bonded w i t h  C h r y s l e r  c y c l e  we ld  K183 t o  p r o v i d e  

a h igh  i n t e r l a m i n a r  r e s i s t a n c e .  T h i s  t w o - s t e p  p ro cess  c r e a t e s  an i n i t i a l  nominal  

c o a t i n g  t h i c k n e s s  o f  0 . 0 0 3  i n .  per  s i d e  and a f i n a l  a v e r a g e  t h i c k n e s s  o f  0 . 0 0 0 3  i n .  

per  s i d e  when s t a c k e d .  P r i o r  t o  b e i n g  cured  as a s t a c k ,  t h e  assembly  was r e t a i n e d  

and clampe.d by nonm agnet ic  t h r u - b o l t s  and end s u p p o r t  p l a t e s  t h a t  p r e v e n t  l a m i n a ­

t i o n  f l a r i n g .  The s t a c k  was th e n  p o s t - c u r e d  a t  4 00 °F  f o r  one h o u r .  The o u t s i d e  

d i a m e t e r  o f  t h e  s t a c k  was machined w h i l e  s t i l l  i n t h e  f i x t u r e  t o  p r o v i d e  a f i t  

t o  t h e  housing  ID o f  0 . 0 3 2  t o  0 . 0 4 2  i n .  t i g h t .  ( T h i s  e n s u r e s  good t h e r m a l  con­

d u c t i v i t y  and t i g h t n e s s  a t  t h e  e l e v a t e d  o p e r a t i n g  t e m p e r a t u r e s . )

4 5



F i g u r e  5 - 5 .  Upper End o f  F i n a l  R o t o r  Core

F i g u r e  5 - 6 .  Lower End o f  F i n a l  R o t o r  Assembly
F-193̂ 7
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F i g u r e  5 - 8 .  S t a t o r  S ta c k  and C o i l  Assembly  -

4 8



STATOR HOUSING ASSEMBLY

The s t a t o r  h o u s i n g  i s  a s i n g l e ,  m achined,  aluminum f o r g i n g .  I t  was he at ed  

t o  340°F f o r  f o u r  h o u r s  t o  p e r m i t  ass embly  o v e r  t h e  s t a c k .  A p l a t e  was a t t a c h e d  

t o  t h e  top  f l a n g e  and a g u i d e  ro d  used t o  lower  t h e  s t a t o r  h o u s i n g  o v e r  t h e  

s t a c k  t o  t h e  p r o p e r  p o s i t i o n .  ( T e m p e r a t u r e s  and d i m e n s i o n s  w ere  m o n i t o r e d ,  

w i t h  t i m e  t o  coo l  r e c o r d e d  t o  e n s u r e  t h a t  a hangup d i d  n o t  o c c u r . )  The s t a c k  

and h o u s i n g  as s e m b ly  was t he n c o nn e c t ed  t o  t h e  lower  e n d - b e l l .  Th e  lower  b e a r ­

ing  h o u s i n g  b o r e  was machined r e l a t i v e  t o  t h e  ID o f  t h e  l a m i n a t i o n s .  W ith  t h e  

same machine s e t u p ,  t h e  to p  e n d - b e l l  was low ered o n t o  t h e  h o u s i n g  and t h e  

top  b e a r i n g  b o r e  machined r e l a t i v e  t o  t h e  lower  b o r e  t o  m i n i m i z e  b e a r i n g  

e c c e n t r i c i t y .  A f t e r  l o c a t i n g  p i n s  were i n s t a l l e d ,  t h e  e n d - b e l l s  w e r e  removed 

and t h e  s t a c k  p l a c e d  in a s p e c i a l  f i x t u r e  f o r  c o i l  a s s e m b l y .

STATOR COIL  INS TALLATIO N

Tne 72 c o i l s  i n s t a l l  i n t o  a s t a c k  w i t h  f a i r l y  deep s l o t s .  T h i s ,  combined 

w i t h  t h e  long c o i l  p i t c h  (due t o  f o u r - p o l e  c o n f i g u r a t i o n ) ,  made c a r e f u l  hand­

l i n g  i m p o r t a n t ,  p a r t i c u l a r l y  d u r i n g  i n s t a l l a t i o n  o f  t h e  l a s t  15 c o i l s .  By 

i n s e r t i n g  a r o d  t h r o u g h  t h e  c e n t e r  o f  t h e  s t a c k  f o r  s u p p o r t ,  one s i d e  o f  t h e  

f i r s t  15 c o i l s  was l i f t e d  t o  f a c i l i t a t e  assembly  and t y i n g  o f  t h e  f i n a l  15 

c o i l s .  As each c o i l  o f  t h e  l a s t  15 was i n s t a l l e d ,  one o f  t h o s e  t i e d  up was 

r e l e a s e d  and p o s i t i o n e d .  The c o i l  i n s u l a t i o n  i s  h o t - p r e s s e d  and n o n f l e x i b l e  

t h r o u g h o u t ,  e x c e p t  f o r  t h e  k n u c k l e s ,  which  a re  f l e x i b l e  and a l l o w  some d e f o r m a ­

t i o n .  T h i s  p r o v i d e d  s u f f i c i e n t  c o i l  d i s p l a c e m e n t  t o  f i t  t h e  c o i l s  (s ee  F i g u r e

5 - 9 ) .  C o i l s  were p e r i o d i c a l l y  h i - p o t t e d  d u r i n g  i n s t a l l a t i o n .  W i t h  a l l  s l o t  

s t i c k s  i n ,  t h e  e n t i r e  as sem b ly  was h i - p o t t e d  a g a i n .  W i t h  f i n a l  c h e c k s  c o m p l e t e d ,  

t h e  n e x t  o p e r a t i o n  was t h e  b r a z i n g  o f  s p e c i a l  f i t t i n g s  t o  t h e  c o i l s .
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F i g u r e  5 - 9 .  S u p p o r t  A r ra n g e m e n t  f o r  I n s t a l l a t i o n  o f  L a s t  15 C o i l s
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A l t h o u g h  s e r i e s - c o n n e c t e d  e l e c t r i c a l l y ,  t h e  c o i l s  a r e  p a r a  I I e I - c o n n e c t e d  

h y d r a u l i c a l l y .  T h i s  r e q u i r e d  t h e  b r a z i n g  o f  84 f i t t i n g s ,  72 w i t h  f o u r  c o n d u c t o r ­

c o o l i n g  passages and t h e  r e m a i n d e r  w i t h  t w o .  An i n v e s t i g a t i o n  was c o n d u c te d  t o  

d e t e r m i n e  t h e  most e f f e c t i v e  way t o  b ra ze  w i t h o u t  damaging t h e  c o i l  i n s u l a t i o n .  

A f t e r  a co m p a r is o n  o f  v a r i o u s  m ethods,  i n c l u d i n g  i n d u c t i o n - b r a z e d  j o i n t s ,  t h e  

f i n a l  d e c i s i o n  was t o  use a t o r c h  w i t h  s i l v e r  b ra z e  a l l o y  (Bag No. 3 ) .  T h i s  

a l l o y  does n o t  f l o w  u n t i l  h e a te d  t o  1270°F, b u t  w i t h  wet  a s b e s t o s  packed around 

t h e  f i t t i n g s  s e v e r a l  i n c h e s  deep,  an a c c e p t a b l e  t e m p e r a T u r e  o f  450°F w i t h i n  

1 i n .  o f  t h e  b r a z e  j o i n t  was m a i n t a i n e d .

The c o i l s ,  w h i l e  b e i n g  i n s t a l l e d ,  were a l s o  p a r t i a l l y  b l o c k e d  and se cured  

t o  p r e v e n t  movement.  The ju m p e r  b a r s ,  e x c e p t  n e u t r a l ,  c o v e r  a span o f  a b ou t  

90 deg and t h e  a r r a n g e m e n t  i s  such t h a t  t h e y  ar e on 120-deg c e n t e r s .  The 

b a r s  o v e r l a p  p h a s e - t o - p h a s e  and w i t h  b l o c k i n g  and t y i n g ,  p r o v i d e  a b u i l t u p  

s u p p o r t  f o r  t h e  end t u r n s  (see  F i g u r e  5 - 1 0 ) .

B l o c k i n g  m a t e r i a l  used f o r  t h e  s t a t o r  c o i l s  i s  g l a s s  mat  p o l y e s t e r  la m in ­

a t e ,  s e l e c t e d  f o r  i t s  C l a s s  H (3 5 6 °F )  t e m p e r a t u r e  c a p a b i l i t y ,  s t r e n g t h ,  and 

l o w ' m o i s t u r e - a b s o r p t i o n  r a t e .  Two p i e c e s  o f  t h e  m a t e r i a l  were i n s t a l l e d  

between t h r e e  a d j a c e n t  c o i l s  and t h e  c o i l s  t i e d  t o g e t h e r  w i t h  epoxy  su rg e  

c a b l e . .  A s y m m e t r i c a l  p a t t e r n  was e s t a b l i s h e d  such t h a t  a l l  c o i l s  were t i e d  in 

tw o  p l a c e s  a t  t h e  i n n e r  and o u t e r  s i d e s  o f  bo th  e n d s .  In a d d i t i o n ,  epoxy 

s u r g e  c a b l e  ( 0 . 5 0 - i n . - d i a )  was t i e d  t o  each c o i l  a t  t h e  k n u c k l e s ,  ju m p e r  b a r s ,  

and t w i c e  ar ound  t h e  o u t s i d e  o f  t h e  lower  end c o i l s .  A f t e r  t h e  b l o c k i n g  t i e s  

and c o r d  were c o a t e d  w i t h  E p o x o l i t e  6107 t o  p r o v i d e  c o r o n a  p r o t e c t i o n ,  t h e  

s t a t o r  s t a c k  was oven c u r e d  a t  135°F f o r  4 h o u r s .

The SC mach ine  e x t e r n a l  t e r m i n a t i o n s  a re  commerc ia l  15 kV t e r m i n a l s  w i t h  

t h e  i n n e r  end m o d i f i e d  t o  f i t  w i t h i n  t h e  c o n f i n e d  e n v e l o p e  o f  c o i l s  and
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e x t e r n a l  h o u s i n g .  The m o d i f i e d  end and t h e  c o n n e c t i n g  jumper  b a rs  were t a p e d .  

Each t e r m i n a l  assem b ly  was th e n  h i - p o t t e d  t o  a minimum o f  26 kV, p r o v i d i n g  an 

e x t e r n a l  s t a n d a r d  t e r m i n a l  w i t h  q u i c k  a t t a c h m e n t  and h i g h - v o l t a g e  c a p a b i l i t y  

( see F i g u re  5 - 1 1 ) .

FINAL ASSEMBLY

The s t a t o r  assem b ly  was b o l t e d  o n t o  t h e  lo w e r  e n d - b e l l .  The low er  b e a r i n g s ,  

w i t h  a dummy s p a c e r ,  were assembled and used as a g u i d e  f o r  i n s t a l l a t i o n  o f  t h e  

r o t o r  assem b ly ,  t h e  r o t o r  was l i f t e d  w i t h  s p e c i a l  t o o l s  and lowered i n t o  p l a c e .  

Four  s p a c e r s  were i n s t a l l e d  between t h e  r o t o r  c o r e  and b e a r i n g  c a r r i e r ,  which 

p o s i t i o n e d  t h e  r o t o r  a b o u t  0 . 2 5  i n .  f ro m  t h e  lo w e r  b e a r i n g  c a r r i e r .

A s p e c i a l  f i x t u r e  was f a b r i c a t e d  t o  s i m u l a t e  t h e  s t a t o r  c o o l a n t  m a n i f o l d  

mounted t o  t h e  u p per  e n d - b e l l .  T h i s  was n e c e s s a r y  t o  p r o v i d e  a c c u r a t e  s i z i n g  

o f  t h e  s t a t o r  c o o l a n t  l i n e s  (see F i g u r e  5 - 1 2 ) .  These l i n e s  had t o  be s i z e d  

and t h e n  b r a z e d .  Some r e a l i g n m e n t  o f  f i t t i n g s  was n e c e s s a r y ,  b o th  on t h e  

c o i l s  and t h e  m a n i f o l d s .  P r i o r  t o  f i n a l  t i g h t e n i n g ,  t h e  B - n u t s  were t i g h t e n e d .  

S h r i n k  t u b i n g  was t h e n  s h r u n k  in p l a c e  o v e r  t h e  t u b e ,  p r o v i d i n g  a d d i t i o n a l  

c reep  d i s t a n c e  between m eta l  f i t t i n g s  o f  t h e  c l o s e  p r o x i m i t y  c o o l a n t  l i n e s  

as shown in  F i g u r e  5 - 1 2 .

Assembly  o f  t h e  e n d - b e l l  w i t h  t h e  b r u s h e s  p r o v i d e s  a compact  subassem bly  

t h a t  p e r m i t s  easy  h a n d l i n g ,  i n s p e c t i o n ,  and t e s t i n g .  The e n d - b e l l ,  a s i n g l e ­

p i e c e  a luminum c a s t i n g ,  a l s o  has t h e  t o p  b e a r i n g  and seal  i n s t a l l e d .

B ru sh e s  were i n s t a l l e d  i n t o  24 h o l d e r s  a r r a n g e d  in  tw o  rows.  The p a t t e r n  

i s  s t a g g e r e d ,  one s i d e  t o  t h e  o t h e r ,  t o  make .use o f  a common mount t h a t  i s  

w a t e r  c o o l e d  and s e r v e s  as a h e a t  s i n k  f o r  t h e  b r u s h  h o l d e r s .  B e r y l  I i a -  

c e r a m ic  p l a t e s  between t h e  b ru s h  h o l d e r s  and h e a t  e x c h a n g e r s  p r o v i d e  th e r m a l  

c o n d u c t i v i t y  and t h e  r e q u i r e d  e l e c t r i c a l  i s o l a t i o n .  The h e a t  ex chang er  i s ,
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in  t u r n ,  i s o l a t e d  f ro m  i t s  s u p p o r t  by a machined g I a s s - r e i n f o r c e d  r i n g .

T h i s  r i n g  s u p p o r t s  and s e p a r a t e s  tw o bus r i n g s  t h a t  p r o v i d e  t h e  t e r m i n a t i o n s  

f o r  t h e  b rush  l e a d s .  (See F i g u r e  5 - 1 3 ) .  Bus b a rs  c o n n e c t  t h e  bus r i n g s  t o  

each s i d e  o f  t h e d i o d e  on t h e  t o p  o f  t h e  e n d - b e l l .

T h r e e  l i f t  sc rews and g u i d e  p i n s  were used t o  i n s t a l l  t h e  t o p  e n d - b e l l ,  

t o  le s s e n  t h e  p o s s i b i l i t y  o f  damaging t h e  t o p  seal  and p r o v i d e  a c o n t r o l l e d  

and g u i d e d  d e s c e n t  o n t o  t h e  m a c h in e .  The s t a t o r  m a n i f o l d s  were t h e n  s e cured  

and mach in e  f l a n g e s  b o l t e d  t o g e t h e r .  Assembled t o  t h e  t o p  e n d - b e l l  i s  a 

w a t e r - c o o l e d ,  f r e e - w h e e l i n g  ( c l a m p i n g )  d io d e  co n n e c te d  a c r o s s  t h e  f i e l d  w in d ­

in g  t o  p r o v i d e  t r a n s i e n t  p r o t e c t i o n .

W i th  t h e  upper  b e a r i n g  l o c a t i n g  t h e  r o t o r  a x i s ,  t h e  lo wer  b e a r i n g s  were 

d i s a s s e m b l e d  and t h e  c o m p l e t e  b e a r i n g  and seal  assem bly  i n s t a l l e d .  By 

i n s t a l l i n g  t h e  c o v e r  o r  f i n a l  lo wer  p i e c e ,  t h e  r o t o r  was l i f t e d  a p p r o x i ­

m a t e l y  0 . 0 1 5  i n .  o f f  t h e  s p a c e r s .  T h i s  th e n  p e r m i t t e d  hand r o t a t i o n  o f  

t h e  r o t o r  and w i t h  t h e  i n s t a l l a t i o n  o f  t h e  r e s o l v e r  a s s e m b ly  ( i . e . ,  s h a f t  

p o s i t i o n  s e n s o r )  a t  t h e  u p per  end o f  t h e  s h a f t ,  t h e  m a c h in e  was r e a d y  f o r  

sy s te m  c o n n e c t i o n  and f o l l o w - o n  t e s t s .  The s h a f t  p o s i t i o n  s e n s o r ,  c o n n e c te d  

v i a  a f l e x i b l e  s h a f t  t o  t h e  t o p  o f  t h e  SC s h a f t ,  i s  e l e c t r i c a l l y  and p o s i t i o n -  

a l l y  phased w i t h  t h e  r o t o r  w i n d i n g s  t o  p r o v i d e  p r o p u l s i o n  s ys te m  c o n t r o l .
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F i g u r e  5 - 1 0 .  Jumper Bar  I n s t a l l a t i o n  w i t h  C o i l  S u p p o r t  
Cord and T i e s
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. 7 1 2 1 1 - 2 1 9

F i g u r e  5 - 1 1 .  T y p i c a l  S t a t o r  T e rm in a l  Assembly
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F i g u r e  5 - 1 2 .  S + a t o r  C o i l  C o o l a n t  T r a n s f e r  Tube and M a n i f o l d  
Assembly  ( P r i o r  t o  S h r i n k i n g  I n s t a l l a t i o n )
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7 1 2 1 1 - 1 5 5

F i g u r e  5 -1 3 .  Top E n d - B e l l  Assembly
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SECTION 6

DEVELOPMENT TESTING

S e v e ra l  c o n s t r u c t i o n  a s p e c t s  o f  t h e  s y n c h r o n o u s  c o n d e n s e r  r e q u i r e d  

d e v e lo p m e n t  t e s t i n g  t o  e v o l v e  and v a l i d a t e  f a b r i c a t i o n  and assem bly  methods.

Some o f  t h e  u n iq u e  t e s t s  c o n d u c t e d  t o  meet i n s p e c t i o n  r e q u i r e m e n t s  ar e  

d e s c r i b e d  b e lo w .

BRAZtNG TE^tlNt^tiES-

One o f  t h e  d e s ig n  

c l o s e  p r o x i m i t y  t o  t h e  

j o i n t s  were (1 )  co p p e r  

p r e s s u r e  t e s t ,  and (3 )  

an i d e a l  b r a z e  j o i n t .

The h i g h - s t r e n g t h  

e x p e r i e n c e  f a v o r e d  use

b e g i n s  t o  f l o w  a t  1 2 5 0 ^ ,  i s  c o m p a t i b l e  w i t h  most  m a t e r i a l s ,  and i s  w i d e l y  

used and r e a d i l y  a v a i l a b l e .

Numerous b r a z e  f i t t i n g  c o n f i g u r a t i o n s  were i n v e s t i g a t e d .  F ur nace and 

i n d u c t i o n  b r a z i n g  w i t h  s e v e r a l  d i f f e r e n t  t y p e s  o f  i n d u c t i o n  c o i l s  were e v a l u a t e d  

V a r i o u s  t e c h n i q u e s  w i t h  a c o n t a c t  i n d u c t i o n  b r a z i n g  mach in e  ( s i m i l a r  t o  s p o t  

w e l d i n g )  aimed a t  l o c a l i z i n g  h e a t  d i d  n o t  y i e l d  r e l i a b l e  o r  p r e d i c t a b l e  j o i n t s .  

The t e c h n i q u e  fo u n d  t o  be most,  c o n s i s t e n t ,  r e p e a t a b l e ,  and l e a s t  a d d i t i v e  o f  

h e a t  t o  t h e  i n s u l a t i o n  sys te m  was. t o r c h  b r a z i n g ,  u s i n g  w e t  a s b e s t o s  ( a b o u t  

3 in ' ,  t h i c k )  packed ar ound  c o i  I g ro u p s  as a h e a t  s i n k .  I n s u l a t i o n  s u s c e p t i b l e  

t o  damage was c o v e r e d  in  t h i s  manner and t h e  t e m p e r a t u r e  m o n i t o r e d  by t h e r m o ­

c o u p l e s  0 . 7 5  i n .  f ro m  t h e  we ld  j o i n t .  T e m p e r a tu r e s  r a n g i n g  f ro m  o f  490° t o  

540°F were r e c o r d e d  w h i l e  t h e  b r a z e  a l l o y  was m e l t i n g  a t  1270°F.  The a ppea ra nce

p r o b le m s  i n v o l v e d  b r a z i n g  t h e  f i t t i n g s  t o  t h e  c o i l s  in 

C l a s s  H, h i g h - v o l t a g e  i n s u l a t i o n  s y s te m .  In a d d i t i o n ,  

t o  s t a i n l e s s  s t e e l ,  (2 )  s u b j e c t e d  t o  a 1 0 0 0 - p s i g  w a t e r
jf

u s u a l l y  r e q u i r e d  l a r g e r  c l e a r a n c e s  t h e n  p r e f e r r e d  f o r

r e q u i r e m e n t ,  c o m p a t i b i l i t y  c r i t e r i a ,  and p r e v i o u s  

o f  AMS 4771 o r  Bag No. 3 w i t h  B-1 f l u x .  T h i s  m a t e r i a l
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o f  t h e  i n s u l a t i o n  on t h e  c o i l  t e s t  samples ra nged  f r om  no i n d i c a t i o n  o f  s c o r c h i n g  

t o  f a i n t  b u rn  t r a c e s .  A l l  t e s t  j o i n t s  were m i c r o - s e c t i o n e d  a f t e r  p r e s s u r e  t e s t s  

t o  p e r m i t  e v a l u a t i o n  o f  t h e  braz ed  j o i n t .

' ‘ ' I
A lo n g  w i t h  b r a z i n g ,  c o n s i d e r a t i o n  was g i v e n  t o  p r e v e n t i n g  f l u x  c o n t a m i n a t i o n . 

A f t e r  b r a z i n g ,  h o t  w a t e r  and sodium d i c h r o m a t e  (0 .1  p e r c e n t  by w e i g h t )  was p o w e r -  

f l u s h e d  t h r o u g h  t h e  c o i l s  f o r  two h o u r s .  N e x t ,  t a p  w a t e r  was f l u s h e d  t h r o u g h  

t h e  c o i l s  and t h i s  was f o l l o w e d  by a f i n a l  f l u s h i n g  o f  d i s t i l l e d  w a t e r .  A 

r e s i s t i v i t y  r e a d i n g  was t h e n  t a k e n  t o  a s s u r e  low c o n t a m i n a t i o n .  The minimum 

c r i t e r i a  f o r  a c c e p t a b i l i t y  was 200 ,000 ohms. A c t u a l  r e c o r d e d  v a l u e s  were

6 0 0 ,0 0 0  t o  9 0 0 ,0 0 0  ohms.

O th e r  b r a z e  sam ples  were made t o  d u p l i c a t e  t h e  t y p e  o f  j o i n t  between t h e  

r o t o r  damper ba r  and i t s  m a n i f o l d .  Us ing a h o l e  s i z e  0 . 0 4 - i n .  l a r g e r  th a n  

r e q u i r e d ,  t h e s e  sam ples were br azed  and p r e s s u r e  t e s t e d .  T h i s  l a r g e r  h o l e  

p e r m i t t e d  r e a s o n a b l e  t o l e r a n c e  f o r  p o s i t i o n i n g  h o l e s  in  t h e  m a n i f o l d .  The 

j o i n t  s u c c e s s f u l l y  w i t h s t o o d  2800 p s i g  w a t e r  p r e s s u r e .  The p r o o f  p r e s s u r e  

r e q u i r e m e n t  f o r  t h e s e  c o n n e c t i o n s  i s  2500 p s i g .

WATER CONNECTION

Four methods o f  t r a n s f e r r i n g  t h e  w a t e r  f r om  a m a n i f o l d  t o  t h e  r o t o r  and 

s t a t o r  c o i l s  v i a  n o n c o n d u c t i v e  hose o r  t u b e  were i n v e s t i g a t e d .  T e s t  spec im ens  

were :  (1 )  a f l e x i b l e  n o n c o n d u c t i v e  hose ,  ( 2 )  a n o n c o n d u c t i v e  m a n i f o l d ,  (3 )

n o n c o n d u c t i v e  f i t t i n g s ,  and (4 )  n o n c o n d u c t i v e ,  n o n f l e x i b l e  t r a n s f e r  t u b e s .  

C o n f i g u r a t i o n  (4 )  was s e l e c t e d ,  a t r a n s f e r  t u b e  made o f  A s t r e l  360,  a t h e r m o ­

p l a s t i c  ( p o l y a r y s u I  t o n e )  m a n u f a c t u r e d  by t h e  3M Company. A s t r e l  360 has 

good h i g h - s t r e n g t h  p r o p e r t i e s  a t  e l e v a t e d  t e m p e r a t u r e s ,  i s  an e x c e l l e n t  

d i e l e c t r i c ,  and has good m a c h i n i n g  c h a r a c t e r i s t i c s . .
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The t r a n s f e r  t u b e  c o n f i g u r a t i o n  ( F i g u r e  6 - 1 )  i s  3 . 1 0  i n .  long and uses 

s t a n d a r d  3 7 - 1 / 2  deg AN f i t t i n g s  (dash 4 s i z e )  f o r  c o n n e c t i o n s .  A s t r e l  360 

was a l s o  used as t h e  d i e l e c t r i c  in  t h e  r o t o r  c o o l a n t  t r a n s f e r  t u b e  assembly  

as shown in  F i g u r e  6 - 2 .  T h i s  l o w - v o l t a g e  w i n d i n g  r e q u i r e d  v e r y  smal l  d i e ­

l e c t r i c  s t a n d o f f  d i s t a n c e s  ( l e s s  th a n  0 . 1 0  i n . )  b u t  was r e q u i r e d  t o  s u s t a i n  

h i g h e r  w a te r  p r e s s u r e  due t o  dynamic  pumping f o r c e s .  Thermal  and mechan ica l  

f a c t o r s  a r e  a l s o  o f  more c o n c e r n  f o r  t h e s e  i t e m s .  As shown in  F i g u r e  6 - 2 ,  an 

0 - r i n g  p r o v i d e s  a seal  f o r  t h e r m a l  and dy nam ic r a d i a l  movements and a l s o  com­

p e n s a te s  f o r  t h e  r a d i a l  l o c a t i o n  o f  t h e  r o t o r  c o i l  f i t t i n g s  due t o  assembly  

t o  I e r a n c e s .

A n o th e r  c a n d i d a t e  m a t e r i a l  t h a t  showed e x c e l l e n t  p r o p e r t i e s  was a p o l y i m i d e  

r e s i n .  The l a t t e r  passed  a l l  c r i t i c a l  t e s t s ,  b u t  t h e r e  was some q u e s t i o n  o f  

d e g r a d a t i o n  due t o  p r o l o n g e d  e x p o s u r e  t o  h o t  d e i o n i z e d  w a t e r .

P r i o r  t o  t r a n s f e r  t u b e  s e l e c t i o n ,  a l l  f o u r  c o n f i g u r a t i o n s  were s u b j e c t e d  

t o  a 2 4 - h o u r  t h e r m a I / p r e s s u r e  c y c l e  t e s t .  A s p e c i a l  f i x t u r e  was f a b r i c a t e d  t o  

h o l d  t h e  t e s t  spec imen ends d u r i n g  oven a g i n g .  I n l e t  p r e s s u r e  t o  each specimen 

was c y c l e d  f rom  0 t o  450 t o  0 p s i g  w i t h  w a t e r ,  w h i l e  t h e  a m b ie n t  t e m p e r a t u r e  

was c y c l e d  f r om  room t e m p e r a t u r e  t o  225°F t o  room t e m p e r a t u r e .  O th e r  th an  

r e q u i r i n g  a s l i g h t  r e t i g h t e n i n g  a f t e r  t h e  i n i t i a l  c y c l e  o r  t w o ,  specimen

(4 )  c o m p le t e d  t h e  t e s t  w i t h o u t  l e a k a g e .  T h e r m a I / p r e s s u r e  c y c l e  t e s t  r e s u l t s  

f o r  t h e  o t h e r  t h r e e  t e s t  s pec im ens  and c r i t e r i a  f o r  t h e i r  n o n s e l e c t i o n  a re  

d e s c r i b e d  b e lo w .

Specimen (1 )

The f i r s t  approach  i n v o l v e d  use o f  f l e x i b l e  hoses t o  m i n i m i z e  m i s a l i g n m e n t  

p ro b le m s  and r e d u c e  p o s s i b l e  t h e r m a l  e x p a n s i o n  e f f e c t s .  A t e s t  program f o r  

hoses was i n i t i a t e d ,  i n c l u d i n g  r e s i s t a n c e  r e a d i n g s ,  p r e s s u r e  t e s t s ,  and
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F i g u r e  6 - 1 .  S t a t o r  C o i l  C o o l a n t  T r a n s f e r  Tube
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F i g u r e  6 - 2 .  R o t o r  C o i l  C o o l a n t  T r a n s f e r  Tube
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t h e r m a l  c y c l i n g .  The hose t h a t  a p p a r e n t l y  met a l I  c r i t e r i a  was a c o n v o l u t e d  

T e f l o n  t u b e  w i t h  an o u t e r  wrap o f  Nomex b r a i d .  The T e f l o n  was swaged t o  t h e  

AN f i t t i n g s .  Samples f u r n i s h e d  f o r  t e s t s  passed a l l  p r e l i m i n a r y  r e q u i r e m e n t  

c r i t e r i a  f o r  two d i f f e r e n t  s i z e s ,  1 / 4 -  and 3 / 8 - i n .  However ,  in  t h e  p r o c e s s  o f  

p r o d u c t i o n  t e s t i n g ,  t h e  hoses f a i l e d  t h e r m a l  c y c l i n g  t e s t s .  I n i t i a l  t e s t i n g  

a t  800 p s i g  and e l e v a t e d  t e m p e r a t u r e  i n d i c a t e d  no le a k a g e ;  a l t h o u g h ,  a f t e r  

c o o l i n g  and r e p r e s s u r i z i n g / r e h e a t i n g ,  le aka ge  o c c u r r e d  a t  t h e  swaged j o i n t s .

( T h i s  hose i s  used s u c e s s f u l l y  in  o t h e r  a p p l i c a t i o n s ,  b u t  i t  p r o v e d  u n s u i t a b l e  

under t h e  p r e v a i l i n g  h i g h - t e m p e r a t u r e ,  h i g h - p r e s s u r e  c o n d i t i o n s  o f  t h i s  

a p p I i  c a t i o n . )

Specimen (2)

I n i t i a l  r e s u l t s  were p r o m i s i n g .  A sm a l l  t h e r m o p l a s t i c  m a n i f o l d  w i t h  t h i c k  

w a l l s  was t e s t e d .  However ,  a f a i r l y  c o m p le x ,  s m a l l ,  com pac t  c o n f i g u r a t i o n  

was neede d.  An e x t r e m e l y  h i g h  c o s t  o f  t o o l i n g ,  p l u s  a f a i r l y  h i g h  r i s k  f a c t o r  

in  d e v e l o p i n g  a s m a l l  s i n g l e - p i e c e  c o n f i g u r a t i o n  made t h i s  a p p ro a c h  u n a t t r a c t i v e .  

Specimen (3 )

A t t e m p t s  were made t o  c o n s t r u c t  a s u i t a b l e  un io n  f o r  t h e  r o t o r  based on 

an AN-5 f i t t i n g .  V a r i o u s  p l a s t i c s  were used,  i n c l u d i n g  some w i t h  g l a s s  f i b e r  

r e i n f o r c e m e n t s ,  t h e  t h e r m o p l a s t i c  and p o l y i m i d e s  p ro ve d  s u p e r i o r  w i t h  r e s p e c t  

t o  m e c h a n ic a l  p r o p e r t i e s  and m a c h i n a b i I i t y  in sm a l l  s i z e .  A l t h o u g h  t h e s e  s p e c i ­

mens f u n c t i o n e d  s a t i s f a c t o r i l y ,  t h e y  la c k e d  t h e  s t r e n g t h  t o  c a r r y  t h e  r e q u i r e d  

I o a d .

LOWER END-BELL CASTING

Deve lo p m e n t  t e s t i n g  was a l s o  c o n d u c t e d  on t h e  lower  e n d - b e l l .  T h i s  c a s t i n g  

has deep ,  t h i n  webs and s t r u t s .  Compared w i t h  t h e  m a j o r i t y  o f  t h e  mass,  t h e s e  

webs and s t r u t s  have v e r y  s m a l l  c r o s s  s e c t i o n .  S in c e  t h e  f l a n g e  i s  t h e  s o l e
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s u p p o r t  o f  t h e  SC, maximum c a s t  p r o p e r t i e s  were a m u s t .  A l s o  c a s t  i n t e g r a l l y  

was a c o o l a n t  c o i l  o f  1 / 4 - i n .  s t a i n l e s s  s t e e l  t u b i n g .  The i n t e n t  was f o r  

o n l y  one p o u r ,  as t h e r e  was o n l y  one c o o l i n g  c o i l  a v a i l a b l e .  To a n t i c i p a t e  

t h e  c h i l l  p r o b le m  f o r  t h e  l a r g e  c r o s s  s e c t i o n s  and t o  a n a l y z e  m a t e r i a l  p r o ­

p e r t i e s ,  t h r e e  s e p a r a t e  p o u r s  o f  a lum inum were made o f  a s e c t i o n  o n e - e i g h t h  

o f  t h e  c o n f i g u r a t i o n  o r  one s t r u t .  A f t e r  each p o u r ,  t h e  c a s t i n g  was X - r a y e d  

and checked f o r  p o r o s i t y .  C h i l l s  were m o d i f i e d  a f t e r  each c a s t  w i t h  t h e  second 

and t h i r d  c a s t s  s e c t i o n e d  a t  t h e  s t r u t ,  p u l l  b a r s  made, and t h e  m a t e r i a l  

p r o p e r t i e s  c h e c k e d .  The 356-T61 a lum inum a l l o y  s a t i s f i e d  M I L -A -2 1 1 8 0  C la s s  I 

( T a b l e  IV) spec r e q u i r e m e n t s ,  and t h e  e n t i r e  e n d - b e l l  was poured  w i t h  t h e  6 5 - f t  

s t a i n l e s s  s t e e l  c o o l a n t  c o i l  c a s t  in  p l a c e .

ROTOR CORE

R o t o r  f a b r i c a t i o n  i n v o l v e d  a t h r e e - p i e c e  f o r g i n g  j o i n e d  by means o f  e l e c ­

t r o n  beam w e l d i n g .  A l l  p r e v i o u s  A iR e s e a r c h  h i s t o r y  w i t h  t h e  R e p u b l i c  HP9-4-20 

s t e e l  a l l o y  was based on TIG w e l d i n g .  Specimens o f  t h e  f o r g i n g s  were c u t  t o  

d u p l i c a t e  l e n g t h  and a n g l e  o f  t h e  f i n i s h e d  w e ld  and we lded  t o g e t h e r  t o  s e t  up 

t h e  p r o p e r  we ld  s c h e d u l e .  They were t h e n  mach ined i n t o  p u l l  b a r s  t o  check 

p o s t - w e l d  m e c h a n ic a l  p r o p e r t i e s .

P l a t i n g

A d d i t i o n a l  p a r t s  o f  t h e  r o t o r  f o r g i n g  samples were used f o r  t h e  e l e c t r o ­

l e s s  n i c k e l  p l a t e  p r o c e s s  and t o  e s t a b l i s h  some o f  t h e  m a c h i n i n g  s p e c i f i c a t i o n s  

S e v e ra l  p i e c e s  were used t o  compare t h e  m a g n e t i c  p r o p e r t i e s  b e f o r e  and a f t e r  

w e l d i n g .

T e s t i n g

The p r i m a r y  t e s t  f o r  t h e  l o w - v o l t a g e ,  n o n i n s u l a t e d  r o t o r  c o i l  was p r e s s u r i  

z a t i o n  t o  2800 p s i g .  The c o i l s  were a l s o  c a l i b r a t e d  by e n l a r g i n g  an o r i f i c e  

t o  e s t a b l i s h  a 1 .5 -gpm w a t e r  f l o w  a t  105 p s i g .
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I n s u l a t i o n

The s t a t o r  c o i l  m ica i n s u l a t i o n  sys tem was a c r i t i c a l  d e v e lo p m e n t  i t e m .

I t  must  w i t h s t a n d  an o p e r a t i o n a l  v o l t a g e  o f  7150 V l i n e - t o - l i n e  i n  a C la s s  H 

( 3 5 6 ° F )  t e m p e r a t u r e  e n v i r o n m e n t .  T e s t  b a r s  made w i t h  t h e  s t a t o r  c o n d u c t o r  and 

t h e  i n s u l a t i o n  sys tem were g i v e n  a c c e l e r a t e d  l i f e  t e s t s  a t  3 5 6 ° F, 150 VRMS per  

m i l ,  and 60 Hz. The t e s t  spec imens  s u c c e s s f u l l y  met t h e  i n s u l a t i o n  r e q u i r e ­

ments f o r  an e n d u ra n c e  p e r i o d  in ex cess  o f  2500 h o u rs .

Each c o i l  c o n s i s t s  o f  s i x , h o  I low c o n d u c t o r s  i n d i v i d u a l l y  i n s u l a t e d  w i t h  

one l a y e r  h a l f - l a p  w r a p ,  o f  0 . 0 0 1 - i n . - t h i c k  Kapton t a p e  w i t h  d o u b l e  D a c r o n -  

g l a s s .  The c o i l  i s  wound as tw o  p a r a l l e l  c o n d u c t o r s ,  t h r e e - t u r n  c o n f i g u r a t i o n .

The t u r n s  were s e p a r a t e d  by one l a y e r  o f  0 . 0 0 5 4 5 - i n . - t h i c k  Dacron t a p e ,  w h ic h  i s  

t h e n  s i n g l e - l a y e r  wrapped around  t h e  s i x  c o n d u c t o r s .  C o v e r i n g  t h i s  a r e  f i v e  

and o n e - h a l f  l a y e r s  o f  B - s t a g e  epoxy m ic a  papers  w i t h  g l a s s  c l o t h  and 0 . 0 0 8 - i n . -  

t h i c k  Dacron mat b a c k i n g  a p p l i e d  w i t h  h a l f - l a p  wrap .  F i n a l  o u t s i d e  i n s u l a t i o n  

i s  one l a y e r  o f  a s b e s t o s  t a p e .  The c o i l  r e g i o n s  t h a t  f i t  i n t o  t h e  s l o t  were 

t h e n  p a i n t e d  w i t h  a c o n d u c t i n g  ( g r a p h i l i c )  a i r - d r y i n g  p a i n t ,  and t h e  r e m a i n i n g  

c o i l  was c o a t e d  w i t h  a n o n s i l i c o n e ,  a i r - d r y i n g  v a r n i s h .  T h i s  i n s u l a t i o n  sy st em  pr o  

v i d e s  a C l a s s  H ( 3 5 6 ° F ) t e m p e r a t u r e  c a p a b i l i t y  and o p e r a t e s  a t  90 V pe r  m i l  

in t h e  a c t u a l  a p p l i c a t i o n ,  w h ic h  is  a p p r o x i m a t e ! y  1 .8  t i m e s  t h e  normal  commerc ia l  

r a t i n g  (See F i g u r e  6 - 3 ) .

In a d d i t i o n  t o  t h e  t e s t  bar  sam p le ,  d r a w i n g  r e q u i r e m e n t s  c a l l  f o r  a 

t u r n - t o - t u r n  i n s u l a t i o n  t e s t  a t  room t e m p e r a t u r e  a t  40 t o  50 VRMS/mi I (1800 VRMS 

f o r  15 sec a t  60 H z ) ,  and a gr ound  i n s u l a t i o n  t e s t - c o n d u c t o r - t o - g r o u n d  ( m e t a l l i c  

s h e a t h )  a t  2 0 , 0 0 0  VRMS and 60 Hz f o r  one m i n u t e  a t  room t e m p e r a t u r e .  C o i l s  a re  

p r e s s u r e  t e s t e d  t o  900 p s i g  w h i l e  r e s t r a i n e d  and f l o w  t e s t e d  a t  0 . 2 5  gpm f l o w ,

O
220 p s i g  p r e s s u r e ,  and 168 F t e m p e r a t u r e .
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SECTION 7

FUNCTIONAL TESTING

TEST RIG

A dynamic  model o f  t h e  s y n c h ro n o u s  condenser  was c o n s t r u c t e d  t o . s i  mu I a t e  

a c t u a l  o p e r a t i n g  c o n d i t i o n s  f o r  b r u s h e s ,  s l i p r i n g s ,  b e a r i n g s ,  s e a l s ,  and w a te r  

m a n i f o l d s .  Among t h e  a c h i e v e d  g o a l s  were :

A t  r a t e d  speed ,  c u r r e n t ,  and t e m p e r a t u r e ,  b r u s h  wear  was 0.0001 i n .  

pe r  h o u r , w i t h  no a p p a r e n t  s l i p r i n g  wear .

SC d e s i g n  i n t e n t  was v e r i f i e d  d u r i n g  o p e r a t i o n  a t  r a t e d  f i e l d  c u r r e n t  

(2750 A ) ,  v o l t a g e  (128  V ) ,  and speed (5000 r p m ) .

The SC. was o p e r a t e d  more th a n  17 ho urs  under  e l e c t r i c a l  power w i t h  

14 h o u rs  a t  r a t e d  speed .  T o t a l  r u n n i n g  t i m e  was 4 3 . 5  h o u r s .

Data was t a k e n  a t  v a r i o u s  speeds and r a t i n g s , -  p r o v i d i n g  assessment  

a t : o t h e r  t h a n  r a t e d  c o n d i t i o n s .

No v i s i b l e  wear  o r  le aka ge  was n o te d  a t  t h e  upper  s h a f t  l u b r i c a t i o n  

sea I .

The b ru s h  assem b ly  was s u c c e s s f u l l y  o p e r a t e d  w i t h  and w i t h o u t  w a te r  

c o o l a n t .

R o t a t i n g  m a n i f o l d s  ( i n n e r  s h a f t  w a te r  t r a n s f e r  and b l a n k e d - o f f  r o t o r  

c o i l )  p ro v e d  l e a k - f r e e  and c r e a t e d  no b a l a n c e  p r o b l e m s  w i t h  w a t e r  f l o w .

B e a r i n g  and s e a l  m a i n t a i n a b i l i t y  w i t h o u t  d i s t u r b i n g  t h e  b a s i c  as sem bly  

was c o n f i r m e d .
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T e s t i n g  was c o n d u c te d  on v a r i o u s  low er  f a c e  seal  r o t o r  and b e a r i n g  

n u t  c o m b i n a t i o n s .  T o t a l  s e a t i n g  o f  t h e  lower  b e a r i n g  f a c e  seal  

needed t o  be a c c o m p l i s h e d ,  a l t h o u g h  s l i g h t  leakage d i d  n o t  i m p a i r  

t h e  o p e r a t i n g  p e r fo r m a n c e  o f  t h e  o t h e r  componen ts .

The model was a v e r t i c a l  m a c h in e ,  d r i v e n  by a 2 5 - h p ,  0 - t o - 6 0 0 0  rpm 

h y d r a u l i c  m o t o r .  A dummy r o t o r  was used (See F i g u r e  7 - 1 ) ,  and a c t u a l  r o t o r  

w e i g h t  was s i m u l a t e d  by a p r e l o a d  c r e a t e d  by c o i l  s p r i n g s ,  making i t  p o s s i b l e  

t o  i n c r e a s e  o r  d e c r e a s e  t h e  load as d e s i r e d .  A c t u a l  component h a rd w a re ,  e x c e p t  

r o t o r  and s u p p o r t  s t r u c t u r e ,  was used (See F i g u r e  7 - 2 ) .

W i th  t h e  p r e l o a d  based on t h e  c a l c u l a t e d  w e i g h t  o f  t h e  r o t o r  (1750 l b ) ,  

t h e  b e a r i n g s  and s e a l s  were s u b j e c t e d  t o  r a t e d  speed and t e m p e r a t u r e  o p e r a t i n g  

c o n d i t i o n s .  C o o l a n t  f l o w p a t h s  f o r  b e a r i n g s ,  s l i p r i n g  assem b ly ,  and br ush  

h o l d e r s  were i d e n t i c a l  t o  t h e  f i n a l  c o n f i g u r a t i o n ,  and p r o v i d e d  a means o f  

e v a l u a t i n g  t h e  s e a l s  as w e l l  as t h e  h e a t  t r a n s f e r  c a p a b i l i t i e s  o f  v a r i o u s  

c o o le d  com ponen ts .

I n s t r u m e n t a t i o n  was t h e  same c o n f i g u r a t i o n  as t h a t  t o  be used in  t h e  f i n a l  

u n i t .  Thermocoup Ies were i n s e r t e d  in s i x  b r u s h e s  f o r  t e m p e r a t u r e  m o n i t o r i n g ;  

t h e  r e s p e c t i v e  s u p p o r t i n g  h o l d e r s  were s i m i l a r l y  i n s t r u m e n t e d .  The upper  r o l l e r  

b e a r i n g  and t h e  tw o low er  d u p l e x  b e a r i n g s  were m o n i t o r e d  f o r  t e m p e r a t u r e  on 

t h e i r  OD. In a d d i t i o n ,  t e m p e r a t u r e s  f o r  t h e  lo w e r  b e a r i n g  c a v i t y  f a c e  seal  

and t h e  c o o l a n t  w a t e r  were r e c o r d e d .  Water  f l o w  and p r e s s u r e  measurements 

were ta k e n  f o r  each o f  t h e  m a jo r  c o o l a n t  f l o w p a t h s  ( i . e . ,  r o t o r  in and o u t ,  

b e a r i n g  h o u s i n g ,  and b ru s h  h e a t  e x c h a n g e r ) .  A c c e I e r o m e t e r s  measured v i b r a t i o n  

in  t h r e e  axes a t  b o th  t h e  upper  and low er  b e a r i n g s .

For  a d d i t i o n a l  d a t a ,  v a r i o u s  d e s i g n s  were  e v a l u a t e d  w i t h  t h e  same b e a r ­

in g s  b u t  d i f f e r e n t  seal  c o n f i g u r a t i o n s .  Specimens i n c l u d e d  a h i g h - s p e e d
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and Lower Dup lex  B e a r in g

6 9



F i g u r e  1 -'. . Sync hronous  Condenser  T e s t  R ig
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l i p  s e a l ,  r e v e r s e d  f a c e  seal  i n s t a l l a t i o n ,  a dual  l a b y r i n t h ,  r e f l o a t i n g  se al  

r o t o r ,  and t h e  e x i s t i n g  f a c e  seal  w i t h  v a r i o u s  s p r i n g s  t o  p r o v i d e  d i f f e r e n t  

l o a d i n g  c o n d i t i o n s  on t h e  c a r b o n .  T w e n ty - o n e  t e s t s  were c o m p le t e d  w i t h  16 

d i f f e r e n t  c o n f i g u r a t i o n s ,  i n c l u d i n g  an 8 - h o u r  en d u ra n c e  t e s t  w i t h  a s i n g l e  

lower  b e a r i n g  c o n f i g u r a t i o n .  These t e s t s  p r o v i d e d  a c o m p a r i s o n  o f  s e a l i n g  

c a p a b i l i t y  and r u n n i n g  c h a r a c t e r i s t i c s  f o r  f u t u r e  c o n s i d e r a t i o n .

FUNCTIONAL TESTS

The f a c i l i t y  t e s t  c a p a b i l i t y  ( t o r q u e  and hp) was l i m i t e d  so t h a t  o n l y  

p a r t i a l  load t e s t i n g  c o u l d  be employ ed .  The d r i v e  f o r  t h e  mac hine  was 

powered by tw o  s i d e - b y - s i d e  dc m o to r s  mounted v e r t i c a l l y  above t h e  SC. Capa-  

a b l e  o f  a combined 500 hp,  t h e s e  m o t o r s  were each c o n n e c t e d  by d r i v e  c h a i n s  

t o  a c e n t e r  d r i v e  s h a f t  t h a t  t r a n s m i t t e d  t o r q u e  t h r o u g h  a crowned  s p l i n e  

c o u p l i n g  t o  a d r i v e  s p l i n e  on t o p  o f  t h e  SC s h a f t ,  as shown in  F i g u r e . 7 - 3 .

SC o p e r a t i o n a l  p r o c e d u r e s  d u r i n g  t e s t  s t a g e s  were based on IEEE p u b l i c a ­

t i o n  No. 115, " T e s t  P r o c e d u r e s  f o r  S ync hr onous  M a c h i n e s . "  S h o r t  c i r c u i t  t e s t s  

were p e r f o r m e d  a t  r e d u c e d  speed.  Zero  power f a c t o r  t e s t s ,  a l t h o u g h  d e s i r a b l e ,  

were p r e c l u d e d  due t o  t h e  u n a v a i l a b i l i t y  o f  t i m e  and f u n d s  n e c e s s a r y  t o  com-, 

p l e t e  t e s t i n g  w i t h i n  t h e  a l l o t t e d  p e r i o d .  SC e l e c t r i c a l  c h a r a c t e r i s t i c s ,  

c o o l i n g  s ys te m  c a p a b i l i t y ,  and m e ch a n ic a l  i n t e g r i t y  were t e s t e d  t o  e s t a b l i s h  

co n fo rm a n c e  w i t h  a c c e p t a n c e  c r i t e r i a .  N o - l o a d  s a t u r a t i o n  t e s t s  were  p e r f o r m e d  

a t  speeds o f  1250,  3050 ,  3200,  and 4950 rpm ( r a t e d  s p e e d ) ,  and s h o r t - c i r c u i t  

and n e g a t i v e  sequence  t e s t s  a t  o n e - h a l f  r a t e d  speed.  A d d i t i o n a l  t e s t s  a l s o  

were c o n d u c t e d  t o  c o l l e c t  t h e rm a l  d a ta  s a m p l i n g s ,  r e c h e c k  r o t o r  b a l a n c e ,  

i n v e s t i g a t e  o v e r s p e e d ,  v e r i f y  i n s t r u m e n t a t i o n  adequ ac y,  check  o u t  t h e  TLRV 

system  f i e l d  power  s u p p l y ,  and r e s e a r c h  c r i t i c a l  speed r e s o n a n t  f r e q u e n c i e s .
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I n i t i a l  r u n s  were made t o  d e t e r m i n e  t h e  t e s t  f a c i l i t y  d r i v e  c h a r a c t e r ­

i s t i c s ,  and v i b r a t i o n  p e c u l i a r i t i e s ,  and t o  d e t e r m i n e  a b e a r i n g  t e m p e r a t u r e  p r o f i l e .  

The f i r s t  r a t e d  speed r u n  was c o n d u c te d  a f t e r  4 . 2  h o u rs  o f  r u n n i n g  a t  re d u c e d  

speeds w i t h o u t  c o o l i n g  w a t e r  o r  c u r r e n t  a p p l i e d  t o  t h e  SC. W i t h  t h e  c o o l i n g  

sys tem f u l l y  o p e r a t i o n a l ,  c u r r e n t  was a p p l i e d  a f t e r  7 . 2  h o u r s  o f  p r e l i m i n a r y  

t e s t i n g .

On t h e  f i n a l  r u n ,  t h e  SC was s a t i s f a c t o r i l y  o p e r a t e d  a t  r a t e d  speed 

(4950 t o  5050 rpm) w i t h  v a r i o u s  l e v e l s  o f  o u t p u t  v o l t a g e  up t o  110 p e r c e n t  

o f  t h e  r a t e d  7150 VRMS L - L .  A 1 3 - m i n u t e  p o r t i o n  o f  t h i s  t e s t  was p e r f o r m e d  

a t  r a t e d  v o l t a g e  w i t h  a t o t a l  ru n  t i m e  o f  30 m i n u t e s .  ( C o o l a n t  w a t e r  c o n d u c ­

t i v i t y  was 4 . 6  megohm-cm.)  T e s t  r e s u l t s  a r e  p r e s e n t e d  in  c u r v e  fo r m  in  F i g u r e s

7 -4  t h r o u g h  7 - f 5 .  A d d i t i o n a l  i n f o r m a t i o n  on v a r i o u s  r u n s  i s  p r o v i d e d  b e lo w .

The f i r s t  n o - l o a d  s a t u r a t i o n  ru n  was c o n d u c t e d  a t  a speed o f  1100 rpm 

f o l l o w e d  by a 2500 rpm n o - l o a d  s a t u r a t i o n  r u n  u s i n g  t h e  f i n a l  TLRV sys tem 

phase d e l a y  r e c t i f i e r  f i e l d  s u p p l y .  Data was r e c o r d e d  a t  c u r r e n t  l e v e l s  up 

t o  2 0 0 0 jA a t  a speed o f  1100 rpm (see F i g u r e  7 - 4 ) .  A t  2500 rpm ( o n e - h a l f  r a t e d  

s p e e d ) ,  n o - l o a d  s a t u r a t i o n  c h a r a c t e r i s t i c s  were measured w i t h  f i e l d  c u r r e n t  up 

t o  1500 A and I i n e - t o - n e u t r a I  v o l t a g e  o f  3300 V (see  F i g u r e  7 - 5 ) .  Thermal  

t e s t s  under  s h o r t - c i r c u i t  c o n d i t i o n s  were, c o n d u c t e d  a t  o n e - h a l f  r a t e d  speed ,  

f o l l o w e d  by n e g a t i v e  sequence r e a c t a n c e  t e s t s  a t  o n e - h a l f  r a t e d  speed (see  

F i g u r e s  7 - 6  an.d 7 - 7 ) .  W i th  a l i n e - t o - l i n e  s h o r t  c i r c u i t  c o n t i n u o u s l y  a p p l i e d ,  

v a l u e s  f o r  n e g a t i v e  sequence r e a c t a n c e  were v e r i f i e d  as 0.31 p e r  u n i t  a t  

200-A  f i e l d  c u r r e n t  and 0 . 2 7  p e r  u n i t  a t  600-A  f i e l d  c u r r e n t  ( R e f e r e n c e :

IEEE P u b l i c a t i o n  115, method 2 6 . 3 ,  pa ra  7 . 4 0 . 3 0 ) .  V a r i o u s  r u n s  were made 

t o  check  b a l a n c e  c h a r a c t e r i s t i c s .  I n c lu d e d  in  t h i s  t e s t i n g  phase was a t h e r ­

mal check  a t  v a r i o u s  speeds  under  n o - l o a d . s a t u r a t e d  c o n d i t i o n s ,  f o r  r e c o r d i n g
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maximum t e m p e r a t u r e  e f f e c t s  wiTh lower  c o o l a n t  f l o w  rate.s  (see F i g u r e s  7 -8  

t h r o u g h  7 - 1 3 ) .  P r i o r  t o  r u n n i n g  a t  maximum r a t e d  speed,  t h e  SC was se a rch e d  

f o r  c r i t i c a l  speeds ( r e s o n a n t  f r e q u e n c i e s ) .  V i b r a t i o n  l e v e l s  were checked 

a t  v a r i o u s  speeds (see  F i g u r e  7 - 1 4 ) .  The c r i t i c a l  speeds were i d e n t i f i e d  as 

1640 rpm and a b o u t  3760 rpm w i t h  t e s t  s t a n d  s u p p o r t  ( m o u n t in g  s t i f f n e s s  and 

f i x t u r e  a r e  d i f f e r e n t  th a n  on t h e  a c t u a l  v e h i c l e ) .  The machine o p e r a t e d  

t h r o u g h  c r i t i c a l  speeds w i t h  a maximum a c c e l e r o m e t e r  r e a d i n g  o f  a b o u t  0 . 6 9  g.  

S h o r t - C i r c u i t  O p e r a t i o n

F i g u r e  7 -1 5  shows c a l c u l a t e d  r e a c t a n c e  and a c t u a l  t e s t  r e s u l t s  f o r  n o -  

load and s h o r t - c i r c u i t  p e r f o r m a n c e .  T h i s  d a t a  i n d i c a t e s  f i e l d  r e q u i r e m e n t s  

s l i g h t l y  lower  t h a n  t h o s e  p r e d i c t e d  by t h e  e l e c t r o m a g n e t i c  a n a l y s e s .

Sy nch rono us  con d e n s e r  t e s t i n g  was l i m i t e d  by a v a i l a b l e  f a c i l i t i e s  

and e q u i p m e n t .  As a r e s u l t ,  t h e  machine  was o p e r a t e d  a t  combined f u l l  speed 

and f u l l  v o l t a g e  and a t  combined f u l l  c u r r e n t  and p a r t i a l  t e m p e r a t u r e ,  b u t  

i t  was n o t  p o s s i b l e  t o  c o n d u c t  load t e s t i n g .  Hence, z e r o  power f a c t o r  d a t a ,  

load r e g u l a t i o n  t e s t s ,  and f u l l  t h e r m a l  e v a l u a t i o n  c o u l d  o n l y  be e s t i m a t e d .  

C o o l i n g  System

The f a c i l i t y  w a t e r  system was a l i m i t i n g  f a c t o r  f o r  r a t e d  speed t e s t i n g .  

The SC was d e s ig n e d  t o  f l o w  3 7 .5  gpm t h r o u g h  t h e  s t a t o r  c o i l s  and 36 gpm 

t h r o u g h  t h e  r o t o r .  W i t h  a f l o w  r a t e  o f  2 0 . 4  gpm t h r o u g h  t h e  s t a t o r  c o i l s  

and 12 .5  gpm t h r o u g h  t h e  r o t o r ,  machine  t e m p e r a t u r e s  were s t i l l  be lo w d e s ig n  

t e m p e r a t u r e s .  A l s o ,  p r e s s u r e s  were w e l l  be lo w sys tem r e q u i r e m e n t s .  To p r e ­

v e n t  p o s s i b l e  b o i l i n g  w i t h i n  c o i l s ,  i t  was d e s i r a b l e  t o  m a i n t a i n  w a t e r  i n l e t  

p r e s s u r e  a t  300 p s i  minimum. A c t u a l  w a t e r  p r e s s u r e s  were 140 p s i  ( s t a t o r )  

and 103 p s i  ( r o t o r ) .  F i g u r e  7 -16  shows t h e  c o o l i n g  w a t e r  s y s te m .  F i g u r e  7 -17  

i s  a system  s c h e m a t i c .
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F i g u r e  7 - 1 7 .  C o o l i n g  W a te r  System S chem at ic
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C o o l a n t  w a t e r  used was p r o v i d e d  by a rem ote  d e i o n i z a t i o n  sys tem t h a t  

r e c i r c u l a t e d  t h e  w a t e r .  Water  was c o o l e d ,  f i l t e r e d ,  and c h e m i c a l l y  d e i o n i z e d  

a t  a r a t e  o f  a p p r o x i m a t e l y  35 gpm.

High v o l t a g e s  were n o t  a p p l i e d  u n l e s s  t h e  d e i o n i z e d  w a t e r  c o n d u c t i v i t y  

r e a d i n g  was 2 . 0  megohm-cm minimum. The r o t o r  c o i I - t o - g r o u n d  r e s i s t a n c e  

r e a d i n g  was 100 k i l o h m s  w i t h  a w a te r  c o n d u c t i v i t y  o f  2 . 6  megohm-cm. By 

o p e r a t i n g  t h e  d e i o n i z a t i o n  sys tem  f o r  one h o u r ,  w a te r  c o n d u c t i v i t y  was r a i s e d  

t o  3 . 6  megohm-cm and t h e  r o t o r  r e s i s t a n c e  t o  g round  i n c r e a s e d  t o  140 k i  lohms.  

Whenever t h e  w a t e r  was l e f t  s t a g n a n t  f o r  8  ho u rs  o r  more,  t h e  c o n d u c t i v i t y  

dropped be lo w t h e  2 . 0  megohm-cm r e a d i n g  and i t  was n e c e s s a r y  t o  d e i o n i z e  f o r  

a t  l e a s t  an hour  t o  a c h i e v e  a c c e p t a b l e  w a te r  p u r i t y .

T e s t  Stand

The t e s t  s t a n d  s u p p o r t  was a c t u a l l y  t h e  f a b r i c a t i o n  h o l d i n g  f i x t u r e  f o r  

t h e  v e r t i c a l l y  o p e r a t e d  m a c h in e .  T h i s  i n i t i a l l y  p r o v i d e d  a s o f t  moun t ,  b u t  

a f t e r  lower  speed r u n s ,  t h e  mounts were shimmed s o l i d ,  c l o s e l y  d u p l i c a t i n g  

t h e  f i n a l  s u p p o r t  c o n d i t i o n .

Chain  D r i v e

A c h a i n  d r i v e  was s e l e c t e d  r a t h e r  t h a n  a c o n v e n t i o n a l  g e a rb o x  t o  c u r t a i l  

t h e  d e v e lo p m e n t  e f f o r t  f o r  a d r i v e  t r a i n  ( i . e . ,  s p e c i a l  gea r  d e s ig n  and f a b r i c a t i o n )  

and t o  m i n i m i z e  t h e  l e a d t i m e  i n v o l v e d  in ha rd w a re  p r o c u r e m e n t .  F u r t h e r ,  t h i s  

method o f  power t r a n s m i s s i o n  was a t t r a c t i v e  because t h e  com pac t  s i z e  r e n d e r e d  

f u t u r e  m a in t e n a n c e  e a s i e r  and le s s  t i m e  consum in g .

C h a in s  used were a p p r o x i m a t e l y  5 - i n .  w ide and ra n  on c o n v o l u t e d  gear  

t e e t h ,  f o r m i n g  a p r e c i s i o n  f i t  t h a t  showed l i t t l e  t e n d e n c y  t o  wander  o r  p r o d u c e  

b a c k l a s h .  The c h a i n s  were mounted v e r t i c a l l y  on edge and r u n  t h r o u g h  a s p l a s h
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l u b r i c a t i o n  sys tem.  The c h a i n s  ran  f a u l t l e s s l y  w i t h  o r  w i t h o u t  SC lo ad ,  

n o t  o n l y  a t  r a t e d  speed ( 4 9 5 0  r p m ) , b u t  a l s o  when t h e  d r i v e  motors were  

used f o r  SC b r a k i n g .

I n s t r u m e n t a t i o n

I n s t r u m e n t a t i o n  i n c l u d e d  equ ip m ent  f o r  m o n i t o r i n g  t e m p e r a t u r e s  o f  t h e  

b e a r i n g  O D 's ,  lower dynamic s e a l ,  l a m i n a t i o n s ,  s t a t o r  c o i l s ,  s t a t o r  h o u s in g ,  

and brush h o l d e r  h e a t  e x c h a n g e r .  The i n s t r u m e n te d  t e s t  r i g  brushes  were used 

t o  c o m p i l e  a r e c o r d  o f  b rush t e m p e r a t u r e s .  The s t a t o r  c o i l s  had s p e c i a l  

sen so rs  i n s t a l l e d  w i t h i n  s l o t s  between t h e  wedge and c o i l ,  between c o i l s ,  and 

between c o i l  and bot tom o f  s l o t .  In a d d i t i o n ,  d a t a  r e c o r d e d  in c lu d e d  c h a r a c ­

t e r i s t i c s  o f  w a te r  f l o w ,  p r e s s u r e  and c o n d u c t i v i t y ,  machine v i b r a t i o n  ( t h r e e  

axes a t  top and b o t t o m ) ,  c u r r e n t  and v o l t a g e  a t  v a r i o u s  t i m e s ,  and r o t a t i o n a l  

speed s e t t i n g s  as d i c t a t e d  by i n d i v i d u a l  t e s t .

1. T em p e ra tu re  Sensors

A l l  t e m p e r a t u r e  s en so rs  e x c e p t  t h o s e  a s s o c i a t e d  w i t h  t h e  brushes and 

s t a t o r  c o i l s  a r e  b u t t o n - t y p e ,  p l a t i n u m - r e s i s t a n c e  d e v i c e s .  The s t a t o r  c o i l  

t e m p e r a t u r e  s en s i n g  e l e m e n t  i s  a p l a t i n u m  s t r i p  a p p r o x i m a t e l y  1 3 .5  i n .  lon g .

The brush t e m p e r a t u r e  s en so rs  a r e  th e rm o c o u p le s  e p o x ie d  in h o l e s  d r i l l e d  a t  

t h e  shunt  ends o f  t h e  b r u s h e s .

2 .  V i b r a t i o n  Sensors

V i b r a t i o n  was m o n i t o r e d  by p i e z o e l e c t r i c  a c c e l e r o m e t e r s ,  t h r e e  a t  t h e  

top  end and t h r e e  a t  t h e  lower  end .  They were mounted on a common blo ck  

a t t a c h e d  t o  t h e  e n d - b e l l  d i r e c t l y  o u t s i d e  t h e  b e a r i n g .  In a d d i t i o n  t o  i n s t a l l a ­

t i o n  a lo ng  t h e  X,  Y,  and Z a x e s ,  a c c e l e r o m e t e r s  were a t t a c h e d  t o  t h e  d r i v e  

motors and t h e i r  s u p p o r t i n g  f ram es  t o  c o n f i r m  t h a t  no v i b r a t i o n  was c o n t r i b u t e d  

by t h e  d r i v e  u n i t s .
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SECTION 8
ROTOR BALANCING

BALANCING PROCEDURES

Alt ho u g h  t h e  r o t o r  c o r e  c o n f i g u r a t i o n  is  s y m m e t r i c a l ,  p r e c i s i o n  b a l a n c i n g  

is  m anda tory  t o  m i n i m i z e  v i b r a t i o n .  Both t h e  c o r e  and f i n a l  r o t o r  assembly were  

d y n a m i c a l l y  b i p l a n a r  b a l a n c e d  a t  500 rpm ( i n c r e a s e d  t o  800 rpm f o r  a f i n a l  

e b e e k T .  S p e c i a l  C l a s s  7 b e a r i n g s ,  b a l l  a t  t h e  lower end and r o l l e r  a t  t h e  

upper  end ,  were used f o r  a l l  b a l a n c e  o p e r a t i o n s .  Both t h e  r o t o r  c o r e  and 

r o t o r  assembly were b a l a n c e d  h o r i z o n t a l l y .

Maximum a l l o w e d  u n b a la n c e  f o r  t h e  r o t o r  c o r e  was 8 o z - i n .  ( a t  a mean 

r a d i u s  o f  approx  8 . 0  i n . )  a t  e i t h e r  p l a n e  w i t h  t h e  p l a n e s  a bout  15 i n .  

a p a r t .  M a t e r i a l  can be removed a t  each end o f  t h e  r o t o r  c o r e  f o r  b a l a n c e  

c o r r e c t i o n .  A c tu a l  u n b a la n c e  a t  t h i s  s ta g e  was o n l y  2 o z - i n .

S e q u e n t i a l  b a l a n c e  o p e r a t i o n s  were n ec es s ary  f o r  t h e  f i n a l  r o t o r  assem bly .  

The c o m p l e t e  r o t o r  assembly  was b a lan c ed  w i t h  a l l  r o t a t i n g  p a r t s  e x c e p t  

t h e  b e a r i n g s .  The b e a r i n g s  were n o t  c o n s i d e r e d  p ro p e r  c l a s s  f o r  an a c c u r a t e  

b a l a n c i n g  o p e r a t i o n .  Wi th  t h e  i n s t a l l a t i o n  o f  c o i l s ,  b l o c k i n g ,  m a n i f o l d s ,  

and s l i p r i n g  a ssem bly ,  u n b a la n c e  was e xp ec ted  t o  i n c r e a s e  c o n s i d e r a b l y .

U sing  t h e  e x t r e m e  ends o f  t h e  w i n d i n g  s u p p o r t  r i n g s ,  w e i g h t s  were t o  be 

• a d d e d  f o r  b a l a n c e  a d j u s t m e n t .  B a l a n c e  w e ig h ts  a r e  c o p p e r ,  n o m i n a l l y  weigh  

280 gm, and a r e  a t t a c h e d  w i t h  two b o l t s .  M o d i f i c a t i o n  t o  t h e  b a l a n c e  w e ig h t  

was p e r m i t t e d  as long as b o l t  r e t e n t i o n  t o  t h e  s u p p o r t  r i n g  was n o t  i m p a i r e d .  

NOTE: B o l t s  a re  nev er  lo a d e d ,  as t h e  w e i g h ts  a r e  c e n t r i f u g a I  I y  loaded t o

t h e  r i n g  dur ing r o t a t i o n .
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As b e f o r e ,  t h e  b a l a n c e  o p e r a t i o n  was b i p l a n a r  w i t h  t h e  p la n e s  a p p r o x i ­

m a t e l y  2 7 . 5  i n .  a p a r t .  A l l o w a b l e  un b a la n ce  was 5 o z - i n .  (141 g m - i n . )  a t  a 

1 0 - i n . - r a d i u s . A f t e r  t h e  i n i t i a l  c o r r e c t i o n ,  t h e  assembly had t o  be i n s t a l l e d  

i n t o  a s p e c i a l  s p i n  t e s t  f i x t u r e  t o  s e a t  t h e  c o i l s  and b l o c k i n g  b e f o r e  t h e  

f i n a l  b a l a n c e  was p o s s i b l e .  The f i n a l  u n b a la n c e  was 0 . 5 0  o z - i n .  (15  g m - i n . )  

in t h e  upper p l a n e  and 0 . 7 5  o z - i n .  (22  g m - i n . )  in t h e  lower p l a n e .

SPIN TEST

The c o m p l e x i t y  and o n e - o f - a - k i n d  n a t u r e  o f  t h e  SC p r e c lu d e d  i t s  use f o r  

ove rs peed  t e s t i n g  o f  t h e  r o t o r  a f t e r  t h e  i n i t i a l  ass em bly .  The t e s t  o b j e c t i v e  

was t o  sp in  t h e  r o t o r  a t  o vers peed  (12 5  p e r c e n t  o f  r a t e d  speed)  t o  s e a t  t h e  

c o i l s  and b lo c k  i ng.

A s p e c i a l  t e s t  f i x t u r e  ( F i g u r e  8 - 1 )  was f a b r i c a t e d  t o  f a c i l i t a t e  use o f  

t h e  sp in  p i t .  T h i s  f i x t u r e  p e r m i t t e d  t h e  use o f  a c t u a l  b e a r i n g s  w h i l e  t h e  

r o t o r  was i n s t a l l e d  in t h e  des igned  v e r t i c a l  p o s i t i o n .  By t e s t i n g  in a vacuum,  

t h e  lack o f  a i r  f r i c t i o n  p e r m i t t e d  use o f  a smal l  7 -h p  a i r  t u r b i n e  motor  t o  

sp in  t h e  r o t o r  t o  a maximum speed o f  4370 rpm (speed  l i m i t a t i o n  was due t o  

t h e  t i m e  f o r  t h e  d r i v e  t u r b i n e  t o  a t t a i n  s pe ed ,  r e s u l t i n g  in e x c e s s i v e  b e a r i n g  

t e m p e r a t u r e s ) .  The o n l y  v a r i a n c e  between t e s t e d  des ig n  and f i n a l  des ig n  was 

t h e  use o f  t u r b i n e  o i l  i n s t e a d  o f  g r e a s e  f o r  b e a r i n g  l u b r i c a t i o n ,  because t h e  

g re as e  c o u ld  no t  w i t h s t a n d  s u s t a i n e d  o p e r a t i o n  in a vacuum.

At  t h e  end o f  t h i s  t e s t  t h e  t o t a l  r a d i a l  o u tw a rd  movement o f  t h e  c o i l  

ends was 0 . 0 9  i n .  T h i s  movement was t h e  r e s u l t  o f  i n s u l a t i o n  com pres sion  

between t h e  damper w i n d i n g s  and c o i l  e n d t u r n s ,  combined w i t h  a s l i g h t  r e s e a t ­

ing o f  t h e  e n d t u r n s ;  com pe nsa t i on  was made d u r i n g  t h e  f i n a l  b l o c k i n g .
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SECTION 9
ASSEMBLY DRAWINGS

T h is  s e c t io n c o n ta in s  th e  f o l low ing  synchronous condenser assembly

drawi ngs:

F i gure Drawi ng D e scr i p t io n

9-1 2000942 Synchronous condenser o u t l i n e  
drawi ng

9-2 2045175 S ta to r  c o i l  assembly

9-3 2045162 S ta to r  s ta c k  assembly

9-4 2045177 R o to r  c o i l  assembly

9-5 2045166 R o to r  c o re  assembly (2 pages)

94



Ixf
ooo

reH
 

- 
t 

n 
i--

--
--
--
--
-o
--
--
--
-





1

V

- -s - - - \
S~F? ■ „„

8̂ ^*' • "s
1 l' ̂ i < ■■ . ‘ r ^ 'v',-«V -\-KÂ — '
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.OZO inSULATON USED &CTWCE.N COILS. 
FORM CO--5 TO OltM ̂ NO TAKE iWTO 
ACCOUNT \NSULA.T\OKi BJvlO OP TO 
CSTWs, DCJOPES. O'M

®
detail FSCALE. • A/\

/\ WEIGHT Of CCMDUCTOR TO BE .483-095 LBS/pT
AT ANY S ECTIO N. NOM i N AL COPP>£S? M2EA 
TO IN 1 ANC NOMINAL HOLE
AZEA TO BE 0285 IN1 ẑ,.ft, ^ u- ©M iNYlAL OCDEC, V£S*’JC& MJST PA£>SDCA“H ,Tf=«iT AMO OEL'lER.

U(/£*c*i-1.-2,-s-i) SAKPlECOILS FOli A.tSSEAtCK EKQ.MEESiNa 
APPROVAL SEFOUC PBOCEEDiNCf’W'THPÔ MiNG OF COILS. OEOE'̂ EO. 
VENDOR will PfeOCueE. All. MATERIALS AND
|S RESPONSIBLE: FOR GuAuTY INCLOO.NG SUITABLE. CONDUCTOR
WAtZDHBSS ROC FOKMinG, COCEEC.T Dll-1 anD P^COF PCCSSoCBl. 
CALIBRATE WAT̂ R. FLOW/ TO OBTAIN \5i .cn5GPtH FLOW at IC'fGE0 
WTU A PeESSURE. OF iOS t 5 P*S»K̂ A CROSS COiL. TEV\ "5 TO BEL 
pg'ii cn AT Tithe. OF" CALIBRATION TO OBTAIN FU>N NOTED. XTSD'A. MAX. 
peessure.’ test finished part ®bboops\Gt.oou_ that BE 
RESTRAINED \H A FvXTlJRE TO PREVENT DEFOCMATONl.
final operation in coil manufacture, is to clean and
FLUSH COIL TO REMOVE CWIPS.BBADNG FLUX, SCALE, ETC 
USIN& WATCR.. FlTT'NCiSi SWAuL BE CAP SCALED TO 
PREVENT POST CONTAMINATION.

G NO OBSTRUCTlONi OF CONDUCTOR. HOLE PERMITTED AFTEJS ©RAZING.
5 braze fittings using alloy per am s‘♦771. vendor to provide 4 terminal-conductor

JOINT SAMPLES SAWED INTO SECTIONS FOR INSPECTION PER WBS-27, ITEM 4.3 (istcahac ocrtcrsb 
A. ALL SURFACES OF FORMED COvuS SWALw BE INSPECTED AnO 

ACTION TAKEN TO INSURE ,THAT NO BuEBS, SCALE., DAM AGED 
AREAS, DiPT OR OTHER CONTAMINATION AS2E PRESENT. FORMING,
CLEANING, AND ELPAlE METwCOS USED SHALL NOT LEAVE RESIDUES 
WHICH ARE inW L L R lC IN WATER.

3 FORMED COILS SHALL BE SQUARE,STRAIGHT AND UNIFORM IN TURN 
ALIGNMENT. WIPE TENSON SHALL BE CONTROLLED TO PROVIDEaoeqlate CORNER FORtH'NG WITHOUT stretching CONDUCTOR. CORNER
BUILDUP DUE to CONDUCTOR COMPRESSION shall b e CONTROLLED 
TO .003 INCREASE MAX BY IMPACT REDUCTION KINKS.BENDB/VAVE.5and buckling Shall be prevented.
TOOLING AND FORMING OF COILS MUST TAKE INTO ACCOUNT BUILDUP 
DUE TO TURN INSULATION TO INSURE OBTAINING PROPER COlL DIM.
DESIGN OF FORMING FIXTURES SHALL COMPENSATE FOR THIS 
BUILDUP STARTING AT THE t D. CONDUCTOR POSITION.
HOlLOVV COPPER CONDUCTOR PER DETAIL *F" ANACOnDA BORON 
DEOXIDIZED CORPEQ *109 OR EQUAL WITH 6-10 CZ/TON SILVER CONTENT.

NOTES: UNLESS OTHERWISE SPECIFIED

r i  gui
Rotor Coil Assembl'

111 3 20451 "70-1 PITTING. OUTLET
111 2 204 51 T9 -1 PITTING. INLET1|| | -5 COIL. SEE. NOTH NCl POS. FABRICATION /\\QTYREQO TEMNO. CODE DENT NO PART OR IDENTIFYING NO. NOMENCLATURE OR DESCRIPTION SYRZONE

-W-' ASSY SEE TA.B PARTS UST
A
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Fi gure 9-3. Assembly Drawing 20^5162, 

S ta to r  Stack Assembly

% SLOT Of ITEM 1 AS u . jOK." TO &e iuormaL to l-fc-l ® WITUIU TOLER-A-MCE. UOTED pOK. ASSEMEjLED WIDTH.
a PLOT'S AWDCIWGtS TO BE FREE OF BOWDI KIGr MATERIAL. 
. EiLIWG OR GRIUDIWG OF SLOTS WOT PERMITTED.

R after p o e t- cure, cool stack to r o o m  t e m p - 
®»M£CHtWE STACK O.D. TORQUE QJtUG tolTS TO 

40-BO l.b-pT. Op TORQUE.

I5-

IUSu L aTE AkJD B O M D  LaMIUATIOUS WITU C U R V s Le Q CYCLE-WELD k.l6a,0R 
EQUIVALekJT App. bv GA.RR.ETT EUG,,TO OBTAIN! TOTAL CURE COATIUG TUICKUES5 
Of ,000e>-.000-)s E A C H  9DE. BUlLoup CQATIUG IU T W O  STAGES,lUlTIAL IUSULATIUG 
.0005 MI U  E ACH SIDE, C U R E D  ,AUD T H E M  flkiAL BOUOlklG COAT AppLlED AUD 
C U R E D  ApTER STACk-lklG, p>ER MAVUUpACTUQE'S IUETRUCTIOUS, p L u S  
p O S T  C U R E  WIT U  I R O M  STABILISED AT 4-00* p fO R  OWE U O U R
BEFORE COATIWQ O R  STACKIWG, , I2.«=» I LBS O F  LAMIWATIOWS S H A L L  BE 
W E I G H E D - O U T  F O R  ASSEMBLY- V E W D O R  TO CERTIFY THAT THIS 
WEIGHT W A S  USED. IF WECESSARY T O  OBTAIW SPECIFIED CORE LEWGrTH 
UNDER FULL CLAMPIWG P R E S S U R E , U P  T O  IA P O U W D S  O F  
L A M I W A T I O W S  M A Y  B E  ADDED- V E W D O R  T O  C E R T I F Y  IROW 
WEIGHT OF A D D E D  LAMIWATIOIWS.
MEGGER TEST I T E M S  ROD, T O  F R A M E  AFTER INSTALLATION!
A M D  AFTER BONDING. RESISTANCE SHALL EXCEED loo WE6 OWVAS AT 5 0 0 VOC
M U ST BE STACKED O W  A  22.250 - 22.254 DlA M A W D R E L  A W D  W O R M A L  
-TO |-D- I WITHIVJ .005 . AKLV RELEASE COMPOUND TO ONE CLAMP RJNG-
WEIGHT OF FIWISHED ASS Y  TO BE RECORDED.
STACK ITEM 1 WITH BURRS ALL \W S AME DIRECTION.
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[i ’k| oo? : > -

;
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Figure 9-5. Assembly Drawing 2045166, 
Rotor Core Assembly (Page 2 of 2)
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