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FOREWORD 

The work descr ibed  i n  t h i s  r e p o r t  covers  t h e  des ign  and development of 
an a l t e r n a t o r  f o r  t h e  SNAP-8 Power Conversion System. The work f o r  t h e  
SNAP-8 power conversion system was accomplished i n  a j o i n t  e f f o r t  by General  
E l e c t r i c  Company and Aero j e t  -General Corporat ion.  Tlie work was performed 
under NASA Cont rac t  NAS 5-417. M r .  A .  W. Nice, of t h e  Space Power System 
Div i s ion ,  NASA-Lewis Research Cen te r ,  was p r o j e c t  coo rd ina to r ,  Martin J. 
S a a r i  NASA Program Manager and D r .  W. F. Banks a s  Program Manager f o r  Aero je t -  
General C o r p ~ r a t i o n  . 

iii 





This report describes the design philosophy, the mechanical and 
electrical design, and the development testing of an 80 KVA alternator 
driven by a mercury vapor turbine in the SNAP-8 mercury Rankine cycle. 
The alternator was designed using the latest technology compatible with 
high reliability, long life and good performance. Development tests on 
several alternators, including running time on one unit in excess of 
19,000 hours at design conditions, have verified the design concept and 
demonstrated endurance capabilities exceeding the original objectives. 
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Th~c repor t  covers the  design, development, f a b r i c a t i o n ,  a,nd t e s t i n g  of 

the a l ternator .  f o r  the  SNAP-8 Ra,nkine -cycle, nuc1ea.r space power system. The 

al ternatcjr  was developed t o  meet the  SNAP-8 power generat ing system requirements 

trilich included the  a b i l i t y  t o  sta ' r t  up and generaate 60 ktr of e l e c t r i c a l  power 

unattended i n  a, space environment f o r  10,000 hours, Thirty-f ive (35 )  kw would 

be ava i l ab le  t o  the system user .  

The a l t e r n a t o r  conf igura t ion se lec ted  t o  meet these  requirements was a 

s o l i d  pole, brushless,  homopolar inductor type operat ing a t  12,000 revolut ions  

per  minute (rpm) and producing 1201208 vol ts ,  3 phase a l t e r n a t i n g  cur ren t  

power, with a n  output frequency of 400 Hertz. The a l t e r n a t o r  i s  lubr ica ted  

and cooled by a poly-phenyl e the r  o i l .  Leakage of f l u i d  i n t o  t h e  r o t o r  cav i ty  

i s  prevented by a system of (screw) s e a l s  on e i t h e r  s ide  of the  bearings.  The 

e l e c t r i c a l  insu la t ion  system i s  an aromatic polyimide (ML) system coupled 

with an epoxy r e s i n  compound. Tne r e l i a b i l i t y  goa l  was 97.35% f o r  10,000 hours 

of continuous operat ion,  

During development of t h e  a l t e r n a t o r ,  design changes were made t o  improve 

e x c i t a t i o n  and e f f i c iency .  Rotor s l o t  depths were increased, t h e  frame and 

r o t o r  a r e a  were increased, and t h e  r o t o r  mate r i a l  was changed. The ne t  r e s u l t  

was a f i e l d  current  reduction from 25 t o  20 amperes and an  increase  i n  e f f i c iency  

from 86 t o  87.5 percent .  A high f i e l d  c o i l  hot  spot  temperature and high 

s t a t o r  end t u r n  temperature were two problems on t h e  e a r l y  u n i t s .  Reduction 

i n  these  temperature l e v e l s  was e f fec ted  by reduction of thermal r e s i s t a n c e  

f r o m  connector t o  conductor. 

Endurance t e s t s  of the  SNAP-8 tu rb ine -a l t e rna to r ,  i n  a breadboard system, 

were conducted t o  v e r i f y  conformance with s p e c i f i e d  requirements. Accumulated 

t e s t i n g  time with t h e  power conversion system was more than 11,200 hours and 

was achieved on a s i n g l e  u n i t .  The t e s t i n g  included numerous s t a r t  and s t o p  

t r a n s i e n t s  a s  wel l  a s  changes i n  loading and power f a c t o r  condit ions.  



The a l t e r n a t o r  t e s t s  revealed two other  problem a reas ;  a cooling jacket  

weld f a i l u r e  and a  v i s c o  s e a l  se izure  a t  tu rb ine  runaway condi t ions .  The f i r s t  

problem, due t o  an embr i t t l ed  weld j o i n t ,  was resolved by using a  more d u c t i l e  

weld f i l l e r  metal  and rewelding. The second problem was recognized a s  the  r e -  

s u l t  of opera t ing  the  a l t e r n a t o r  outside of the  normal design c a p a b i l i t y .  This 

problem would be resolved wi th  an improvement i n  bearing sp r ing  loading arrange- 

ment, reducing t h e  tendency of the  bearings t o  unload a t  speeds s i g n i f i c a n t l y  

above 12,000 rpm. 

The a l t e r n a t o r  design was s t a r t e d  i n  June 1963, and t en  a l t e r n a t o r s  

were produced a s  of August 1966. One a l t e r n a t o r  was an experimental develop- 

ment model, four  were a  pre-prototype vers ion ,  and f i v e  were prototype u n i t s  

which were developed a s  described i n  t h i s  r e p o r t .  

The SNAP-8 a l t e r n a t o r  has adequately demonstrated. compliance with the  

s p e c i f i c a t i o n  requirements and has v e r i f i e d  i t s  c a p a b i l i t y  t o  operate 

r e l i a b l y  f o r  more than 10,000 hours of continuous operat ion.  



1, IIV!l"RODUCTION 

SEAP-8 i s  a 35 kw n u c l e a r - e l e c t r i c  power conversion system f o r  use i n  a 

space e n v i r o n ~ e n t  . The system ope ra t e s  on a mercury Xankine -cyc l e  us ing  

e u t e c t i c  sodium-potassium mixture ( N ~ K )  and mercury a s  t h e  working f l u i d s .  The 

power conversion system i s  be ing  developed by Aerojet-General  Corporation f o r  

t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion ,  The nuc lea r  r e a c t o r  i s  being 

developed f o r  t he  Atomic Energy Commission by Atomics I n t e r n a t i o n a l .  

The power conversion system ( ~ i ~ u r e  1 )  u ses  mercury a s  a working f l u i d  

and i s  coupled t o  t h e  r e a c t o r  coo l ing  loop by a b o i l e r  i n  which the  mercury i s  

vaporized.  The vapor d r i v e s  a t u r b i n e  - a l t e r n a t o r  assembly which develops t h e  

e l e c t r i c a l  ou tput  of t h e  system, The mercury vapor l eav ing  t h e  t u r b i n e  e n t e r s  t h e  

condenser ,  i s  l i q u i f i e d ,  and then  r e tu rned  by way of t h e  mercury pump t o  complete 

i t s  cyc le .  Condenser coo l ing  i s  provided by a h e a t  r e j e c t i o n  NaK loop which 

couples  t h e  condenser and space r a d i a t o r .  Lubricat ion i s  provided by an organic  

working f l u i d  (polyphenyl e t h e r  ) t o  t h e  bear ings  i n  t h e  t u r b i n e  - a l t e r n a t o r  assembly 

and t h e  mercury pump-motor assembly, Cooling i s  provided f o r  t h e  a l t e r n a t o r ,  

pumps, and e l e c t r i c a l  c o n t r o l s .  The organic  loop f l u i d  i s  pump d r iven  and has i t s  

own h e a t - r e j e c t i o n  r a d i a t o r ,  

The a l t e r n a t o r  d i scussed  i n  t h i s  r e p o r t  has been developed t o  supply 8 0  KVA 

a t  power f a c t o r s  between u n i t y  and 0.75 lagging.  The a l t e r n a t o r  i s  a s o l i d  p o l e ,  

b r u s h l e s s ,  homopolar i nduc to r  type  ope ra t ing  a t  12,000 r e v o l u t i o n s  per  minute and 

producing 120/208 v o l t s ,  3 phase a l t e r n a t i n g  c u r r e n t  power w i t h  an  output  f requency 

of 400 Hertz .  Leakage of l u b r i c a n t  coo lan t  f l u i d  i n t o  t h e  r o t o r  c a v i t y  i s  prevented 

by a system of screw s e a l s  on e i t h e r  s i d e  of t h e  bear ings .  

The e l e c t r i c a l  i n s u l a t i o n  system i s  an aromatic polyimide coupled w i t h  an  

epoxy r e s i n  conrpound. The a l t e r n a t o r  mechanical and e l e c t r i c a l  design development 

c h a r a c t e r i s t i c s  a r e  d iscussed  and evaluated f o r  c o m p a t i b i l i t y  wi th  design p e r f o r -  

mance requirements  f o r  unat tended continuous opera t ion  i n  a space system. Develop- 

ment t e s t s  and endurance t e s t s  were conducted on components and on t h e  complete 

assembly i n  t h e  power conversion system t e s t  f a c i l i t y  i n  excess  of 10,000 hours t o  

v e r i f y  t he  a l t e r n a t o r  des ign  r e l i a b i l i t y  and endurance c a p a b i l i t y  f o r  use i n  the  

SNAP-8 power gene ra t ing  system, 



Figure 1. SNAP-8 System Schematic 



II, DL - 3 SGN AND DEVELOPPENT 

A, DESIGN PHILOSOPHY 

The major requirement  of a 11 components i n  t he  SNAP-8 system 

was the  i b i l i t y  t o  opera te  a t  des ign  cond i t i ons  i n  a  space environment un- 

atxended "or a  pe r iod  of a t  l e a s t  10,000 hours .  S e l e c t i n g  a n  a , l t e rna to r  was 

a cho ic t  of one of t h e  va r ious  s o l i d  r o t o r  b rush le s s  types  o r  a  s a l i e n t  p o l e  

r o t a t i n g  r e c x i f i e r  u n i t .  

One of t h e  a r e a s  of concern wi th  t h e  convent iona l  wound r o t o r  

genera tor  was t h e  p o s s i b i l i t y  of windings s h o r t i n g  o r  grounding due t o  dynamic 

s t r e s s e s .  

The homopolar inductor  genera tor  was s e l e c t e d  f o r  development 

r a t h e r  t han  o the r  s o l i d  r o t o r  gene ra to r s  because of t h e  s t r u c t u r a l  advantages.  

An e f f o r t  was made t o  accomplish t h e  design changes on t h e  f i r s t  f o u r  a l t e r n a t o r s .  

The f i f t h  and a l l  subsequent u n i t s  had a l l  of t h e  changes and improvements 

incorpora ted  and were def ined  a s  "prototype" u n i t s .  



The e l t e r n a t o r  ( ~ i ~ u r e  2 )  used i n  the  power conversion systen; was designed 

f o r  compliance with the SNAP-8 requirements and t h e  a l t e r n a t o r  spec i f i ca t ion  

requirements ( ~ e f e ~ e n c e  1 and 2 )  which a r e  summarized i n  %ble I. Conventional 

b a l l  bearings were se lec ted  as t h e  bearing media with a s l i n g e r  d i sc  type backed up 

by a screw s e a l  t o  minimize leakage and pi-event lubr ican t  coolant f l u i d  from e n t e r -  

ing  t h e  r o t o r  cavity.  

The insu la t ion  system i s  producible by conventional manufacturing methods, 

compatible with polyphenyl e the r  o i l  ( ~ i x - 4 ~ 3 ~ ) ,  and provides adequate d i e l e c t r i c  

s t r eng th ,  along with low thermal r es i s t ance  between conductor and coolant .  The 

insu la t ion  system should not break down while operat ing i n  a low vapor pressure 

or  when exposed t o  the spec i f i ed  nuclear r a d i a t i o n  environment  able I and Reference 3 

remain r e l a t i v e l y  f r e e  from outgassing. 

The electromagnetic design minimizes magnetic bearing fo rces  and r o t o r  

pole  face losses ,  while t h e  thermal design meets the  l i f e  and r e l i a b i l i t y  

requirements with a low pressure  drop cooling system. 

The r e l i a . b i l i t y  of the  a l t e r n a t o r  i s  spec i f i ed  a t  97.35 percent  i n  order 

t o  meet the  requirement of a 10,000 hour mission l i f e .  The turbine  and a l t e r n a t o r  

a r e  bolted together a t  a comon flange and t h e  power i s  t ransmit ted  through a f l e x i b l e  

q u i l l  d r ive  sha f t .  The f l e x i b l e  q u i l l  dr ive  s h a f t  i s  spec i f i ed  t o  minimize the  sp l ine  

loading and reac t ion  fo rces  on the  bearings. The a l t e r n a t o r  housing and e l e c t r i c a l  

connections are  hermetical ly sea led .  
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Figure 2. SNAP-8 Turbine Alternator Assembly 



E l e c t r i c a l  -- 
o u t ~  (,. .... .60 rcw 

...... Power f a c t o r  0.75 lagging t o  unity 
Voltage. .  ... .120/208 rms 
Phases. .  ... .3 phase, 4 wire 
Frequency ..... .400 Hz 

...... Speed 12,000 RF'M 
Duty. .... . lo ,  000 hours continuous unatt  
B r  ushle s s 
Sol id  r o t o r  
Harmonic content  l e s s  than 7% 
Voltage unbalance l e s s  than 1% 
Voltage modulation l e s s  than 1% 
Eff ic iency ..... .87$ a t  f u l l  load,  r a t e  and cooling 

...... Exci ta t ion  l e s s  than 22 amps and 52 v o l t s  
Short c i r c u i t . .  ... .2 PU cur ren t  f o r  5 seconds 
Radio  noise......^^^-1-26600 
Open c i r c u i t  time constant .  .... . l e s s  than 0.60 second 

Mechanical 
Flexible  q u i l l  d r ive  s h a f t  and coupling s p l i n e  
Ba l l  bearings and scavenging system - o 
Organic vapor i n  a l t e r n a t o r  c a v i t y  
Bearing l i f e  ...... 100,000 hours with 99. 
Helium l e a k  r a t e . .  ... .2 x 10-7 cc/sec. o r  l e s s  .... Overspeed Capabi l i ty .  .18,000 RPM 
Counterclockwise r o t a t i o n  

Cooling 
Cooling f l u i d .  .... .Shel l  Mix 4 ~ 3 ~  - polyphenyl e t h e r  
Flow r a t e .  .... ,2000 lb /h r  maximum (1600 lb /h r  Frame, 400 lb /h r  bearings 

a n d s e a l s  + 

...... I n l e t  pressure  20 p s i a  - 1 p s i a  .... .210°F + OOF 

0 
e.. . . . .500 F 

Winding ho t  spot  temperature..  ... . 392O~ maximum during steady s t a t e  operat ion 
except 180' bus r i n g  t o  be 4 1 0 ~ ~  max. 

Winding ho t  spot  temperature..  ... .480°F max. during t r a n s i e n t  operat ion 
f o r  5 seconds 

0 
Bearing temperatures . . . , . .3 OOOF maximum during steady s t a t e  operat ion 
Bearing temperatures . . . . . .5  00 F maximum during t r a n s i e n t  operat ion 

R e l i a b i l i t y . .  ... .97.35$ f o r  10,000 hours 
Environment 

Transportat ion shock. .... .4 g ' s 
Transportat ion v i b r a t i o n . . , . . . 2  - 1 0  Hz @ 0.4 inch DA displacement 

1 0  - 500 @ 2 g peak 
Launch Shock . . . . . . 35  g ' s  i n  th ree  d i rec t ions  
Vibrat ion ..... .16-100 Hz @ 6 g; 100-180 Hz @ 0.0118 in .  DA displacement 

180-2000 Hz @ 19  g peak 
Acoustic noise ...... 148 db Re 0.0002 micro bar  
Accelerat ion. .  ... ,3, 4.5,  and 7 g ' s  i n  various d i rec t ions  

12 
Nuclear Radiation ......5 x 1 0  nvt f a s t  neutrons 7 and 1 0  rads gamma t o t a l  dosage 
Explosion proof 



i ', ELECTI?ICAL DESIGN 

The a l t e r n a t o r  i s  a b rush le s s  s o l i d  r o t o r  genera tor  of t h e  

liomopola,r inductor  type  wi th  a r a d i a l  a i r  gap. F igure  3 shows the  e l e c t r o -  

-:n,gnetics The f i e l d  c o i l ,  which produces the  d i r e c t  c u r r e n t  working f l u x ,  i s  

pos i t i oned  between two i d e n t i c a l  s e t s  of laminated co res ,  The e l e c t r o -  

. i j g ~ : e t i c  c ~ r c u i t ,  shown w i t h i n  t h e  dashed l i n e s ,  c o n s i s t s  of t h e  frame, which 

surrounds t h e  core  and f i e l d  c o i l ,  t h e  core s e c t i o n s ,  the  r a d i a l  a i r  gaps ,  t he  

s o l i d  r o t o r  p o l e s  and t h e  hub of t he  r o t o r .  As t h e  r o t o r  r o t a t e s ,  t h e  l i n e s  

of f l u x  f low through a p a t h  of vary ing  pe rmeab i l i t y  r e s u l t i n g  i n  a, p u l s a t i n g  

f l u x  a c r o s s  t h e  armature conductors t h u s ,  producing a vol tage  i n  t hese  

conductors  . 
The s t a t o r  c o n s i s t s  of two 3.3 inch  long laminated core  assembl ies  

having a t o r o i d a l  f i e l d  c o i l  between them and assembled i n  a common frame bore.  

The 0.014 inch  t h i c k  lamina t ions  a r e  made of 3.25 pe rcen t  s i l i c o n  cold r o l l e d  

e l e c t r i c a l  s t e e l  (AISI Type 1'-19). Each of t h e  laminated co res  was assembled, 

welded a t  t h e  ou te r  d iameter ,  and bonded w i t h  an  epoxy r e s i n .  This con f igu ra t ion  

was s e l e c t e d  t o  p reven t  f l a r e  a,nd v i b r a t i o n  of t h e  t e e t h  i n  t h e  end punchings. 

The s t a t o r  co re  ou t s ide  diameter i s  10.375 inches,  The output  windings, made of 

h a i r p i n  formed r e c t a n g u l a r  copper conductors ,  were i n s e r t e d  i n t o  the  s l o t t e d  co res  

from one end and connected by welded j o i n t s  a t  t h e  o ther  end. 

A two c i r c u i t  des ign  was chosen t o  minimize the  r a d i a l  bea r ing  

f o r c e s  r e s u l t i n g  from p o s s i b l e  e c c e n t r i c i t y  between r o t o r  and s t a t o r .  Af t e r  

connect ions were made, t h e  wound s t a t o r  c o r e s  and f i e l d  c o i l  were assembled i n t o  

a frame made of low carbon s t e e l  tubing.  The f i e l d  c o i l  was designed t o  f i t  

between ;the s t a t o r  c o r e s  w i th  t h e  same ou t s ide  diameter ,  thus  achiev ing  t h e  

r e l i a b i l i t y  and s i m p l i c i t y  a s s o c i a t e d  wi th  one p i ece  s t a t o r  housing cons t ruc t ion .  

The r o t o r  was machined from an  AISI 4620 s t e e l  f o r g i n g  t o  provide 

good s t r e n g t h  a.nd magnetic m a t e r i a l  p r o p e r t i e s ,  S l o t s  were machined circum- 

f e r e n t i a , l l y  i n  t h e  r o t o r  po le s  t o  reduce pole  face  l o s s e s ,  The r o t o r  p o l e s  

overhang t h e  s t a t o r  c o r e s  a x i a l l y  a t  both ends t o  decrease the  magnetic f o r c e s  on 

t h e  bear ings .  



r FIELD CURRENT DENSITY ~ ~ O O , A M P S / I N . ~  

FRAME 
FRAME FLUX DENSITY < 86.6 K L / I N . ~  

STATOR POLE DENSITY 
102 K L / I N . ~  

ROTOR YOKE DENSITY 
102 K L / I N . ~  

d ROTOR 

FLUX'AND CURRENT DENSITY AT 80 KVA, 0,75 POWER FACTOR 

ARM CONDUCTOR AREA - 0.025675 IN 
FIELD CONDUCTOR AREA - 0.00407 IN.' 
ARM CURRENT/CONDUCTOR - 111.0 AMPS 
FIELD CURRENT/CONDUCTOR - 20.0 AMPS 

CONDUCTORS 

Figure 3. Al ternator  Electromagnet ics 



The s t a t o r  punchings are  p a r t i a l l y  closed s l o t s  t o  reduce the  

pole face losses  caused by f l u x  pulsht ions  i n  the  a i r  gap. The r e l a t i v e l y  

l a rge  r a d i a l  a i r  gap (0.060 inch)  decreases the  r a d i a l  bearing forces  caused 

by e c c e n t r i c f t y  of the  r o t o r  and s t a t o r ,  and the  pole face  l o s s e s  t o  a low 

A f u r t h e r  e f f e c t  of the  Sarge a i r  gap i s  the  need f o r  a high 

magnetic p o t e n t i a l  between r o t o r  and sta, tor ,  leading t o  considerable leakage 

f l u x  i n  the  region between the  r o t o r  poles.  This f l u x  i s  l imi ted  by contour- 

ing  the  r o t o r  between t h e  four  machined poles  p ro jec t ing  from the  hub i n  order 

t o  increase the  e f f e c t i v e  depth of the  r o t o r  s l o t  opposite the s t a t o r  cores.  

The ca lcula ted  f l u x  and cur ren t  d e n s i t i e s  a t  r a t e d  condit ions a r e  shown i n  

Figure 3. 

1, Design Concepts 

The insu la t ion  system was designed t o  meet the  r e l i a b i l i t y  

and l i f e  requirements encountered i n  space nuclear environment . The primary 

requirements were a s  fol lows:  

. Operation i n  a nuclear r a d i a t i o n  of 5 x 1012 nvt 

f a s t  neutrons and lo7 rads  g a m a  t o t a l  dosage. 

Operation i n  a low vapor pressure.  

Exposure t o  a polyphenyl-ether synthet ic  type o i l  

i n  the  a l t e r n a t o r  cavi ty .  

The preceding requirements a s  w e l l  a s  temperature, l i f e ,  cooling,  

space and p r o d u c i b i l i t y  led  t o  t h e  se lec t ion  of the following basic system: 

S l o t  insula t ion:  0.0105 aromatic polyimide impregnated 0 

and coated g lass  c lo th .  

Conductors : Heavy coated aromatic polyimide insu la ted  * 

OFHC copper. 

S l o t  phase insu la t ion :  0.016 s i l i cone  -glass lamina,te . 



@ Top s t i c k s :  Aromatic Polyimide 

e Winding impregnation: Thin, c l e a r ,  u n f i l l e d  epoxy 

Novalac r e  s  i n  compound. 

Pot t ing  compound: Black, f i l l e d ,  t 'nixotropic epoxy 

Novalac r e s i n  compound. 

Lead cable:  Glass bra id ,  reinforced mica insula ted  OFHC 

copper stranded cable.  

Tapes and sleeving : Heat cleaned f i b e r g l a s s  . 
2. 

a. Jo in t  Insula t ions  

Contamination of t h e  a l t e r n a t o r  c a v i t y  and poss ib le  

r e s u l t i n g  change i n  vapor pressure a t  vacuum operat ion through "out-gassing" 

of adhesive i n  j o i n t  insu la t ion  tapes ,  was considered a disadvantage i n  the 

j o i n t  insu la t ion  system speci f ied .  This system cons i s t s  of three  thicknesses 

(wraps) of 0.0065 inch s i l i c o n e -  g lass  thermosett ing adhesive tape wi th  an 

over-wrap of three  thicknesses 0.005 inch untreated g lass  tape. 

A program was i n i t i a t e d  t o  inves t iga te  o ther  j o i n t  

i n s u l a t i o n  systems and e s t a b l i s h  by weight l o s s  measurements a t  accelera ted  

operat ing temperatures the comparative performance, Seven systems t e s t e d  i n -  

cluded a combination of such mater ia ls  a s  desized g lass  tapes  over ML-glass 

c l o t h  and sleeving,  Du Pont "H" Film and s i l i c o n e  t r e a t e d  g lass  adhesive tape. 

From these  t e s t s ,  it was concluded t h a t  the  system f i r s t  speci f ied  was the  

most s t a b l e  and would r e s u l t  i n  l e a s t  "out-gassing" e f f e c t s ,  

b. Ef fec t s  of Cooling Fluid 

The f l u i d  se lec ted  f o r  a l t e r n a t o r  cooling was a 

polyphenyl e t h e r  ( s h e l l  4 ~ 3 ~ ) ~  Hot f l u i d  or vapors contact ing conductors and 

insu la t ion  m a t e r i a l  during a l t e r n a t o r  operation could r e s u l t  i n  damage by 

corrosion and chemical attacl.;, Data on the  compat ib i l i ty  of 4 ~ 3 ~  f l u i d  with 

mater ia ls  se lec ted  f o r  use i n  the  a l t e r n a t o r  were not ava i l ab le  and a program 



xas i n i t i a t e d  t o  obta in  da ta  t o  assure  t h a t  the  ma te r i a l s  would not be adverse ly  

a f f e c t e d ,  The primary concern i n  the  use of 4 ~ 3 ~  a s  a coolant  f l u i d  was com- 

p a t i b i l i t y  wi th  a l t e r n a t o r  ma te r i a l s  and d i e l e c t r i c  e f f e c t  i n  the  a l t e r n a t o r  

cavi ty .  Tes ts  conducted e a r l y  i n  t h e  program, simula,ting condit ions a,nd time 

contemplated i n  the  machine, e s t ab l i shed  t h a t  hot o i l  had no d e t e r i o r a t i n g  

e f f e c t  on the  i n s u l a t i n g  and conductor ma te r i a l s  se lec ted  f o r  use i n  the  

a l t e r n a t o r .  The combination e f f e c t s  of o i l  mis t ,  low vapor pressure  and 

r a d i a t i o n  on a i r  d i e l e c t r i c  were considered. It was pos tu la ted  t h a t  because 

of the  low voltage l e v e l s  the  n e t  e f f e c t  would not produce corona or  e f f e c t s  

de t r in ien ta l  t o  the  r e l i a b i l i t y  of the  a l t e r n a t o r .  These conclusions were 

confirmed by i n s u l a t i o n  t e s t s  conducted a t  the  Georgia Nuclear Laboratories ,  

c .  Materials  Se lec t ion  

Requirements considered of primary importance 

and t h e  m a t e r i a l  se l ec ted  t o  s a t i s f y  these  requirements a r e  described below. 

A d e t a i l e d  desc r ip t ion  of conductors and i n s u l a t i o n  f o r  a l l  components of the  

a l t e r n a t o r  i s  shown i n  Tables I1 and 111. 

Twenty-six insu la ted  conductors and i n s u l a t i n g  

mate r i a l s  i n  simple combination, (see Tables I1 & III), spec i f i ed  f o r  use i n  

the  a l t e r n a t o r ,  were s tudied  i n  hot  f l u i d  and vapor a t  temperatures of 392' 

and 572'~ f o r  per iods  up t o  4,000 hours. These t e s t s  demonstrated t h a t  a l l  

riiaterials spec i f i ed  f o r  use i n  t h e  a l t e r n a t o r  were compatible with hot  

polyphenyl e t h e r  f l u i d  ( 4 ~ 3 ~ ) .  

d. Environmental 

(1 )  Al ternator  Environment 

A system t e s t  program was i n i t i a t e d  which 

involved s e v e r a l  s p e c i f i c  ma te r i a l s  adapted f o r  use i n  the  a l t e r n a t o r .  The 

t e s t  program involved const ruct ion  of two " s t a t o r e t t e s  , " b u i l t  from a l t e r n a t o r  

s t a t o r  cores and f i e l d s ,  and evaluated i n  simulated SNAP-8 environments a t  the  

Georgia Nuclear Laboratories ,  Dawsonville, Georgia, The spec i f i ed  nuclear 
7 r a d i a t i o n  environment of 5 x 1012 nvt f a s t  neutrons and 10 rads  gamma t o t a l  

dosage would damage mate r i a l s  such a s  the  fluorocarbons ( ~ e f  lon,  Viton) c m o n l y  

used i n  lead  wire ,  s e a l  cons t ruct ions .  A s tudy of avai lable  da ta  revealed mate r i a l s  

of the  s i l i c o n e ,  epoxide and polyimide chemical f ami l i e s  were not s i g n i f i c a n t l y  a f fec ted  



Ta.ble 11. A l t e r n a t o r  F i e l d  I n s u l a t i o n s  and Conductor Ma.teria,ls and Processes 

--.--- 
MATERIAL DESCRIP'I'ION SOCihCE OF SUPPLY - 

G. E .  Co. Mfg's 
Size Type, Composition Spec. Designation Commercial Source 

1. C o i l  Box Inner 0.0055" Aromatic Polyimideim- A50CD227C EI  DuPont Co., 1\30. 6507-08355 
pregnated and coated F a i r f  i e l d ,  Conn . 
f i b e r  g l a s s  c l o t h  

2. .Box corner  f i l l  0 . 0 2 6 ~ ~  d i a .  Untreated g l a s s  cord A 4 ~ 1 ~ 2  Owens -Corning Fiber  - EC9-20 
g l a s s  Corporation 

3. Box s i d e  l e a d  86~226289 S i l i cone  -g lass  AlgB22Al General  E l e c t r i c  Co. N O .  11556 
I n s u l a t i o n  Tube Laminate Coshocton, Ohio Textol i i  

Plus - Aromatic Polyimide A50CD307A Bentley Har r i s  iWg. SH 963 PKL 
No. U coated f i b e r  g l a s s  Co., Conshohocken, Pa. 

Bentley Har r i s  Mfg. BH 963 ML 
Co., Conshohocken, Pa. 

Plus - 
No. 9 

Aromatic Polyimide A50CD307A 
coated f i b e r  g l a s s  

0.0720" d i a .  General E l e c t r i c  Co., HML, 
SAC Wire Sec t ion ,  
Schenectady, New York 

4, Conductor Heavy coated aromatic B50CD117E 
polyimide i n s u l a t e d  
round OFHC copper 

Thin,  c l e a r ,  u n f i l l e d  ~5 0 ~ ~ 2 4 0 A  
epoxy Novolac r e s i n  
compound 

General E l e c t r i c  Co. , 
DCM&G Dept . , Er ie  , Pa. 

5 .  C o i l  box l i n e r  
cement 

Compound 

Black, f i l l e d  t h i x o -  A 5 0 ~ ~ 2 4 1 A  
t r o p i c  epoxy Novolac 
r e s i n  compound 

General  Elect r ic :  Co., 
DCM&G Dep t . , E r i e  , Fa. 

6. Conductor bond Compound 

Aromatic polyinide  A50CD227C 
impregnated and coated 
f i b e r  g l a s s  c l o t h  

Glass b r a i d ,  r e in forced  ~ 5 0 ~ ~ 1 8 0 A 1 2  
mica i n s u l a t e d  OFHC 
copper s t randed cable  

E I  DuPont Co. , N O .  6507-0055 
F a i r f  i e l d  , Conn. 

7. I n s u l a t i o n  between 
c o i l  0 D and 
copper band 

Rockbestos Wire & Cable 'l Mica -Temp1' 
Co., New Haven, Conn. 

8. Lead cable  - 
power lead 

12 AWG 



Table 111. A l t e r n a t o r  Armature I n s u l a t i o n s  and Conductor Mate r ia l s  and Processes  

MATERIAL DESCRIPTION 

G.E.Co. 
Component S ize  Type, Composition Spec. 

-- ---- .a-- - .--.- 
SOUR~E' OF' SUPPLY -- -"" - - - --.-- 

Mfg ' s. 
Commercial Saurce - Designation 

S l o t  i n s u l a t i o n  0.0105 l i  Aromatic polyimj.de i m -  A50CD227E 
pregnated and coated f i b e r  
g l a s s  c l o t h  

EI ~ u - ~ o r n t  C O . ,  NO.  6508-0105 
F a i r f i e l d ,  Conn. 

E I  DuPont Co., 
General E l e c t r i c  Co. , im1L 
SAC-Wire Sec t ion  
Schenectady, N. Y. 

0 .12511x 0.212" Heavy coated aromat ic  poly-  ~ 5 0 ~ ~ 1 1 6 ~  
imide i n s u l a t e d  rec t .  OFHC 
copper 

Conduct or  

General E l e c t r i c  Co., NO. 11556 

Coshocton, Ohio l i lextoli te 
0.016 S i l i c o n e  -g lass  laminate AlgB22Al S l o t  phase i n s u l a -  

t i o n  

0.020" S i l i cone-g lass  laminate AlgB22Al 
3 p e r  end 

I n s u l a t i o n  end 
punchings 

General  E l e c t r i c  Ce., No, 1;5;6 
Coshocton, Ohio T e x t o l i t e  

36A227152 Aromatic pol  yimide A50CD337A 
0.032" t h i c k  

Top - s t i c k s  E I  DuPont Co., Polymer SP 
Wilmingt on, Delaware 

Coi l  s ide  end t u r n  
phase i n s u l a t i o n  

3 AWG Heat cleaned f i b e r  g l a s s  A ~ O C D ~ ~ A  
s l e  e ving 

Bentley H a r r i s  Mf'g. Co., BH S p e c i a l  
Conshohocken, Pa. Treated 

7. Coi l  top-to-bottom 0.0105" 
end t u r n  phase i n -  
s u l a t i o n  

Aromatic polyimide i m -  A50CD227E 
pregnated and coated 
g l a s s  c l o t h  

EI  DuPont Co., NO.  6508-0105 
F a i r f  i e l d ,  Conn. 

8. Lead Cable - 8 AWG 
power l eads  , ( 3  pe r  phase ) 

Glass b r a i d ,  r e in forced  ~ 5 0 ~ ~ 1 8 0 A 8  
mica i n s u l a t e d  OFHC 

Rockbestos Wire & Cable *Mica-Teinp 
Co., New Haven, Conn. 

9. Lead and phase 0 .0065" 
j o i n t  i n s u l a t i o n  ( 3  l a y e r s  ) 

Pressure  s e n s i t i v e  A23B5A3 
thermoset t ing s i l i c o n e  
adhesive coated g l a s s  
c l o t h  t ape  

Heat cleaned f i b e r  g l a s s  A50CD305A 
woven tape  

Minnesota Mining and Scotch 
H g .  Co. , Irvington,  Ill. No. 59 

Flus - 0.005" 
( 3  l a y e r s )  

Hess, Goldsmith & Co., 
New York, N. Y. 



Table 111- A l t e r n a t o r  Armature I n s u l a t i o n s  and Conductor Mate r ia l s  and Processes 

- 
MATERIAL DESCRIPTION SOURCE OF SUPPLY 

G.E . Co. Nfg1 s. 
Component Size  Type, Composition Spec. CommerciaL Source Designation - 

10 .  I n t e r - c o i l  j o i n t  3/8" d i a .  Heat cleaned f i b e r  A50CD76A Bentley Har r i s  Mf'g. Co. bEj, Spe , :~  J 
i n s u l a t i o n  g l a s s  s l eev ing  Consliohocken, Pa. Treated 

Plus - 
Compound 

11. Winding impregna- Compound 
t i o n  

12.  I n s u l a t i o n  end Compound 
punching cement 

13.  F i l l  between Compound 
s t a t o r  core 
s e c t i o n s  

14 .  Reinforcement t o  0.007" 
i tem NO.  13  

15.  Bus conductors 0.080 x .500 

6 .  BUS i n s u l a t i o n  0.0105 " 

17, Tapes and Sleeving plus  - 
0.005" 

i. 
( 3  l a y e r s )  

18. h a d  cable  - 12 AWG 
phase e q u a l i z e r -  (one p e r  
l e a d s  phase ) 

Black, f i l l e d  t h i x o -  A50~~24l .A 
t r o p i c  epoxy Novolac 
r e s i n  compound 

Thin, c l e a r ,  u n f i l l e d  A 5 0 ~ ~ 2 4 0 A  
epoxy Novolac r e s i n  
compound 

Thin, c l e a r ,  u n f i l l e d  A 5 0 ~ ~ 2 8 4 A  
epoxy Novolac r e s i n  
compound 

Black, f i l l e d  t h i x o -  A50~~242.A 
t r o p i c  epoxy Novolac 
r e s i n  compound 

k n o  weave, h e a t  ~ 5 0 ~ ~ 2 8 6 A  
cleaned g l a s s  c l o t h  
tape ( 3  l a y e r s )  

Heavy coated aroniatic ~ 5 0 C ~ 1 1 6 E  
poly imide i n s u l a t e d  

OFHC copper 

Aromatic polyimide i m -  A50CD227E 
pregnated and coated 
g l a s s  c l o t h  

Heat cleaned f i b e r  A50CD305A 
g l a s s  t ape  

Glass bra id ,  r e i n -  ~5 O C ~  OA12 
f o r c e d  mica insil.lated 
OFHC copper s t randed  
Cable 

General E l e c t r i c  Co., 
DCM&G Dept . , E r i e  , Pa. 

General E l e c t r i c  Co. 
DCM&G Dep t . , E r i e ,  Pa, 

General  E l e c t r i c  Co. , 
DCM&G Dept.,  E r i e ,  Pa. 

General E l e c t r i c  Co. , 
DCM&G Dept.,  E r i e ,  Pa. 

Columbia E l e c t r i c  Tape 
& Mfg. Co. - Phi lade lph ia ,  
Pa. 

E I  DuPont Co., General  E l e c t r i c  HML 

EI DuPont Co., 6508-0105 
F a i r f  i e l d  , Conn . 

Hess, Goldsmith & Co. 

Rockbestos Wire & Mi. ca - Temp 
Cable Co,, New Bven ,  
Conn. 



by t h i s  dosage l e v e l .  Du Pont "ML" polyimide r e s i n s  showed sa , t i s fac tory  to lerance  

8 >c,o l e v e l s  of 1.85 x 10 rads ,  a  dosage which exceeded t h e  requirements. 

The two completed " s t a t o r e t t e s "  simulated a  

wound a l t e r n a t o r  s t a t o r  and f i e l d ,  sect ioned a x i a l l y  a t  the  cen te r ,  (see 

Figure 4 ) .  Since the  insu la t ion  system t e s t  r e s u l t s  indica,ted no fa, i lures or 

f a i l u r e  modes, it was concluded t h a t  t h e  a l t e r n a t o r  insu la t ion  system would 

provide r e l i a b l e  performance i n  SNAP-8 enviro  rments . 
(2 

A vapor pressure ,  i n  the  range of 0.05 t o  

8 .0  mm Hg (equivalent  t o  100,000 t o  250,000 f t .  a l t i t u d e ) ,  i s  expected i n  the  

a l t e r n a t o r  cav i ty .  This range i s  c r i t i c a l  with respect  t o  a i r  d i e l e c t r i c  

breakdown. Although a l l  voltage operat ing condit ions a re  expected t o  be be low 

t h e  t h e o r e t i c a l  d i e l e c t r i c  breakdown leve l ,  it was concluded mate r i a l s  having 

good res i s t ance  t o  corona, and impregnating mate r i a l s  and processes providing 

s o l i d  f i l l  t o  t h e  windings should be 

r l t e r n a t o r  . The polyimide and epoxy n  of c o i l s  

and insu la t ions  s a t i s f i e d  these  requirem 

e .  

p r o d u c i b i l i t y  a r e  presented below. 

(1)  F ie ld  Coil  

An annular f i e l d  c o i l ,  posi t ioned between 

t h e  s t a t o r  cores ( ~ i g u r e  5 )  was se lec ted  t o  provide the  necessary e l e c t r o -  

magnetic and thermal performance. Heat t r a n s f e r ,  c o i l  bond, and insulat5on 

r e l i a b i l i t y  were considered of primary importance f o r  design of the c o i l .  An 

epoxy bonded double-coil  wound i n t o  a  double cav i ty  copper annular bobbin was 

se lec ted  f o r  t h e  f i e l d  c o i l  winding. The construction fea tured winding each c o i l  

s ide  from the bobbin bottom, with a  we l l  insula ted  jo in t  a t  the center  bottom of 

the  bobbin, i n  order t o  minimize crossovers and bulky jo in t s  a t  the c o i l  outside 

diameter . 







Ma'terials s e l e c t e d  f o r  t h e  f i e l d  windings 

included f a b r i c a t e d  insu la , t ion  of two th i cknesses  of 0.0055 inch  Du Pont "ML" 

impregnated and coated g l a s s  c l o t h  cemented t o  t h e  box s i d e s  and bottom w i t h  

Novolac epoxy. The co rne r s  of t h e  box were i n s u l a t e d  wi th  t h r e e  wraps of 

0.026 i n c h  untrea,ted gla,ss cord s a t u r a t e d  wi th  Novolac epoxy compound. The 

i n s u l a t e d  box was d i e l e c t r i c  inspec ted  p r i o r  t o  winding. The c o i l s  were 

"wet wound" us ing  Rovolac epoxy compound, t o  minimize voids i n  t h e  system. 

The c o i l  ou t s ide  diameter  was completed by placement of two l a y e r s  of 0.0055 inch  

g l a s s  c l o t h  h p r e g n a t e d  around t h e  c o i l  p r i o r  t o  a p p l i c a t i o n  of t h e  copper/solder 

hea t  t r a n s f e r  s t r u c t u r e .  

In-process  d i e l e c t r i c  t e s t s  a t  l e v e l s  

s u b s t a n t i a l l y  h igher  than  conducted on convent iona l  r o t a t i n g  machines were 

conducted on t h e  f i e l d  winding f o r  t h e  fo l lowing  reasons:  t h e  winding was 

f i n a l l y  pos i t i oned  "behind" armature c o i l s ,  and "buried" t o  t h e  e x t e n t  t h a t  

r e p a i r  of a  f a u l t  would r e q u i r e  removing a l l  armature c o i l s .  

(2)  Armature 

The a l t e r n a t o r  e lectromagnet ic  des ign  

r equ i r ed  a double -core cons t ruc t ion  of square -bottom, semi-closed s l o t  conf i g u r -  

a t i o n  wi th  a h igh  copper f i l l ,  which provided e f f i c i e n t  e lec t romagnet ic  performance 

and e f f e c t i v e  h e a t  t r a n s f e r .  

The semi-closed s l o t  (see F igure  4) and h igh  

f i l l  f a c t o r ,  which r equ i r ed  one t u r n  pe r  s l o t  per  phase ( i . e . ,  2 conductor pe r  s l o t )  

d i c t a t e d  use  of a  r ec t angu la r  conductor i n s e r t e d  from t h e  core end i n  c o n t r a s t  t o  

t h e  more convent iona l  i n s e r t i o n  from t h e  bore .  The ML impregnated and coated g l a s s  

c l o t h ,  having smooth su r f ace  and semi- r ig id  f e a t u r e s  conformed w e l l  i n  t h e  s l o t ,  

and o f f e r e d  i d e a l  p r o p e r t i e s  pe rmi t t i ng  conductors t o  be s l i pped  i n t o  t h e  i n s u l a t e d  

s l o t  wi thout  d i s p l a c i n g  the  s l o t  l i n e r .  The smooth t e x t u r e  of HML enameled 

r ec t angu la r  ccnductors  was a l s o  an a i d  t o  i n s e r t i o n .  

S l o t  phase sepa ra t ion  (see F igure  4 )  f o r  t h e  two- 

conductor p e r  s l o t  des ign  i s  accomplished by anchoring a  s t r i p  of 0.016 inch  

s i l i c o n e  -g l a s s  laminate  t o  one end of t h e  bottom conductor wi th  s i l i c o n e  cement. 



'r'ne cemei;, i,, washed out i n  a cleaning process p r i o r  t o  impregnation of the  windings. 

The phase separa tors  a r e  pos i t ioned on t h e  conductors p r i o r  t o  i n s e r t i o n  and then 

inse r t ed  v i t h  the armature c o i l  assembly. The thickness f o r  separa,tion wa.s se lec ted  

t o  provide adequate margin f o r  insu la t ions  r e l i a b i l i t y ,  p a r t i c u l a r l y  f o r  operat ion 

2 t  the expected low a l t e r n a t o r  c a v i t y  pressures .  

End t u r n  phase insula.tions axe provided through 

use of a wrap-around of 0.0105 inch (ML-glass) posi t ioned between the  involute  of 

the  armature c o i l  and the  extensions of the  s l o t  l i n e r s .  Coi l  s ide  phase insu la t ions  

a r e  accomplished by use of 0.020 inch w a l l  unt rea ted  braided-glass s leeving,  

pos i t ioned on frog-legged c o i l s  p r i o r  t o  inse r t ion .  The s leeving provided s u f f i c i e n t  

separa t ion  between the  c o i l  s i d e s ,  and i s  l a t e r  impregnated with epoxy t o  provide 

added d i e l e c t r i c  and c o i l  support.  

A roof-shaped t o p s t i c k  was machined from 

Polymer SP. This m a t e r i a l  i s  of polyimide chemical base and o f f e r s  e s s e n t i a l l y  

the  same p r o p e r t i e s  a s  t h e  ML family i n  a moldable s o l i d  form. Topsticks f ab r i ca ted  

from t h i s  m a t e r i a l  provide high s t r eng th  and ease of i n s e r t i o n  without damaging s l o t  

l i n e r s  o r  conductors, p r imar i ly  due t o  t h e  ma te r i a l ' s  low c o e f f i c i e n t  of f r i c t i o n .  

Armature winding and insu la t ion  mechanical 

support,  environmental p ro tec t ion  and corona res i s t ance  a r e  achieved by vacuum 

impregnation with Novolac epoxy va rn i sh  compound, The vacuum process i s  applied 

t o  the  windings a f t e r  attachment of t h e  phase connections and bus bar  assemblies. 

Va,cuum processing i s  e s s e n t i a l  t o  assure compound f i l l  i n  the  s l o t s  and s a t u r a t i o n  

of the  unt rea ted  g l a s s  t apes  and sleeving.  

The v i s c o s i t y  of Novalac i s  extremely high a t  

room temperature. Therefore, impregnation required preheat  of the  windings and 

the  compound t o  a temperature ( 1 0 0 ~ ~ )  t h a t  reduced v i s c o s i t y  but  d id  not a c t i v a t e  

the r e s i n  ( t h i s  tenrperature was es t ab l i shed  a t  2 1 2 " ~ ) .  



(3) Between Core St ructure  

To provide environmental protec t ion and 

mechanical support,  the  volume between the core s t ruc tu re  a,nd conductors i s  

f i l l e d  with a trowelable Novolac epoxy compound. The space between folded s l o t  

l i n e r s  and the bore i s  f i l l e d  with a  laminated g l a s s ,  f ab r ica ted  i n  place by wet 

l a y  up of three  l ayers  0.006 inch leno weave g lass  c l o t h  and epoxy. 

(4)  Connections 

Sol id  connections a re  achieved by using T I G  

welding and oxygen f r e e  high conductivi ty copper. Oxygen f r e e ,  high conduct iv i ty  

copper i s  used f o r  a l l  f l e x i b l e  lead cables,  bus bars ,  and f i e l d  c o i l  conductors. 

The i n t e r c o i l  connections a re  protec ted  with a  s h o r t  sec t ion of untreated g l a s s  

sleeving posi t ioned over t h e  j o i n t ,  then f i l l e d  with an epoxy compound t o  provide 

a  bond. A l l  other  j o i n t s  and j o i n t  areas  a re  insula ted  by a  double tape comprised 

of th ree  thicknesses 0.0065 inch s i l icone-glass  adhesive tape over the j o i n t  p lus  

th ree  l ayers  of 0.005 inch de-sized g lass  tape.  The tapes provided a  s t rong 

d i e l e c t r i c  jo in t .  

The phase connections, a s  shown i n  Figure 6, 

consis ted  of a  bus bar  arrangement Lo provide numerous cross-overs 

and rou t ing  of the  phase windings. The bars are  posi t ioned together t o  save 

space. Insula t ion i s  provided by placing a s t r i p  of 0.0105 inch ( M L - ~ ~ ~ s s )  on t h e  

bar a t  adjacent  bus bar s ides .  Each insu la t ion  s t r i p  i s  taped i n  place and then 

the  composite bars  are  a l s o  taped together with de-sized 0.005 inch tape .  

Insula t ion and winding q u a l i t y  i s  assured 

by d i e l e c t r i c  inspect ion of the  sheet  insu la t ions  before use,  inspect ion of 

windings a f t e r  insu la t ion  of c o i l s ,  and inspection a t  subsequent process s tages  

where insu la t ions  could be a f fec ted .  
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V. MECIUNICAL DESIGN 

A thermal  a n a l y s i s  of t h e  alternator was performed dur ing  t h e  

desip;n phase and t h e  r e s u l t i n g  thermal  map i s  shown i n  Figure 7. The a l t e r -  

na to r  i s  cooled and l u b r i c a t e d  by t h e  polyphenyl e t h e r  s y n t h e t i c  o i l  ( 4 ~ 3 ~ ) .  

The windings a r e  cooled by in t roduc ing  t h e  o i l  i n t o  t h e  frame and  pas s ing  it 

through a x i a l  s l o t s  i n  t h e  frame o u t e r  diameter  ( s e e  F igure  8) .  Pre l iminary  

i n v e s t i g a t i o n s  revea led  t h a t  a laminar  f1or.r regime was r equ i r ed  t o  l i m i t  t h e  

thermal  r e s i s t a n c e  of t h e  o i l  and  t o  keep t h e  p re s su re  drop low. The l a r g e  

a r e a  r equ i r ed  w i t h  a laminar  flow system w a s  ob ta ined  by machining 192 s l o t s  

(0.05 by 0.375 i n .  ) t h e  f u l l  l e n g t h  of t h e  s t a t o r  core .  The frame was d iv ided  

i n t o  8 p a t h s  of 2 4  s l o t s  each. A shroud covered t h e  frame o u t s i d e  d iameter  

and provided a header  a t  each end of t h e  s l o t s .  B a r r i e r s  i n  t h e  header  d i r e c t  

t h e  f l o ~ r  i n t o  p rope r  pa ths .  

Heat f lows i n t o  t h e  frame from t h e  s t a t o r  core  and t h e  f i e l d  

c o i l .  Heat f lows  from t h e  f i e l d  c o i l  t o  t h e  copper enc losure  of  t h e  c o i l  end 

then  t o  t h e  frame and o i l .  The f i e l d  c o i l  w i t h i n  t h e  frame was designed t o  

ensure low thermal  r e s i s t a n c e  con tac t  under ope ra t ing  cond i t i ons  wi th  a vacuum 

i n  t h e  gene ra to r  c a v i t y .  

S t a t o r  core  and armature copper l o s s e s  f low through the  s t a t o r  

co re s  t o  t h e  frame and o i l .  The s t a t o r  core  i s  assembled wi th  a n  i n t e r f e r e n c e  

fit t o  minimize c o n t a c t  r e s i s t a n c e .  Some r o t o r  p o l e  f a c e  l o s s e s  a r e  r a d i a t e d  

t o  t h e  s t a t o r ,  t h e n  pas s  through t h e  s t a t o r  core  and frame t o  t h e  o i l .  The 

remaining r o t o r  l o s s e s  and some r a d i a t i o n  l o s s e s  from t h e  end t u r n s  t o  t h e  

end s h i e l d s  a r e  removed by t h e  bea r ing  l u b r i c a t i o n  o i l .  The bea r ing  and  

l u b r i c a t i g n  system was designed t o  remove h e a t  from t h e  s h a f t  ends and t o  

t r a n s f e r  hea t  genera ted  by t h e  s e a l s  and bear ings .  

The connect ions and l e a d s  a r e  cooled by conduction through t h e  

conductors t o  t h e  s t a t o r  core  and t h e  genera tor  t e rmina l s  and by r a d i a t i o n  t o  

t h e  frame and end s h i e l d s ,  Convection cool ing  i s  e l imina ted  by t h e  vacuum i n  

t h e  gene ra to r  r o t o r  c a v i t y .  
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Figure 8. Alternator Schematic 





B. BEMUXIGS AND SEALS 

1. Bearings 

The angu la r  con tac t  b a l l  bea r ing  was s e l e c t e d  a s  t h e  b e s t  

type  f o r  h igh  speed ope ra t ion ,  long l iTe ,  and wi th  h igh  r e l i a b i l i t y  ( s e e  

F igu re  8 ) .  This  type  provides  a maximum b a l l  complement f o r  increased  bea r ing  

l o a d  c a p a c i t y  and h igh  r a d i a l  s t i f f n e s s ,  and permi ts  t h e  use of a one-piece, 

l i g h t  weight b a l l  s e p a r a t o r .  The low, nonthrus t  shoulder  i s  on t h e  i n n e r  r i n g  

and t h e  s e p a r a t o r  i s  p i l o t e d  on bo th  lands  of t h e  o u t e r  r i ng .  This conf igura-  

t i o n  provides  a f u l l  wid th  r a d i a l  i n t e r f a c e  a t  t h e  o u t e r  r i n g  f o r  t h e  o i l  

s l i n g e r s ,  and  precluded t h e  b a l l s  approaching t h e  low shoulder  a t  h igh  speed.  

With a x i a l  p re load ,  t h e  bea r ing  i s  designed t o  ope ra t e  without  i n t e r n a l  loose-  

ness ,  t hus  a i d i n g  r o t o r  assembly dynamic balance and c l o s e  running c l ea rances  

f o r  t h e  dynamic s l i n g e r s .  

A 200 s e r i e s  bea r ing  was s e l e c t e d  t o  ensure adequate  r i n g  

s e c t i o n s  f o r  minimun d i s t o r t i o n  dur ing  assembly and ope ra t ion .  The 208 s i z e  

(40 mm bore)  l i g h t  s e r i e s ,  angu la r  con tac t  b a l l  bea r ing  provides  maximum l o a d  

capac i ty ,  a more r i g i d  s h a f t  f o r  h i g h  r o t o r  c r i t i c a l  speed, and a  conserva t ive  

d r i v e  s p l i n e  s i z e .  The e a r l y  u n i t s  used bear ings  wi th  r ings  and b a l l s  made 

from consumable e l e c t r o d e  vacuum s i n g l e  melt  (C .E.v.M. ) M50 s t e e l .  The p ro to -  

t y p e  a l t e r n a t o r s  have bear ings  of t r i p l e  C.E.V.M. M50 s t e e l .  

The a l t e r n a t o r  r o t o r  i s  s t r a d d l e  mounted between t h e  two 

double s p r i n g  loaded bear ings  i n  a back-to-back arrangement, i . e .  wi th  con tac t  

ang le s  d ive rg ing  toward s h a f t  a x i s .  The d u a l  s p r i n g  loading  arrangement 

permi ts  equal  t h r u s t  c a p a b i l i t y  i n  e i t h e r  d i r e c t i o n .  

The bear ings  a r e  l u b r i c a t e d  and cooled by f o u r  o i l  j e t s  

spraying  on t h e  i n n e r  r i ng .  The bear ing  c a v i t y  i s  scavenged t o  prevent  t h e  

bear ings  from running f looded.  The bear ing  bores  i n  each end s h i e l d  a r e  

ground i n  one se tup  when t h e  end s h i e l d s  a r e  assembled t o  t h e  frame, -t;hus 

a s s u r i n g  a l ignmento  The end s h i e l d s  a r e  s i z e d  f o r  a n  i n t e r f e r e n c e  f i t  w i t h  

t h e  main s t a t o r  frame and doweled f o r  angu la r  l oca t ion ,  t o  maintain al ignment .  



The fo l lowing  types  of loads were considered du r ing  

bea r ing  a n a l y s i s  : 

Rotor weight when i n  ground ope ra t ion ,  

Res idua l  unbalance f o r c e s  . 
Magnetic f o r c e s .  

Axia l  loads  t r ansmi t t ed  through the  s p l i n e  coupl ing .  

Maximum shocli, l oad  dur ing  launch. 

The bea r ing  a n a l y s i s  w a s  conserva t ive  s i n c e  al lowances were not  made f o r  t h e  

fo l lowing  f a c t o r s :  

Increase  i n  l i f e  due t o  t h e  l u b r i c a n t ,  polyphenyl e t h e r ,  

Use of a  t r i p l e  vacuum melt M-50 s t e e l .  

Increase  i n  l i f e  due t o  l a c k  of a  good f i t  of a c t u a l  bear -  

i ng  f a i l u r e s  t o  t h e  Weibull  d i s t r i b u t i o n  i n  t h e  h igh  

r e l i a b i l i t y  range.  

Sea ls  

The s e a l  system ( ~ e f e r e n c e  4 )  used i n  t h e  a l t e r n a t o r  t o  

provide  l u b r i c a t i n g  and coo l ing  o i l  containment was a p l a i n  s l i n g e r  t ype  which 

was coupled wi th  a screw s e a l  r e t u r n  type.  Both a r e  non-contacting and  o f f e r  

zero  leakage. 

These s e a l s  were unique f o r  c e r t a i n  ope ra t ing  cond i t i ons  

a s  it was p o s s i b l e  t o  tnai-ntain a s t a b l e  l iqu id- to-vapor  i n t e r f a c e  on t h e  ro t a -  

t i n g  p a r t s ,  and thus  l i m i t i n g  leakage t o  t h e  evapora t ion  l o s s  from t h e  l i q u i d -  

to-vapor  i n t e r f a c e .  Leakage i n  both  types  of s e a l s  was minimized p r i m a r i l y  

by t h e  i n t r o d u c t i o n  of e x t e r n a l  f o r c e s  on the  leakage f l u i d .  The s l i n g e r  s e a l ,  

s e e  F igu re  9, a c t s  a s  a  c e n t r i f u g a l  s epa ra to r .  Since t h e  p re s su re  on both 

s i d e s  of t h e  s l i n g e r  i s  t h e  vapor p re s su re  of t h e  s a t u r a t e d  l i q u i d ,  t h e  s l i n g e r  

s e a l s  a g a i n s t  a low p res su re  d i f f e r e n t i a l .  I t s  main func t ion  i s  t hen  t o  form 

a s t a b l e  i n t e r f a c e  between t.he vapor and t h e  l i q u i d ,  and t o  pump t h e  l i q u i d  

up t o  t h e  r e t u r n  l i n e  p re s su re .  





The screw s e a l s  f u n c t i o n  i s  t o  r e t u r n  drops of f l u i d  

escaping Prorn t h e  s l i n g e r / l i y u i d  i n t t r f a c e ,  back t o  t h e  i n t e r f a c e .  A rec-  

t a n g u l a r  t h r e a d  form was chosen f o r  t h e  f inal .  design p ro to type  machines 

because of i t s  h ighe r  pumping e f f i c i e n c y  over  t h e  t r i a n g u l a r  t h reads  used on 

t h e  e a r l i e r  machines. 

C .  LUBRICATION 

The bear ings  a r e  l u b r i c a t e d  by m u l t i p l e - j e t  i n j e c t i o n  of t h e  o i l  

d i r e c t e d  a t  a n  a n g l e  betiseen t h e  a t o r  and t h e  inne r f ace .  Scavenging 

s l i n g e r s ,  on bo th  s i d e s  of t h e  b , ensure nonflooding opera 

r e t u r n  t h e  l u b r i c a n t  t o  t h e  s u c t i o n  s i d e  of t h e  lub r i can t - coo la  

Lubr i ca t ion  of a l l  t h e  bea r ing  elements,  maximum bear ing  through 

e f f e c t i v e  coo l ing  were a c h i e v  y i n j e c t i n g  t h e  l u b r i c a n t  from t h e  low, non- 

t h r u s t  shoulder  of t h e  b e a r i n  The des ign  f low f o r  each bea r ing  and s l i n g e r  

i s  200 pounds p e r  hour; 55$ o e t o t a l  i n l e t  l u b r i  -flow i s  d i r e c t e d  a t  

t h e  bear ings ;  and  4576 at  t h e  inboard s l i n g e r ,  t o  d i  t e  h e a t  generated i n  

t h e  a l t e r n a t o r  r o t o r  which c t e d  a long  t h e  r t o  t h e  s l i n g e r  ( s e e  

F igure  1 0 ) .  

A 0.040 inch  diam ozz le  w a s  s e l e c t e d ,  based on a  maximum 

diameter  t o  minimize c logging  a 1 provide  a n  adequate j e t  v e l o c i t y  of 

o i l  a t  t h e  des ign  flow. 

D .  ROTOR AND F W  DESIGN 

Rotor 

The r o t o r ,  s e e  F igu re  11, i s  rnade from a n  AISI 4620 

fo rg ing  t o  provide  good s t r e n g t h  and magnetic p r o p e r t i e s .  S l o t s  a r e  machined 

i n  t h e  r o t o r  t o  reduce p o l e  f a c e  l o s s e s .  The r o t o r  po le s  overhang t h e  s t a t o r  

co re s  a x i a l l y ,  a t  both ends, t o  reduce t h e  magnetic f o r c e s  on the  bear ings  

produced by misalignment. 
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2. Frame and End Shie lds  

The frame w a s  designed a s  a one-piece s t r a i g h t  c y l i n d e r  

~ \ ~ h i c h  pe rmi t t ed  s t r a i g h t  forward machining f o r  t h e  coo l ing  passages,  and a l s o  

achieved t h e  r e l i a b i l i t y  and s i m p l i c i t y  a s s o c i a t e d  w i t h  one-piece construct i .on.  

The frame I s  composed of a KY-80 a l l o y  s t e e l - f o r g e d  f l ange  

vie3ded t o  a low-carbon, seamless s t e e l  p ipe  frame s h e l l .  This provides  t h e  

necessary  s t r e n g t h  i n  t h e  t runn ion  support  a r e a  and s u i t a b l e  magnetic p r o p e r t i e s  

i n  t h e  frame. 

The coo l ing  passages (192 s l o t s ,  0.05 by 0.375 i n . )  a r e  

machined a x i a l l y  a long  t h e  o u t e r  su r f ace  of t h e  frame. These passages a r e  

a g a i n  d iv ided  i n t o  8 pa ths  of 24 s l o t s  each ( ~ i ~ u r e  10). A shroud covers  t h e  

frame and provides  a header  a t  each end of t h e  s l o t s .  

The end s h i e l d s  a r e  composites of Inconel  X forged hubs 

welded t o  304 s t a i n l e s s  s t e e l  f l a n g e s .  Each s h i e l d  i s  nonmagnetic; t h e  hub 

m a t e r i a l  c o e f f i c i e n t  of thermal  expansion matches t h a t  of t h e  bear ing  and 

s h a f t .  The s h i e l d s  a l s o  provide  t h e  bear ing  and s e a l  suppor ts ,  t u r b i n e  bear-  

i n g  housing i n t e r f a c e ,  and a l l  passages f o r  t h e  coo l ing  o i l .  



V I  , ALTERNATOR DEmLOmNT 

One exper imenta l  a l t e r n a t o r ,  f o u r  prepro to type  a l t e r n a t o r s  and f i v e  

p ro to type  a l t e r n a t o r s  were produced dur ing  t h i s  development p e r i o d .  Pro to type  

a l t e r n a t o r s  d i f f e r  from t h e  prepro to types  i n  t h e  des ign  of  t h e  t runn ion  mounts, 

t e rmina l s ,  i n s t rumen ta t ion  and housing s e a l  system. I n  add i t i on ,  t hey  have 

improved performance as a r e s u l t  of e lec t romagnet ic  des ign  changes made dur ing  

t h e  prepro to type  development phase. Following acceptance t e s t s ,  s e v e r a l  of 

t h e  u n i t s  were t e s t e d  a s  p a r t  o f  a t u r b i n e - a l t e r n a t o r  assembly i n  t h e  SNAP-8 

sys  tern. Endurance t e s t s  were a l s o  conducted on a s l r ~ l e  u n i t  f o r  ove r  l 9 , O O O  

hours .  

A. FABRICATION AND PEFiFORMANCE REQUI-NTS 

1. R e l i a b i l i t y  

The a l t e r n a t o r  r e l i a b i l i t y  was e s t a b l i s h e d  a t  97.35 

percent  f o r  a 10,000-hour mission w i t h  a r e l i a b i l i t y  apportionment as shown 

i n  Table I V .  The f a i l u r e  r a t e  f o r  t h e  components t o  meet t h e  r equ i r ed  a l t e r -  

n a t o r  r e l i a b i l i t y  i s  equiva len t  t o  a mean t ime between f a i l u r e  (MTBF) of 

3r(3,000 hours  o r  a f a i l u r e  r a t e  of 2.68 p e r  m i l l i o n  hours .  

2 .  E l e c t r i c a l  

Tes t ing  of t h e  e a r l y  u n i t s  revea led  two a r e a s  where 

improvements were requi red ;  e f f i c i e n c y  and e x c i t a t i o n .  

An a n a l y s i s  revea led  t h a t  t h e  a i r  gap (0.060 i n . )  

r e s u l t e d  i n  a l a r g e  magnet-motive fo rce ,  caus ing  excess ive  f l u x  t o  pas s  

between t h e  r o t o r  and s t a t o r  i n  t h e  reg ion  between r o t o r  po le s .  This  leakage 

f l u x  tends  t o  s a t u r a t e  t h e  r o t o r  and frame, t hus  decreas ing  t h e  induced v o l t -  

age .  Add i t iona l  f l u x  i s  requi red  t o  genera te  r a t e d  vol tage  which, i n  t u r n ,  

i nc reases  t h e  t o t a l  s a t u r a t i o n  i n  t h e  r o t o r  and frame. Design changes were 

made t o  c o r r e c t  t h i s  problem- The r o t o r  was contoured between t h e  rot.or 

p o l e s  t o  i nc rease  t h e  l e n g t h  of f l u x  pa th  from t h e  s t a t o r  t o  t h e  i n t e r - p o l e  

region,  t hus  reducing t h e  leakage f l u x .  The frame was made t h i c k e r  and t h e  

r o t o r  hub diameter  was increased  t o  accommodate more f l u x  without s a t u r a t i o n .  



Table I V .  SNAP-8 Component R e l i a b i l i t y  Apportionment 

I i n  S t a t o r  Windings 
Sza tor  Leads 
S t a t o r  Terminals 
DC F i e l d  Winding 
F i e l d  Leads 
F i e l d  Terminals 
Thermocouples 

T o t a l  E l e c t r i c a l  

Mechanical 

Frame 
End Shie ld  DE 
End Sh ie ld  ADE 
S t a t o r  Core 
Inner Sha f t  
Rotor and Sha f t  
S e a l  Rings 
Dynamic Sea l s  
Assembly 
Hermetic Terminals 
Bearings 

T o t a l  Mechanical 

T o t a l  A l t e rna to r  

MTBF 

Quan t i ty  

3 
4 
4 
1 
2 
1 
3 

373,000 hours 



The r o t o r  m a t e r i a l  was changed from AISI 4130 t o  P.ISI 4620, t h e  1.a.tter having 

s u p e r i o r  magnetic p r o p e r t i e s .  The r e s u l t  was a r educ t ion  of f i e l d  cu r r en t  

from 25 amperes t o  l e s s  t han  20 amperes, which decreased t h e  f i e l d  power by 

110 pe rcen t  and dropped t h e  f i e l d  c o i l  ho t  spot  temperature approximately 8G°F. 

The e f f i c i e n c y  of  the p ro to type  a l t e r n a t o r s  (87.5 pe rcen t )  i s  1-1/2 percent  

h ighe r  t han  t h e  average of t h e  e a r l y  u n i t s .  A s  a r e s u l t  of t h e s e  changes, 

t h e  p ro to type  u n i t s  meet a l l  e l e c t r i c a l  requirements,  i nc lud ing  e f f i c i e n c y  

and e x c i t a t i o n  l i m i t s  ( s e e  Table v ) .  

3  Thermal ( Hot Spot Temperatures) 

Tes t  r e s u l t s  of t h e  f i r s t  f o u r  a l t e r n a t o r s  i nd ica t ed  two 

problem a r e a s  : 

F i e l d  c o i l  ho t  spo t  temperature exceeded hot  
spot  a l lowable  temperature of  3 5 2 ' ~  

S t a t o r  connect ion wire  exceeded hot  spo t  
a l lowable  temperature of 3 9 2 ' ~  

A r e v i e ~ r  i n d i c a t e d  t h a t  t h e  f i e l d  c o i l s  were not  being 

cons t ruc t ed  i n  accordance wi th  t h e  des ign  requirements,  r e s u l t i n g  i n  a d e c r i -  

mental h e a t  t r a n s f e r  condi t ion .  This  was co r r ec t ed  and v e r i f i e d  p r i o r  t o  

assembly of t h e  gene ra to r  by conducting a f i e l d  c o i l  thermal  r e s i s t a n c e  t e s t  

i n  a  t e s t  frame w i t h  r a t e d  cool ing .  Based on t h e  r e s u l t s  of t h i s  t e s t ,  i t  was 

p o s s i b l e  t o  p r e d i c t  t h e  a c t u a l  f i e l d  c o i l  temperature when t h e  completed 

gene ra to r  w a s  t e s t e d .  

The second problem concerned a  s t a t o r  winding hot  spot  

temperature o f  437O~,  compared w i t h  t h e  s p e c i f i c a t i o n  l i m i t  of 392OF. De ta i l ed  

a n a l y s i s  and t e s t  i n d i c a t e d  t h a t  most of t h e  temperature r i s e  was i n  t he  con- 

duc to r  j o in ing  t h e  bus b a r  t o  t h e  winding, and i n  t he  f l e x i b l e  l e a d  jo in ing  

t h e  bus b a r  t o  t h e  t e rmina l .  The a r e a  of t h e  f l e x i b l e  l e a d  was doubled, and 

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

Tes t s  on t h e  s t a t o r  p r i o r  t o  assembly of t h e  t h i r d  

completed u n i t  v e r i f i e d  t h e  a n a l y s i s .  Based on t h e  thermal  r e s i s t a n c e  t e s t ,  

t h e  end t u r n  temperature was p red ic t ed  t o  be 3 7 h 0 ~ ,  and t h e  s t a t o r  winding 



Table V. Al ternator  Design Changes 

No. 1 No. 2 
Variable 

0veral.l e f f i c iency  @ 80 KVA, 
0.75 FT ( s e e  Figure 12) 87*7%* 87.57; 87.5% 

F i e l d  Coi l  Hot Spot @ 
80 KVA, 0.75 PF 3 5 2 O ~  324OF 3b°F  

End ?urn Hot Spot ( s t a t o r )  392'~ 406'~ 4 3 7 - O ~  

Exci ta t ion Current i n  Amps 
Self  Excited 21.35% 19.6 19-85 

E l e c t r i c a l  
Losses without regula- 
t o r  (KW) 10 .l* 

Exci ta t ion Voltage ( vol ts)  
(a )  With Regulator 48.7 43-3 43.8 
( b )  Without Regulator 48.6 41.9 42.2 

Mechanical 
(a)  Rotor Material  (AISI) 4,130 4,620 4,620 
( b )  S lo t ted  No Yes Yes 
( c )  Contoured No Yes Yes 
(d )  Flux Yoke, Thicker No Yes Yes 

F i e ld  Coil  
( a )  Single Heat Path 
(b )  Double Heat Path 
( c )  Lower Thermal Resistance 

No No 
Yes Yes 
Yes Yes 

Leakage Rate CC/HR ( ~ o a l )  
(a)  ADE Inboard 0.02 0  .86 0-37 
(b )  ADE Outboard 0.02 0  .OO 0  .OO 
( c )  DE Inboard 0.02 0.31 0.29 
(d)  DE Outboard 0  -02 1.70 2.81 

Sl inger  
(a)  Radial 0.010 0.017 0  ,017 
( b )  Axial Clearance o -020-0 -048 0  .018 0  .ox8 
( c )  Teflon Coating No Yes Yes 

Screw Seal  - Inboard 
Teflon Coated No 

Screw Seal  - Outboard 
Teflon Coated No 
Seal  Weld Yes 

Yes Yes 

Yes Yes 
No No 

Bearings Vacuum Melt Tr iple  Triple 

Weight i n  Pounds 330 (goal)  446 446 

No. 3 

4,620 
Yes 
Yes 
Yes 

No 
Yes 
Yes 

0.017 
o ,018 
Yes 

Yes 

Yes 
No 

. Triple  

446 

"At  80 KVA and 0.75 PF 



180 degree bus b a r  t o  be 418'~. Subsequently,  t h e  s t a t o r  wound thcrmal  

r e s i s t a n c e  t e s t  w a s  conducted on each s t a t o r  p r i o r  t o  assembly of t h e  gene ra to r .  

The change i n  l e a d  a r e a  was incorpora ted  a s  a des ign  improvement on t h e  p ro to -  

type  a l t e r n a t o r s .  

!+ . Cooling and Lubr ica t ion  

Bearing and s e a l  l o s s e s  a r e  approxima.tely 2500 watts and 

pole  f a c e  l o s s e s  approximately 750 w a t t s .  Tes t s  i n d i c a t e d  t h a t  r o t o r  po le  
0 

?aces were a t  approximately 550 F f u l l  load .  Heat i s  removed from t h e  s h a f t  

by o i l  f lowing  over  t h e  s l i n g e r s  and t h e  bear ings .  The remaining r o t o r  l o s s e s  

and some r a d i a t i o n  l o s s e s  from t h e  end t u r n s  t o  t h e  end s h i e l d s  a r e  removed by 

t h e  bea r ing  lube  o i l .  

During development t e s t i n g ,  o i l  i n l e t  temperature w a s  

c o n t r o l l e d  a t  2 0 5 ' ~  t o  t h e  a l t e r n a t o r  and t h e  f low w a s  s e t  a t  2.84 g a l l o n s  

p e r  minute t o  t h e  a l t e r n a t o r  s t a t o r  cool ing  c i r c u i t .  The s teady  s t a t e ,  

measured p r e s s u r e  drop w a s  13.6 p s i  and compares t o  t h e  s p e c i f i e d  maximum of 

14.0 p s i .  

Regarding t h e  bea r ing  l u b r i c a t i o n  and temperature l e v e l s ,  

t h e r e  were no bea r ing  problems, and t h e  bear ing  temperatures  were moderately 

above t h e  incoming o i l  temperature.  Typica l  bea r ing  temperatures  measured 

dur ing  acceptance t e s t s  a r e  shown i n  Table V l .  I n  t h e  prototype a l t e r n a t o r s ,  

t h e  thermocouples were p o t t e d  i n  d r i l l e d  ho le s  extending approximately 0.068 

inch  from t h e  bea r ing  bore,  i n  each end s h i e l d  a t  t h e  bear ing  l o c a t i o n .  The 

thermocouple j unc t ion  was i n s u l a t e d  so  t h a t  t h e  thermocouple was ungrounded. 

The pro to type  u n i t s  u t i l i z e d  a f l o a t i n g  thermocouple y e l l  

t o  measure bea r ing  temperatures  ( s e e  F igure  8 ) .  A metal  bellows f i t t i n g  was 

welded i n t o  each end s h i e l d .  The be!-lows served t o  s e a l  t h e  opening, pre-  

vent ing  o i l  leakage,  and as a keeper t o  hold t h e  t i p  conta in ing  t h e  thermo- 

couple j unc t ion  i n  con tac t  w i t h  t h e  bear ing  o u t e r  r ace .  The metal  w a l l  a t  

t h e  t i p  w a s  0.025 t o  0.015 inch  t h i c k .  The thermocouple was i n s u l a t e d  from 

t h e  t i p ,  w i th  a n  i n s u l a t i o n  th i ckness  of 0.010 t o  0.005 inch ,  



Serial 
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Table VI. Bearing Temperatures 

Drive End Anti-Drive End 



5 1risula.tion 

There have been no i n s u l a t i o n  malfunct ions i n  a t o t a l  of 

29,000 hours opera t ion ,  dur ing  acceptance and q u a l i f i c a t i o n  t e s t s  of preproto-  

type  and p ro to type  a l t e r n a t o r s .  One a l t e r n a t o r  has accumula,ted over  19,000 

hours  of ope ra t ing  t ime.  Approximately 50 hours of acceptance t e s t i n g  w a s  

accumulated on each p ro to type  a l t e r n a t o r .  This t o t a l  experience i n d i c a t e s  

tha.t t h e  i n s u l a t i o n  des ign  i s  capable of meeting t h e  10,000-hour l i f e  requi red  

f o r  SNAP-8 a p p l i c a t i o n .  

a. Space Between Armature Cores 

P r o t e c t i o n  and support  of armature conductors between 

armature co re s ,  and t h e  space between t h e  f i e l d  box i n n e r  pe r iphe ry  and s t a t o r  

bore was achieved on t h e  f i r s t  a l t e r n a t o r s  w i t h  numerous s i l i c o n e - g l a s s  lamina- 

t i o n s .  These i n s u l a t i o n  p i e c e s  resembled core  i n s u l a t i o n  end punchings and 

were s t acked  and bonded t o  f i l l  t h i s  volume w i t h  s o l i d  i n s u l a t i o n .  L a t e r  

machines used Novolac epoxy compound which c losed  t h e  space over  t h e  fo lded  

s l o t  l i n e r s  a t  t h e  bore w i t h  t h r e e  l a y e r s  of 0.006 inch  l eno  weave g l a s s  c l o t h  

a p p l i e d  by wet layup technique.  This e f f e c t e d  a s t rong ,  smooth, continuous 

loop  a t  t h e  bore t o  provide  t h e  r equ i r ed  environmental p r o t e c t i o n  and t h e  

mechanical support  of conductors and i n s u l a t i o n .  

b . Armature Topst icks 

Topst icks formed and s i n t e r e d  from dense alumina 

were a p p l i e d  t o  t h e  f i r s t  a l t e r n a t o r s .  The ceramic t o p s t i c k  w a s  provided i n  

a 53/64-inch l e n g t h  i n  o r d e r  t o  o b t a i n  a s t r a i g h t  and f l a t  s t i c k  wi thout  need 

f o r  expensive lapping  of t h e  hard  ma te r i a l .  This r e s u l t e d  i n  i n s e r t i o n  d i f f i -  

c u l t y ,  and occas iona l  damage t o  t h e  fo lded  s l o t  l i n e r  from mul t ip l e  i n s e r t i o n  

(4 p e r  s l o t )  of t h i s  somewhat a b r a s i v e  ma te r i a l .  

A moldable polyimide ma te r i a l  (polymer SP) was s tud ied  

f o r  p o s s i b l e  t o p s t i c k  a p p l i c a t i o n  i n  t h e  a l t e r n a t o r .  The new ma te r i a l ,  

machinable t o  d e s i r e d  conf igu ra t ion  from molded s l a b s ,  i s  of t h e  same chemical 

family,  and provides e s s e n t i a l l y  t h e  same p r o p e r t i e s  a s  t h e  ML used f o r  wi re  



enamel and c o a t i n g  of g l a s s  c l o t h  i n s u l a t i o n s .  I n  add i t i on ,  t h e  moldable 

polyimide m a t e r i a l  p rovides  h igh  s t r e n g t h  and a low c o e f f i c i e n t  of f r i c t i o n  

o f f e r i n g  ease  of i n s e r t i o n  i n t o  t i g h t  s l o t s  wi thout  breakage. 

Topst icks could  be i n s e r t e d  i n  co re  l eng ths  (3-5/16 

inch)  without  breakage o r  damage t o  i n s u l a t i o n s .  Performance of  t h i s  s t i c k  

t o  d a t e  has been e x c e l l e n t ,  w i th  no change o r  negat ive e f f e c t s  i n  a l t e r n a t o r  

ope ra t  i on .  

6. S e a l s  

The t h r e a d  form used i n  pro to type  u n i t s  i s  r ec t angu la r  

shaped, 0.012 inch  r a d i a l  by 0.092 inch  a x i a l ,  8 s t a r t s ,  w i t h  l e a d  ang le  of  

14-1/2 degrees.  The screw s e a l s  used were coated i n  t h e  th reads  and 

on t h e  s l i n g e r  f a c e  w i t h  Teflon.  The coa t ing  i s  used f o r  i t s  an t i -we t t i ng  

p r o p e r t i e s  t o  minimize t h e  secondary leakage from t h e  s l i n g e r  and screw s e a l s .  

The f i r s t  a l t e r n a t o r s  had a x i a l  c l ea rances  of over  0.030 inch  a t  ope ra t ing  

cond i t i ons ;  subsequent u n i t s  had ope ra t ing  c learances  l e s s  t h a n  0.020 inch. 

The last  change involved t h e  r a d i a l  c learance  over  t h e  r i m  of t h e  s l i n g e r s .  

The f i r s t  a l t e r n a t o r  b u i l t  had s l i n g e r s  i n s t a l l e d  wi th  r a d i a l  c l ea rance  of 

approximately 0.010 inch .  L a t e r  u n i t s  had a r a d i a l  c l ea rance  of 0.017 inch.  

This  change decreased  t h e  power l o s s  of t h e  s e a l s .  

The leakage r a t e s  of t h e  pro to type  a l t e r n a t o r s  v a r i e d  from 

zero  a t  t h e  a n t i - d r i v e  end outboard s e a l  t o  a s  much a s  2.8 cc/hr .  a t  t h e  d r i v e  

end outboard s e a l  ( s e e  Table v).  This  i s  s i g n i f i c a n t l y  l e s s  t han  t h a t  occur- 

r i n g  i n  e a r l i e r  u n i t s  and appa ren t ly  i s  t h e  r e s u l t  of t h e  change i n  screw 

s e a l  t h r e a d  form and t h e  sma l l e r  s l i n g e r  a x i a l  c learance .  The e f f e c t  of Tef- 

l o n  coa t ing  seemed t o  be inconclus ive .  

7. A l t e r n a t o r  Weight 

The SNAP-8 pro to type  a l t e r n a t o r ,  a s  shown i n  F igure  9, 

weighs 446 pounds. Electromagnet ic  weight i s  210 pounds o r  about  47 percent  

of t h e  a l t e r n a t o r  weight.  Table VII shows t h e  electromagnet ic  and s t r u c t u r a l  

weights  of t h e  pro to type  a l t e r n a t o r .  The component des igna ted  a s  "other" i n -  

c ludes  miscel laneous hardware. 



Table VII. Electromagnetic and S t r u c t u r a l  Weights of Prototype Alternators* 

Electro-  
Magnetic S t r u c t u r a l  

Component Weight Weight Tota l  

Rotor 52 0 52 7.60 60.12 

Inner Shaft  2 .OO 2 .OO 

S l ingers  and Seals  13.80 13.80 

DE End Shie ld  51.00 51.00 

ADE End Shie ld  29 -00 29 .OO 

Bearings 1.76 1.76 

Frame 55 e m  119.00 174.00 

S t a t o r  Wound 101 -00 101.00 

Terminals 2.05 2.05 

Other 11.16 11.16 

Tota l  210.57 235 0 32 445.89 

*Nominal Design Weight i n  Pounds 



8. Performance 

a .  Preprototype 

The s p e c i f i e d  r a t i n g  of t h e  a l t e r n a t o r  was 80 kva, 

0.75 lagging t o  uni ty  power f a c t o r ,  120/208 v o l t s ,  3-phase, &-wire, 400 Hz, 

a t  12,000 revolut ions  pe r  n inute .  The a l t e r n a t o r  had a hermetical ly-sealed 

frame and t h e  mechanical j o i n t s  were designed t o  permit complete hermetic 

s e a l i n g  when assembled t o  t h e  tu rb ine .  

The f i r s t  a l t e r n a t o r s  met the  e l e c t r i c a l  requirements 

f o r  SNAP-8 se rv ice  ( s e e  Table V) except f o r  e x c i t a t i o n  and e f f i c i ency ;  t h e s e  

two de f i c i enc ies  were c lose ly  r e l a t ed .  

A d e t a i l e d  ana lys i s  revealed t h a t  a i r  gap (0.060 inch) 

caused excessive f l u x  t o  pass  between t h e  r o t o r  and s t a t o r  i n  the  i n t e r p o l a r  

region.,  This leakage f l u x  tended t o  s a t u r a t e  t h e  r o t o r  and frame. It a l s o  

reduced t h e  e f f e c t i v e  voltage induced i n  t h e  armature windings requ i r ing  more 

f l u x  i n  the  r e a l  pole a x i s  t o  generate r a t e d  voltage,  thereby, f u r t h e r  increas-  

i n g  t h e  t o t a l  s a t u r a t i o n  i n  t h e  r o t o r  and frame. 

To overcome these  de f i c i enc ies ,  s e v e r a l  changes 

were made: 

The r o t o r  i n t e r p o l a r  depth was increased by 
contouring between poles .  

The frame a r e a  and the  r o t o r  hub a r e a  were 
increased.  

The r o t o r  mater ia l  was changed from AISI 4130 
t o  AISI 4620. 

These changes r e su l t ed  i n  a reduction of t h e  f i e l d  

current  from 25 t o  20 amperes and a n  increase  i n  e f f i c i ency  from 86 t o  87.5 

percent .  

b. Prototype 

Performance curves and t a b l e s  f o r  t h e  prototype 

a l t e r n a t o r  a r e  shown i n  Figures 12 and 13  and Tables VIII, I X ,  and X. The 

response t o  sudden app l i ca t ion  of r a t e d  load i s  shown i n  Figure 14. The 

acceptance tests ind ica te  t h a t  prototype a l t e r n a t o r s  meet t h e  S ~ P - 8  Al ternator  

requirements. 
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Figure 13. Alternator 481b89 Saturation Curves 
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Table VIII. A l t e r n a t o r  Electromagnet ic  Performance Versus S p e c i f i c a t i o n  Limits  

Performance Item 

Open c i r c u i t  time cons t an t   do do) 

Shor t  c i r c u i t  r a t i o  

Short  c i r c u i t  c a p a c i t y  f o r  5  s ecs .  

Instantaneous vol tage  drop on 
sudden a p p l i c a t i o n  of 2  PU 
impeeance load 

Exc i t a t i on  

Wave form - t o t a l  r m s  harmonic 
content  (E-L a t  1 PF) 

Symmetry of cons t ruc t ion  (rnax. 
vo l tage  d i f f e r ence  between phases)  

Output vo l tage  modulation 

Eff ic iency ,  inc luding  f i e l d  l o s s e s ,  
a t  r a t e d  load,O.75 PF 

F i e l d  C o i l  Res is tance  

S t a t o r  Phase Res is tance  

~ ~ 1 1  load  (80 h a ,  .75 PF) E x c i t a t i o n  
vo l t age  
c u r r e n t  

Loss Breakdown 
F i e l d  I ~ R  - KW 
S t a t o r  I ~ R  - ICW 
Bearings and Sea ls  - KW 
Core and S t r a y  Load - KW 
T o t a l  I(W 

a.60 sec .  rnax a t  s t e a d y - s t a t e  
temperature 

9.25 min. 

2  PU min. 

Voltage no t  t o  drop below 
0.70 PU 

52 v o l t s  max. 
22 amps max. 

7% max. 

1 v o l t  max. 

1% max. 

87% min. 

52 v o l t s  max. 
22 amps max. 

- 
- 
- 
- 
8.96 rnax 

Performance -Protct,yy 
Al t e rna to r  tr 1 

Voltage dropped t o  
<:.83 PU 

43.3 v o l t s  
19.6 amps 

2.33% 

<1 v o l t  

1.46 ohms 

.00583 ohms 

42.0 v o l t s  
18.9 amps 



Ta,ble IX- Comparison of S p e c i f i e d  Thermal Requirements w i t h  Tes t  Resul t s  

Item S p e c i f i c a t i o n  Tes t  + 
P 

Cooling O i l  
Flow gpm 
I n l e t  p r e s s w e  gpa 

temperature 
Out le t  p re s su re  p s i a  

0 
temperature F 

AP p s i  

Polyphc n y l  e t h e r  
2.84 
- 

205°F 
- 
- 

1 4  p s i  max. 

Hearing 
I n l e t  flow gpm 0.35 

p re s su re  p s i a  20 p s i a  t 1 p s i  
temperature 

O u t l e t  flow - inboard gpm 
flow - outboard gprn 
p re s su re  - inboard p s i a  
p re s su re  - outboard p s i a  
temperature - inboard ?E' 
temperature - outboard 'F 

Bearing c a v i t y  p re s su re  p s i a  

Winding Temperatures 
F i e l d  c o i l  average 
F i e l d  c o i l  ho t  spot  
S t a t o r  winding endoturn 
S t a t o r  winding 180 bus bar  
Bearing temperature DE 

ADE 

- 
392°F niax. 
392°F max. 
410°F max. 
300°F max. 
300°F max. 

Polyphenyl e t h e r  
2.84 

* Based on Prototype S e r i a l  Number 481489 

** DE = Drive End 

*** ADE = Ant i d r i v e  End 



Table  X. Prototype Alternator Performance Summarized 

Bramet e r  Specificat  ion Test 

Cooling O i l  Flow 2.84 GPM 2.84 GPM 

Cooling O i l  I n l e t  Press 33 ps i3  21.9 ps ia  

Cooling O i l  F'ressure Drop 13  p s i  max. 13.6 p s i  

Cooling O i l  I n l e t  Temp. 200 - 210 '~  205 '~  

Speed 12,000 RPM 12, 000 RPM 

Out put 80 KVA 80 KVA 

Power Factor 0.75 lagging 0.75 lagging 

Voltage 120 120 - 120.1 

Frequency 400 Hertz 400 Hertz 

Excitat ion Current 22 amps max. 19.1 amps 

Excitat ion Voltage 52 vo l t s  max. 41.9 vo l t s  

Phase Unbalance 1% max. 1% 



B. TESTS ARD TEST RESULTS 

Turbine A l t e r n a t o r  T e s t s  

The a l t e r n a t o r  i s  u z i l i z e d  a s  p a r t  o f  a  t u r b i n e - a l t e r n a t o r  

assembly, and i s  opera ted  i n  a  power conversion system wi th  mercury va.por a s  

t h e  working f l u i d .  The e l e c t r i c a l  c o n t r o l  system used i n  conjunct ion  wi th  t h e  

a l t e r n a t o r  i s  shown i n  F igure  15 .  The pr imary o b j e c t i v e  of t h e  mercury vapor 

t e s t s  was t o  e v a l u a t e  a l l  s t a t i c  and r o t a t i n g  components of t h e  power conver- 

s i o n  system r a t h e r  t h a n  s p e c i f i c  eva lua t ion  of any one component. E l e c t r i c a l  

t e s t s  conducted were d i r e c t e d  toward speed c o n t r o l  and vol tage  r e g u l a t i o n  

c h a r a c t e r i s t i c s  under vary ing  load  cond i t i ons .  A l t e r n a t o r  e l e c t r i c a l  para-  

meters were monitored a long  w i t h  winding and bea r ing  temperatures ,  l u b r i c a n t  

and coo l ing  f low,  and temperatures  and p re s su res .  The performance of  t h e  

a l t e r n a t o r s  ~ r a s  s a t i s f a c t o r y ,  and a l l  ope ra t ing  parameters  r e l a t i v e  t o  t he  

SNAP-8 requirements were met. 

2 .  Development and Improvement 

Two a l t e r n a t o r  malfunctions were revea led  a s  a r e s u l t  of t h e  

t e s t s :  

A l t e rna to r  coo l ing  jacke t  weld hardening r e s u l t i n g  
i n  a  cracked weld. 

Outboard screw s e a l  s e i z u r e  a t  ove rspeed. 

Examination of t h e  s e a l  welds between t h e  ( H Y  80) t r unn ion  

r i n g  and t h e  mild s t e e l  case revea led  t h a t  v a r i a t i o n s  e x i s t e d  i n  t h e  type  and 

amount of weld f i l l e r  metal  used f o r  t h i s  j o i n t  ( s e e  F igure  4). Analyses of 

f i l i n g s  taken  from t h e  a l t e r n a t o r  s e a l  weld, which cracked, i nd ica t ed  a  weld 

composition which was hardenable,  Weld hardening appeared t o  be accentua ted  

by t h e  c h i l l i n g  e f f e c t  of t h e  massive (HY 80) t r unn ion  boss .  Chemical t e s t s  

of t h e  f o u r  o t h e r  a l t e r n a t o r s  i nd ica t ed  t h a t  t h e  s e a l  welds i n  t h e s e  u n i t s  

would probably be s u b j e c t  t o  s e a l  weld cracking.  The p o t e n t i a l  f o r  c racking  





7 - C  J d r i e d  - accord ing  t o  t h e  v e l d  conf'igura.tion and v e l d  r i l l - e r  metal  used i n  each 

u n i t .  Since s t r e s s  r e l i e v i n g  of t h e s e  u n i t s  r%ias not g r a c t i c a l ,  it w a s  decided 

t h a t  a m u l t i p l e  pas s  over lay  w e  depos i ted  on t h e  e x i s ~ i n g  s e a l  weld us ing  

Inco  A f i l l e r  meta l  which i s  n  rdenable and d u c t i l e .  Pressure  and tempera- 

t i t re  c y c l i n g  t e s t s  f  011-o>red t o  ensure  weld i n t e g r i t y .  A des ign  modif i c a t i o n  

to o b i a i n  a  more r e l i a b l e  mechanica.1 j o i n t  on f u t u r e  u n i t s  was i n i t i a t e d  ( s e e  

F igure  16 ) .  S ince  t h i s  c o r r e c t i v e  a c t i o n  was d, no malfunct ions have 

occurred  du r ing  18,000 hours of s e r v i c e .  

The outboard screw s e a l  s e i z u r e  occurred a s  a r e s u l t  of 

tu rb ine  overspeeds t o  approximately 19,000 rpm and 17,000 rpm, r e spec t ive ly ,  

on two a l t e r n a t o r s .  An a n a l y  on t h e  a l t e r n a t o r s  i n d i c a t e d  t h a t  

a t  speeds above 13,500 rpm, os s  of bea r ing  pre load .  

The normal f i r s t  c r i t i c a l  s p  e r  t h e i r  designed pre load  

of 60 l b  was 22,000 rpm. Exa e  bear ings  from t h e  u n i t  i n d i c a t e d  

t h a t  t h e  bear ings  had indeed u t  pre load .  With t h e  preload,  t h e  

e f f e c t i v e  bea r ing  s t i f f n e s s  was reduced and t h e  r o t o r  became uns t ab le .  Under 

t h e s e  circumstances,  t h e  angu la r  c o n t a c t  bear ings  were ope ra t ing  a t  v i r t u a l l y  

zero c o n t a c t  angle ;  t h e  e f f e c t i v e  r a d i a l  c learance  was inc reased  a l lowing  t h e  

r o t o r  t o  o r b i t .  

Table X I  shows t h e  computed e f f e c t  of reduced bea r ing  

p re load  on  bea r ing  s t i f f n e s s  and even tua l ly  on t h e  f i r s t  c r i t i c a l  speed. 

Under t h e s e  condi t ions ,  w i th  t h e  lowered f i r s t  c r i t i c a l  reached o r  approached, 

t h e  s i t u a t i o n  w a s  aggravated and t h e  d e f l e c t i o n  ampli tudes became l a r g e  enough 

t o  cause t h e  scre1.r s e a l s  t o  rub. 

Table X I ,  E f f e c t  of Bea r i  e load  

Bearing Pre load  ( l b  ) 1 s t  C r i t i c a l  Speed (rpm) 

100 26,000 

o 7.2 x lo5 22,000 

0  3.78 x lo5 18,0013 





It was concluded t h a t  t h e  two malfunct ions were caused by 

I-otor i n s t a b i l i t i e s  due t o  l o s s  of beaxing p re load  and ope ra t ing  t h e  u n i t  a t  

o r  near  i t s  f i r s t  c r i t i c a l  speed. The c r i t i c a l  speed was lower t h a n  normal 

because t h e  bea r ing  s t i f f n e s s  had been reduced by l o s s  of pre load .  The h igh  

ampli tude which would be expected under t h e s e  cond i t i ons  would rub, and pro-  

duce a wear p a t t e r n  which would be t h e  same as t h a t  a c u t a l l y  observed. 

These malfunct ions were a r e s u l t  of ope ra t ing  t h e  a l t e r n a t o r  

ou t s ide  of  t h e  des ign  envelope. Design modi f ica t ions  have been made wi th  t h e  

o b j e c t  of reducing t h e  tendency f o r  t h e  bear ings  t o  unload a t  speeds above 

des ign  us ing  a system of b e l l e v i l l e  >rashers w l t h  a h igher  l e n g t h  t o  d iameter  

r a t i o  f o r  t h e  bea r ing  system pre load .  

A t o t a l  of f o u r  a l t e r n a t o r s  have been t e s t e d  a s  p a r t  of 

complete t u r b i n e - a l t e r n a t o r  assemblies  i n  a power conversion system. Apart 

from t h e  two p rev ious ly  mentioned malfunctions, t h e  performance has  been 

s a t i s f a c t o r y  and has  f u l f i l l e d  t h e  des ign  requirements .  The longes t  accumu- 

l a t e d  run  time on a s i n g l e  u n i t  has  been i n  excess  of 11,200 hours .  The 

maximum number of s t a r t u p  and  shutdown cyc le s  experienced on a s i n g l e  u n i t  

was 43. 

Tes t ing  of a compllAe t u r b i n e - a l t e r n a t o r  assembly i n  a 

mercury system was a l s o  conducted a t  NASA, Lewis Research Center ,  i n  which a 

u n i t  s a t i s f a c t o r i l y  completed over  1,400 hours of continuous ope ra t ion .  

3 Endurance Tes t ing  

An E l e c t r i c a l  Component Tes t  F a c i l i t y  (ECTF) was e s t a b l i s h e d  

t o  provide  long-term endurance t e s t i n g  of t h e  SNAP-8 e l e c t r i c a l  components. 

The components under t e s t  inc lude  t h e  a l t e r n a t o r ,  t h e  vol tage  r e g u l a t o r  and 

s t a t i c  e x c i t e r ,  t h e  speed c o n t r o l ,  and t h e  s a t u r a b l e  r e a c t o r  assembly. The 

pr imary o b j e c t i v e  of t h i s  t e s t  f a c i l i t y  i s  t o  o b t a l n  endurance h i s t o r y  f o r  

e l e c t r i c a l  components, i nc lud ing  t h e  a l t e r n a t o r  wi thout  t h e  operationarl  

problems of a hot  mercury f a c i l i t y .  

The a l t e r n a t o r  performed s a t i s f a c t o r i l y  dur ing  t h e  i n i t i a l  

2,500 hour endurance t e s t .  The only  observable anomally was an inc rease  i n  



t h e  winding temperature which occurred a f t e r  880 hours of accumulated opera t ion ,  

fo l lowing  350 hours of continuous ope ra t ion  and a planned shutdown. I n i t i a l l y ,  
0 

t h e  winding tempera ture  was 405 F f o r  t h e  f irst  880 hours of ope ra t ion .  FOX- 

lowing t h e  shutdown and r e s t a r t ,  t h e  temperature was observed t o  i nc rease  up 

t o  a n  average va lue  of 4 2 5 ' ~  by 2,500 hours.  Subsequent observa t ion  has l e d  

t o  t h e  hypothes is  t h a t  t h e  h igh  temperature i s  t h e  r e s u l t  of t h e  winding i n s u l a -  

t i o n  ag ing .  This  r e s u l t s  i n  l e s s  f l e x i b i l i t y  so  t h a t  a s  t h e  a l t e r n a t o r  coo l s  

( p a r t i c u l a r l y  on t h e  f i r s t  thermal  cyc l e )  t o  room temperature,  s e p a r a t i o n  

between t h e  s t a t o r  c o i l s  and s t a t o r  i r o n  occurs .  This  would cause a n  inc rease  

i n  thermal  r e s i s t a n c e  between t h e  windings and coolant  passages.  Since t h e  

s t a t o r  winding is  cooled  by means of conduct ion from t h e  winding through t h e  

i n s u l a t i o n  t o  t h e  s t a t o r  i ron ,  a n  i n c r e a s e  i n  thermal  r e s i s t a n c e  would n a t u r a l l y  

r e s u l t  i n  a n  inc rease  i n  winding temperature.  

Disassembly and in spec t ion  of t h e  u n i t  a t  2,500 hours 

r evea l ed  t h e  a l t e r n a t o r  t o  be i n  good condi t ion .  The i n s u l a t i o n  had darkened 

and  a few cracks  were observed i n  t h e  end t u r n  impregnating varn ish .  The 

i n s u l a t i o n  r e s i s t a n c e  of t h e  s t a t o r  winding t o  frame decreased from 9 x 10 9 
9 ohms at  t h e  s tar t  of  t h e  t e s t  t o  4.9 x 10  ohms a t  2,500 hours .  The f i e l d  t o  

9 frame showed a decreased r e s i s t a n c e  of 2 x lox1 o h  t o  4.5 x 1 0  oh over t he  

same per iod .  These lower va lues  of i n s u l a t i o n  r e s i s t a n c e  i n d i c a t e d  only  minor 

e l e c t r i c a l  degrada t ion  which w a s  t y p i c a l  of  used a l t e r n a t o r s .  Values of 
6 1 x 10 ohm and l a r g e r  a r e  gene ra l ly  cons idered  acceptab le .  

The a l t e r n a t o r  w a s  reassembled and r e tu rned  t o  t h e  f a c i l i t y  

and  t e s t i n g  w a s  cont inued.  A fur ther l6,500 hours of s a t i s f a c t o r y  ope ra t ion  

was achieved b r ing ing  t h e  t o t a l  accumulated run  time on t h e  1 u n i t  t o  over  

19,000 hours .  



1 CONCLUSIONS 

A r e l i a b l e l o n g l i f e  8 0 k v a a 1 t e r n a t o r h a s b e e n s u c c e s s f u 1 l y d e v e 1 o p e ~  

f o r  t h e  SKAP-8 system. 

Some s i g n i f i c a n t  accomplishments during t h i s  development were: 

Electromagnet i c  de s ign balance was improved by contouring 
t h e  r o t o r  in te rpo la r  region. 

Low pressure drop and low thermal r es i s t ance  was achieved 
by u t i l i z i n g  a "Laminar flow" s t a t o r  o i l  cooling scheme. 

Ap@ication of dynamic s e a l s  - r a d i a l  s l i n g e r s  backed up 
by a screw s e a l .  

. Sat i s fac to ry  completion of a 19,000 hour (accumulated t ime) 
endurance t e s t  a t  r a t e d  conditions on a prototype u n i t .  

Future e f f o r t  remaining t o  completely v e r i f y  a l l  t h e  design f e a t u r e s  a r e :  

Evaluate t h e  ef fec t iveness  of t h e  dynamic sea l ing  system over 
a long period of continuous operation with a space vacuum 
l e v e l  maintained i n  t h e  a l t e r n a t o r  cavi ty .  

. Endurance t e s t i n g  on t h e  o ther  a l t e r n a t o r s  t o  12,500 hours 
t o  s t a t i s t i c a l l y  demonstrate t h e  l i f e ,  r e l i a b i l i t y  of 
components such a s  t h e  bearings,  insu la t ion  system, and 
d r ive  spl ine .  

Al ternator  system t e s t s  with regard t o  v ib ra t ion  and shock. 
I 

In  considering bas ic  design improvements some p o s s i b i l i t i e s  would be: 

A weight reduct ion by mat e r  ia l  change and de s ign optimization. 

An improvement i n  t h e  Homopolar Inductor Al ternator  design 
could be made by increasing t h e  r o t o r  diameter and shortening 
t h e  length.  Thus t h e  bearing span would be decreased which 
would h p r o v e  t h e  r o t o r  s t a b i l i t y  a t  runaway condit ions.  . 

The i n s t a l l a t i o n  of a s t a t i c  and s t a r t u p  sea l ing  system 
t h a t  would prevent t h e  l o s s  of o i l  f i lm from t h e  bearings 
during storage i n  space. 
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