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ABSTRACT 

The s t e a d y - s t a t e  performance of  a SNAP-8 t u r b i n e - a l t e r n a t o r  was 
evaluated a s  p a r t  of an i n v e s t i g a t i o n  of system s t a r t u p  c h a r a c t e r i s t i c s .  
The t u r b i n e - a l t e r n a t o r  accumulated 157  hours  and was sub jec t ed  t o  135 
s t a r t u p s  and shuTdswns, During the t e s t  s e r i e s ,  a l t e r n a t o r  power was 
va r i ed  from 49 to 66 k i l o w a t t s  a t  system design mercury flow r a t e  of 
l2,300 libm/hr, The minimum a l t e r n a t o r  power obtained a t  system s e l f -  
s u s t a i n i n g  mercury flow of 6600 lbm/hr was 2 1  k i lowa t t s .  The l a r g e  
number of  s t a r t u p s  and shutdowns of  t h e  t u r b i n e  a l t e r n a t o r  d i d  n o t  
r e s u l t  i n  degradat ion i n  performance o r  ope ra t ing  c h a r a c t e r i s t i c s .  



EXPERIMENTAL EVALUATION OF A 

SNAP-8 TURBINE-ALTERNATOR 

By Fred Boecker 

Lewis Research Center 

SUMMARY 

An ex tens ive  system t e s t  program was conducted on a t e s t  ve r s ion  
of t h e  SNAP-8 space power system. The t e s t s  were mainly d i r e c t e d  towards 
eva lua t ing  system startup-shutdown procedures.  However, cons iderable  
information was obtained on t h e  ope ra t ing  c h a r a c t e r i s t i c s  and s teady-  
s t a t e  performance of system components i nc lud ing  t h e  t u r b i n e - a l t e r n a t o r .  
A l t e r n a t o r  power was va r i ed  from 49 t o  66 k i l o w a t t s  of system design 
mercury flow r a t e  of 12 ,300  lbm/hr. 
a t  system s e l f - s u s t a i n i n g  mercury flow of 6600 lbm/hr was 2 1  k i lowa t t s .  
The l a r g e  number of s t a r t u p s  and shutdowns of t h e  t u r b i n e - a l t e r n a t o r  
d id  no t  r e s u l t  i n  degradat ion i n  performance or  ope ra t ing  c h a r a c t e r i s t i c s .  

The minimum a l t e r n a t o r  power obtained 

INTRODUCTION 

SNAP-8 is a r e a c t o r  powered mercury Rankine power system be ing  
developed f o r  space  f l i g h t  a p p l i c a t i o n s .  The system is designed t o  
develop a minimum of 35 k i l o w a t t s  of  u s e f u l  e l e c t r i c  power f o r  a t  l e a s t  
10 ,000  hours.  Heat from t h e  r e a c t o r  is t r a n s f e r r e d  t o  t h e  mercury b o i l e r  
by pump-circulated NaK ( e u t e c t i c  mixture  of sodium and potassium). 
Mercury vapor d r i v e s  t h e  t u r b i n e - a l t e r n a t o r  assembly i n  t h e  power loop ,  
Waste h e a t  is t r a n s f e r r e d  from t h e  mercury condenser t o  a space r a d i a t o r  
by t h e  pump-driven NaK h e a t - r e j e c t i o n  loop.  A polyphenyl-ether mixture  
(bcP3E) cools  and l u b r i c a t e s  t h e  t u r b i n e - a l t e r n a t o r  and mercury-pump 
motor bear ings  C e n t r i f u g a l  pumps dr iven  by e l e c t r i c - i n d u c t i o n  motors 
a r e  used t o  c i r c u l a t e  t h e  f l u i d s .  _The pump motor power is normally 
supp l i ed  by t h e  t u r b i n e - a l t e r n a t o r  assembly. 

A t e s t  program was conducted i n  t h e  SNAP-8 t e s t  f a c i l i t y  a t  t h e  
Lewis Research C e n t e r  t o  e v a l u a t e  SNAP-8 system s t a r t u p  and shutdown 
procedures ( r e f s .  1 through 7 ) .  Although t h e  t e s t  program was mainly 
concerned wi th  eva lua t ing  system ope ra t ing  c h a r a c t e r i s t i c s  , cons iderable  
t u r b i n e - a l t e r n a t o r  performance d a t a  were obtained.  The t u r b o a l t e r n a t o r  
was operated f o r  157  hours  a t  mercury flow r a t e s  of 6100 t o  12 ,400  lbm/hr. 
A s i g n i f i c a n t  d a t a  p o i n t  i n  t h e  r e l i a b i l i t y  and performance of t h e  tu rb ine -  
a l t e r n a t o r  was t h e  E35 s t a r t u p s  and shutdowns of t h e  u n i t .  This  r e p o r t  



p r e s e n t s  and d i s c u s s e s  t h e  s t e a d y - s t a t e  information obta ined  on t h e  tu rbo-  
a l t e r n a t o r  du r ing  t h e  system startup-shutdown t e s t  program. 
mance of o t h e r  SNAP-8 tu rb in . e -a l t e rna to r s  is presented  i n  r e f e r e n c e s  8 
and 9 ,  

The pe r fo r -  

DESCRIPTION OF SNAP-8 TEST SYSTEM AND INSTRUMENTATION 

T e s t  System 

The SNAP-8 t e s t  system u t i l i z e d  a l l  of t h e  major SNAP-8 components 
w i t h  t h e  except ion of t h e  r e a c t o r  and r a d i a t o r ,  An analog-computer-con- 
t r o l l e d  e l e c t r i c  h e a t e r  i n  t h e  primary loop s imula ted  t h e  r e a c t o r  ( r e f .  
l o ) ,  and a i r - coo led  h e a t  exchangers were used t o  s imula t e  t h e  was te-hea t  
space  r a d i a t o r  ( r e f .  11) 

A four- loop system ( f ig ,  1) was used i n  t h e  t e s t :  two NaK loops ,  
one mercury loop and an o i l  loop. The four- loop SNAP-8 t e s t  system is 
desc r ibed  i n  r e f e r e n c e  1, 

T u r b i n e - a l t e r n a t o r ,  - A cutaway view of t h e  SNAP-8 t u r b i n e - a l t e r -  
n a t o r  is shown i n  f i g u r e  2 ,  Two s e p a r a t e  assembl ies  make up t h e  t u r b i n e -  
a l t e r n a t o r :  t h e  t u r b i n e  assembly and t h e  a l t e r n a t o r  assembly. The t u r -  
b i n e  and a l t e r n a t o r  s h a f t s  a r e  connected w i t h  a s p l i n e d  q u i l l  s h a f t  
( f i g .  2 ) .  
c a n t  and coo lan t  (L/C) f l u i d  t o  and from t h e  bea r ings  and h e a t  exchangers.  
In te rmixing  of  t h e  L/C f l u i d  and mercury is minimized by means o f  a low 
l eakage  space  s e a l  l o c a t e d  between t h e  t u r b i n e  and i ts  suppor t  bea r ing ,  
D e t a i l s  of  t h e  space  s e a l  a r e  shown i n  f i g u r e  3. 

The f i g u r e  does n o t  show the o i l  l i n e s  r e q u i r e d  f o r  t h e  lubri- 

The s e a l  c o n s i s t s  of v i s c o  and molecular pumps on the mercury s i d e  
of  t h e  s h a f t  and a series s l i n g e r  and molecular  pump on t h e  o i l  s i d e ,  
A L/C f l u i d  h e a t  exchanger surrounds t h e  mercury v i s c o  pump and p rov ides  
a mercury l iqu id-vapor  i n t e r f a c e  by condensing mercury vapor i n  t h i s  
a r e a  of t h e  s e a l .  Any mercury or o i l  vapor is r e t u r n e d  t o  t h e  l i q u i d  
i n t e r f a c e  by t h e  molecular  pump, Molecules t h a t  escape t h e  molecular 
pump a r e  vented t o  space ,  o r  a vacuum system dur ing  ground t e s t i n g .  
References 1 2  and 13 p r e s e n t  d e t a i l s  o f  t h e  space  s e a l  des ign .  Carbon 
f a c e  s e a l s  ( f i g .  3) a r e  used i n  t h e  t u r b o a l t e r n a t o r  s t a r t u p  and shu t -  
down phases  o f  ope ra t ion ,  These a r e  r e q u i r e d  s i n c e  t h e  normal s h a f t  
s e a l s  a r e  l e s s  e f f e c t i v e  when t h e  s h a f t  is r o t a t i n g  a t  l ess  than  des ign  
speed. P res su r i zed  bel lows l i f t  t h e  f a c e  s e a l s  o f f  t h e  s h a f t  a f t e r  t h e  
t u r b i n e  - a l t e r n a t o r  reaches  a minimum speed of 8500 rpm, 

Turbine Assembly, - The components t h a t  make up t h e  t u r b i n e  assembly 
a r e  shown i n  f i g u r e  4, The four -s tage  impulse t u r b i n e  is designed w i t h  
p a r t i a l  admission (38 percent )  i n  t h e  first and second s t a g e  s t a t o r s  
and f u l l  admission i n  t h e  t h i r d  and f o u r t h  s t a g e s .  Two angular  c o n t a c t  
b a l l  bea r ings  suppor t  t h e  overhung t u r b i n e  assembly, The b a l l  bea r ings  



a r e  s p r i n g  loaded i n  a back-to-back arrangement and l u b r i c a t e d  by j e t  
i n j e c t i o n  of t h e  L/C f l u i d .  Nonflooded bea r ing  ope ra t ion  is maintained 
by s l i n g e r  pumps l o c a t e d  on both s i d e s  of each bear ing .  A ba lance  p i s t o n  
l o c a t e d  a t  t h e  overhung p o s i t i o n  of the t u r b i n e  coun te rac t s  t h e  t h r u s t  
l oad  on t h e  s h a f t ,  t he reby ,  reducing bea r ing  a x i a l  loads.  F igu re  2 
shows t h e  p i p i n g  t h a t  s u p p l i e s  t u r b i n e  exhaust  p r e s s u r e  t o  t h e  t h r u s t  
ba lance  p i s t o n ,  

A l t e r n a t o r  Assembly. - A cutaway view of  t h e  a l t e r n a t o r  assembly 
is shown i n  f i g u r e  2. The a l t e r n a t o r  is a three-phase-homopolar i nduc to r  
t y p e  machine r a t e d  a t  80 ki lovol t -ampere,  120/208 v o l t ,  400 h e r t z  s e r v i c e ,  
a t  a r o t a t i n g  speed of 12 ,000  rpm, It inco rpora t e s  a b r u s h l e s s  s o l i d  
r o t o r  s t r a d d l e  mounted on two s p r i n g  loaded angular  con tac t  b a l l  bear ings .  
Bearing l u b r i c a t i o n  is t h e  same a s  f o r  t h e  t u r b i n e  assembly. 
passed through a h e a t  exchanger t h a t  surrounds t h e  s t a t o r  coo l s  t h e  
a l t e r n a t o r ,  The he rme t i ca l ly  s e a l e d  power t e r m i n a l s ,  s p l i n e d  q u i l l  
s h a f t ,  and a l t e r n a t o r  h e a t  exchanger a r e  shown i n  f i g u r e  2 .  The a l t e r -  
n a t o r  r o t o r - s t a t o r  c a v i t y  was vented t o  t h e  f a c i l i t y  vacuum system. 

LPC f l u i d  

E l e c t r i c a l  System. - A schematic  diagram of t h e  SNAP-8 e l e c t r i c a l  
system is shown i n  f i g u r e  5. The s t a t i c  e x c i t e r  is connected t o  t h e  
a l t e r n a t o r  ou tput  and provides  t h e  necessary f i e l d  e x c i t a t i o n .  The 
v o l t a g e  r e g u l a t o r  main ta ins  a cons t an t  a l t e r n a t o r  vo l t age  by r e g u l a t i n g  
t h e  power t r a n s f e r  between t h e  s t a t i c  e x c i t e r  and a l t e r n a t o r  f i e l d  
(ref e 14) e A l t e r n a t o r  e l e c t r i c a l  ou tput  is d iv ided  among t h r e e  loads  , 
t h e  p a r a s i t i c  load  r e s i s t o r  of t h e  speed c o n t r o l ,  t h e  v e h i c l e  l oad  and 
t h e  pump load ,  I n  t h e  t e s t  program, an a u x i l i a r y  load  bank was used 
i n  p l a c e  of t h e  SNAP-8 p a r a s i t i c  load  r e s i s t o r .  

The a u x i l i a r y  load  bank, t o g e t h e r  w i t h  t h e  s a t u r a b l e  r e a c t o r  and 
speed-cont ro l  module func t ioned  a s  t h e  t u r b i n e  speed r e g u l a t o r .  By 
p a r a s i t i c a l l y  load ing  t h e  a l t e r n a t o r  t o  match t h e  power developed by 
t h e  t u r b i n e ,  cons t an t  speed ope ra t ion  was a t t a i n e d .  The speed-cont ro l  
module d e t e c t s  changes i n  a l t e r n a t o r  l i n e  frequency,  which is d i r e c t l y  
p r o p o r t i o n a l  t o  t u r b i n e  speed,  and s u p p l i e s  a c o n t r o l  s i g n a l  t o  t h e  
s a t u r a b l e  r e a c t o r ,  which c o n t r o l s  t h e  e l e c t r i c  power t o  t h e  p a r a s i t i c  
l oad  ( r e f .  15) For example, i n  t h e  case  of  an i n c r e a s e  i n  t u r b i n e  
speed,  t h e  speed c o n t r o l  s enses  an i n c r e a s e  i n  a l t e r n a t o r  l i n e  frequency 
and al lows more c u r r e n t  t o  pas s  through t h e  s a t u r a b l e  r e a c t o r .  The 
r e s u l t i n g  i n c r e a s e  i n  p a r a s i t i c  l oad  power p u t s  an a d d i t i o n a l  l oad  on 
t h e  t h e  a l t e r n a t o r  and i n c r e a s e s  the t u r b i n e  s h a f t  t o rque  r equ i r ed ,  A 
r e v e r s e  p rocess  occurs  f o r  a dec rease  i n  t u r b i n e  speed, 

The v e h i c l e  l oad  was s imula ted  by a f u l l y  a d j u s t a b l e  125 k i l o v o l t -  
ampere, 0 - 7 5  power-factor (pa l a g g i n g  load  bank, 

The pump load  c o n s i s t e d  of the f o u r  p ro to type  system pumps ( f i g ,  5) 
needed t o  maintain loop  opera t ion .  A 400 her tz ,  120/208 v o l t  motor- 
gene ra to r  s e t  was used a s  an a u x i l i a r y  power sou rce  f o r  t h e  pumps du r ing  
system s t a r t u p ,  The pump loads  were t r a n s f e r r e d  t o  t h e  a l t e r n a t o r  and 
back t o  t h e  a u x i l i a r y  power sou rce  a s  r e q u i r e d  by t h e  t e s t  program. 
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Ins t rumenta t ion  

S t a t i c  p re s su res  i n  the  t u r b i n e  were measured by slack-diaphragm, 
c a p i l l a r y - t u b e  a b s o l u t e  p r e s s u r e  t r ansduce r s ,  The t r ansduce r s  were 
c a l i b r a t e d  a g a i n s t  a Bourdon-tube r e f e r e n c e  gage (4 percen t  accuracy),  

The mercury weight flow was measured a t  the  b o i l e r  i n l e t  and out- 
l e t  w i t h  c a l i b r a t e d  v e n t u r i  flowmeters u t i l i z i n g  d i f f e r e n t i a l  p r e s s u r e  
t r ansduce r s  of t h e  slack-diaphragm t y p e  w i t h  c a p i l l a r y  tubes .  

The o i l  flow t o  t h e  t u r b i n e - a l t e r n a t o r  was measured wi th  t u r b i n e  
flowmeters. O i l  temperatures  were measured w i t h  ISA s t anda rd  c a l i b r a t i o n  
J ( i ron-constantan)  thermocouples e Complete information on the o i l - loop  
ins t rumenta t ion  is found i n  r e f e r e n c e  16 .  

The a l t e r n a t o r  ou tput ,  p a r a s i t i c  and v e h i c l e  load  e l e c t r i c a l  power 
measurements were made wi th  t r u e  r m s  thermoelement-type wat tmeters .  
True r m s  thermoelement-type vol tmeters  were used f o r  bo th  vo l t age  and 
c u r r e n t  readings ,  Current  measurements were made by measuring t h e  
vo l t age  a c r o s s  a p r e c i s i o n  shunt  p laced  i n  t h e  c u r r e n t  t ransformer  
secondary c i r c u i t ,  A l l  power ins t rumenta t ion  provided d i r e c t - c u r r e n t  
analog outputs ,  I n  g e n e r a l ,  the  ins t rumenta t ion  used f o r  p re s su re ,  
flow, tempera ture?  speed and power measurements was a c c u r a t e  t o  - + 1 
percen t  

The t u r b i n e - a l t e r n a t o r  speed was measured by an e lec t romagnet ic  
r e l u c t a n c e  probe which sensed the  movement of  a mul t ip l e  t o o t h  gea r  on 
t h e  r o t a t i n g  s h a f t .  The output  of t h e  r e l u c t a n c e  probe was f e d  i n t o  
a frequency dc conver te r ,  NaK and mercury temperatures  were measured 
by Instrument  Soc ie ty  o f  American (ISA) s t anda rd  K (Chromel-Alumel) 
thermocouples. 

A computerized d i g i t a l  d a t a  system (ref.  1 7 )  was used t o  r eco rd  
da ta  presented  i n  t h i s  r e p o r t ,  a long  w i t h  s t r i p  c h a r t  r e c o r d e r s ,  d i g i t a l  
counters  and pane l  meters, The d i g i t a l  d a t a  system had a capac i ty  of 
400 d a t a  p o i n t s  and recorded a c y c l e  of  d a t a  every 11.43 seconds,  

A complete d e s c r i p t i o n  of the ins t rumenta t ion  employed i n  the  SNAP-8 
t e s t  f a c i l i t y  is given i n  r e f e r e n c e  18. 

PROCEDURE 

During t h e  t e s t  program, t u r b i n e - a l t e r n a t o r  s t a r t u p s  were performed 
both  manually and au tomat i ca l ly ,  Manual s t a r t s  r equ i r ed  ope ra to r  manipu- 
l a t i o n  of  va lves  and switches w h i l e  t h e  automatic  s t a r t s  were accomplished- 
w i t h  an e l e c t r o n i c  s t a r t  programer (ref, 14) i n i t i a t i n g  and c o n t r o l l i n g  
t h e  s t a r t u p ,  O f  the  135 t u r b i n e - a l t e r n a t o r  s t a r t s ,  t h e  f irst  108 were 
manual and t h e  l a s t  27  were automatic ,  The sequence of events  were t h e  
same f o r  bo th  the  manual and automatic  s t a r t s .  
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A t y p i c a l  t u r b i n e - a l t e r n a t o r  s t a r t  was accomplished a s  fol lows:  
P r i o r  t o  each s t a r t ,  a l l  mercury l i n e s  between t h e  b o i l e r  i n l e t  and con- 
denser  o u t l e t  were f i l l e d  w i t h  l i q u i d  mercury ( f i g ,  1). A l l  of  t h e  pumps 
were running on a u x i l i a r y  power, 
f lowing mercury through t h e  preheated 1300O F b o i l e r ,  
j e c t e d  a t  e predetermined ramp r a t e  i n t o  t h e  loop by manipulat ing va lve  
V-230 and manually p r e s s u r i z i n g  t h e  s t andp ipe  ( f i g .  1)- A s  t h e  mercury 
flow increased  toward system " s e l f  sus t a in ing"  flow r a t e  of 6600 lbm/hr ,  
t h e  t u r b o a l t e r n a t o r  began t o  a c c e l e r a t e ,  System "se l f - sus t a in ingTT flow 
is def ined  a s  t h e  mercury flow r a t e  t h a t  p rovides  s a f e  margin of a l t e r -  
n a t o r  power over t h a t  r equ i r ed  by a l l  pumps and e l e c t r i c a l  c o n t r o l s  when 
t h e  t u r b o a l t e r n a t o r  and pumps a r e  a t  r a t e d  speed, A s  t h e  a l t e r n a t o r  
a c c e l e r a t e d  through pump t r a n s f e r  f requency,  t h e  pumps were t r a n s f e r r e d  
t o  a l t e r n a t o r  e l e c t r i c a l  power, A t  t h e  t e rmina t ion  of t h e  first phase 
of system s t a r t u p ,  t h e  mercury flow was 6600 lbm/hr,  t h e  t u r b o a l t e r n a t o r  
was a t  its r a t e d  speed of 12 ,000  rpm and t h e  pumps running on a l t e r n a t o r  
power, 

The t u r b o a l t e r n a t o r  was s t a r t e d  by 
Mercury was in -  

The second phase of system s t a r t u p  involves  ramping t h e  mercury flow 
from 6600 t o  12,300 lbm/hr,  This  was done by opening va lve  V-230 a t  a 
r a t e  t h a t  r e s u l t s  i n  t h e  r equ i r ed  ramp r a t e  i n  flow, A l t e r n a t o r  power n o t  
needed f o r  pump opera t ion  dur ing  t h e  ramp was d i s s i p a t e d  i n  t h e  p a r a s i t i c  
l oad  bank end v e h i c l e  l oad  bank. Th i s  gene ra l  s t a r t u p  procedure was 
followed f o r  a l l  135 t u r b i n e - a l t e r n a t o r  s t a r t s .  

RESULTS AND DISCUSSION 

The s t e a d y - s t a t e  d a t a  system des ign  mercury flow of 12,300 lbm/hr 
a r e  presented  i n  f i g u r e s  6 through 11 and t a b l e  I ,  Included is a con- 
t i nuous  run of over f i v e  hours  fo l lowing  s t a r t  number 1 2 2  (figs, 9 ,  1 0 ,  
and ll), 
back p r e s s u r e s  of 6,9 t o  27.5 p s i a ,  I n  f i g u r e s  6,  7 ,  and 8 ,  t h e  d a t a  
presented  a r e  p l o t t e d  a g a i n s t  t h e  t u r b o a l t e r n a t o r  s t a r t  number, 
gene ra l ,  each d a t a  p o i n t  was taken a f t e r  system flow r a t e s ,  temperatures  
and p r e s s u r e s  reached s t e a d y - s t a t e  cond i t ions ,  A l l  mercury flow r a t e s  
presented  were measured a t  a l i q u i d  f low s t a t i o n .  

Th i s  run maps t h e  t u r b i n e  performance through a range of t u r b i n e  

I n  

The t u r b i n e  i n l e t  d a t a  a r e  shown-in f i g u r e s  6 and 9 ,  The mercury 
vapor q u a l i t y  a s s o c i a t e d  w i t h  t h e s e  d a t a  ranged between 9 3  and 9 7  per- 
cen t  based on h e a t  ba lance  c a l c u l a t i o n s  ( r e f ,  1 9 ) .  Since t h e  sma l l  amount 
of l i q u i d  l e a v i n g  t h e  b o i l e r  t ends  t o  evaporate  p r i o r  t o  reaching  t h e  
t u r b i n e ,  t h e  mercury vapor flow i n t o  t h e  t u r b i n e  is considered equal  
t o  t h e  l i q u i d  mercury flow i n t o  t h e  b o i l e r .  The mercury weight flow 
va r i ed  from 11,938 t o  12,382 l b m h r ,  The t u r b i n e  i n l e t  p r e s s u r e  fo l lows  
t h e  sma l l  v a r i a t i o n s  i n  mercury flow. The i n l e t  p r e s s u r e  t o  t h e  f o u r t h  
s t a g e  t u r b i n e  wheel was n o t  ob ta inab le  s i n c e  t h e  t u r b o a l t e r n a t o r  t e s t e d  
was plot instrumented f o r  t h i s  measurement. The t a b l e  below p r e s e n t s  
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t h e  des ign ,  ad jus t ed  des ign ,  and a c t u a l  p r e s s u r e  r a t i o s  f o r  t h e  first 
two s t a g e s  obtained e a r l y  and l a t e  i n  t h e  t e s t  program. 

Design Adjusted Design P res su re  R a t i o  Pressure  R a t i o  
S tage  P res su re  Ra t io  Pressure  Ra t io  a t  S t a r t  No. 8 a t  S t a r t  No. 134 

1 1 - 8 4  1.985 2 e 075 2 055 

2 1 - 9 1  1.885 2 0 E12 2 125 

Both s t a g e s  a r e  ope ra t ing  a t  p r e s s u r e  r a t i o s  g r e a t e r  than  t h e  design 
o r  ad jus t ed  des ign  va lues ,  The d i f f e r e n c e  between t h e  des ign  and 
ad jus t ed  design p r e s s u r e  r a t i o s  is t h e  r e s u l t  of changes t h a t  occurred 
a f t e r  t h e  t u r b i n e  des ign  was completed ( r e f .  9 ) .  The major changes 
were an i n c r e a s e  i n  mercury vapor flow from 1 1 , 6 0 3  t o  11,800 lb /hr  
and an i n c r e a s e  i n  t h r u s t  and i n t e r s t a g e  s e a l  c learances .  The first 
s t a g e  appears  t o  be working c l o s e  t o  i t s  ad jus t ed  p r e s s u r e  r a t i o ,  The 
second s t a g e  measured va lue  i s  about  1 2  pe rcen t  g r e a t e r  than  t h e  ad jus t ed  
des ign  va lue ,  The i n c r e a s e  i n  t h e  measured p r e s s u r e  r a t i o  could be 
t h e  r e s u l t  of t h e  i n c r e a s e  i n  t h r u s t  and s e a l  c l ea rances ,  t u r b i n e  fab-  
r i c a t i o n  t o l e r a n c e s  o r  t h e  accumulation of mass t r a n s f e r  products  i n  
t h e  nozz le  passages,  Due t o  t h e  r e l a t i v e l y  smal l  changes i n  p r e s s u r e  
r a t i o s  noted between s t a r t  numbers 8 and 134, t h e  accumulation of mass 
t r a n s f e r  products  i n  t h e  nozz le  passages can probably be e l imina ted  a s  
a cause f o r  t h e  p r e s s u r e  r a t i o  d i f f e r e n c e s .  A d e f i n i t i v e  eva lua t ion  
of t h e  design-to-experimental  d a t a  descrepancies  r e q u i r e s  dissassembly 
and in spec t ion  of t h e  t u r b i n e  u n i t  which has  no t  been accomplished a t  
t h i s  w r i t i n g .  

The t u r b i n e  i n l e t  temperatures  (1237 t o  1263' F) followed t h e  
r e a c t o r  s imula to r  c o n t r o l l e r  deadband of 1280 t o  1320° F a t  t h e  s imula to r  
o u t l e t  

The t u r b o a l t e r n a t o r  l o s s e s ,  speed,  e f f i c i e n c y  and a l t e r n a t o r  ou tput  
power a r e  presented  i n  f i g u r e s  7 and PO, The a l t e r n a t o r  ou tput  power 
ranged from 49.2 t o  66.2 k i l o w a t t s  (0,79 t o  0-93  power f a c t o r  (pf')). 
The power f l u c t u a t i o n  was t h e  r e s u l t  of t u r b i n e  back p r e s s u r e  v a r i a t i o n s  
and changes i n  mercury flow r a t e  above and below t h e  system design flow, 
The des ign  power output  f o r  t h e  a l t e r n a t o r  was 57,9 kW a t  1 .0  pf .  The 
t u r b i n e  o v e r a l l  e f f i c i e n c y  

Turbine S h a f t  Power 
I d e a l  Enthalphy Heat B a Eanc e Qua 1 i t y  

v a r i e d  from 52,7 t o  59.4 pe rcen t ,  The 52.7 pe rcen t  e f f i c i e n c y  occurred 
dur ing  of f -des ign  t u r b i n e  ope ra t ion  w i t h  a back p r e s s u r e  of 6.9 p s i a ,  
The remaining t u r b i n e  e f f i c i e n c i e s  were equal  t o  o r  g r e a t e r  than  t h e  design'  
m i n i m u m  va lue  of 56 percent .  
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Turboa l t e rna to r  o v e r a l l  e f f i c i e n c y  

A l t e r n a t o r  Output Power 
Enthalpy Change 

was i n  t h e  range  of 43.5 t o  47.6 percent .  A s  i n  t h e  case  of t h e  t u r b i n e  
e f f i c i e n c y ,  off-design t u r b i n e  ope ra t ion  r e s u l t e d  i n  t h e  low t u r b o a l t e r -  
n a t o r  e f f i c i e n c y ,  The des ign  e f f i c i e n c y  was 47-9 percent ,  The  turbo-  
a l t e r n a t o r  speed v a r i e d  from 11,964 t o  12,041 rpm. Th i s  was w e l l  w i th in  
t h e  speed c o n t r o l  design l i m i t s  of  11,800 t o  12 ,120  rpm 1 percen t ,  
ref .  12) The p l o t s  of t u r b i n e  bea r ing ,  t u r b i n e  and a l t e r n a t o r  space 
s e a l  h e a t  exchangers thermal  power l o s s e s  i l l u s t r a t e  e f f e c t s  of changes 
i n  a l t e r n a t o r  power and ope ra t ing  condi t ions .  

A l t e r n a t o r  e l e c t r i c a l  da t a  a r e  presented  i n  f i g u r e s  8 and 11. The 
a l t e r n a t o r  l i n e  frequency dev ia t ion  was from 398-8 t o  401.4 h e r t z  and 
was wi th in  t h e  des ign  l i m i t s  of  396 t o  404 h e r t z  1 percen t ) .  Fluctua-  
t i o n s  of a l t e r n a t o r  t e rmina l  vo l t age ,  l i n e  c u r r e n t  and power f a c t o r  a r e  
a t t r i b u t e d  t o  changes i n  a l t e r n a t o r  l oad  and t u r b i n e  ope ra t ing  condi t ions  e 

The e f f e c t  of t u r b i n e  back p r e s s u r e  on a l t e r n a t o r  output  power is 
i l l u s t r a t e d  i n  f i g u r e  1 2 .  Data a r e  presented  f o r  SNAP-8 system design 
flow (12,300 Ebm/hr) and system s e l f - s u s t a i n i n g  (6600 lbm/hr) mercury 
flow r a t e s ,  Superimposed on t h e  two curves a r e  t h e  da t a  of a s i m i l a r  
t u r b i n e - a l t e r n a t o r  t e s t e d  a t  Aero je t  General  Corporat ion i n  Azusa, 
Ca l i fo rn ia .  The performance c o r r e l a t i o n  f o r  t h e  two t u r b o a l t e r n a t o r s  
was good, 

F igures  13 through 18 and t a b l e  I1 p r e s e n t  the s t e a d y - s t a t e  d a t a  
f o r  mercury f lows c l o s e  t o  t h e  system s e l f - s u s t a i n i n g  l i q u i d  mercury 
flow r a t e  of  6600 l b m h r .  Included is d a t a  f o r  a one hour and 20 minute 
continuous run fo l lowing  s t a r t  number 93. The t u r b i n e  back p res su re  
f o r  t h i s  run was v a r i e d  from 5-07 t o  16.14 p s i a  ( f i g s .  1 6 ,  1 7 ,  and 18) .  
The q u a l i t y  of  mercury vapor from t h e  b o i l e r  was 85 t o  95 pe rcen t  based 
on h e a t  balance c a l c u l a t i o n s  ( r e f .  19) 

The s i g n i f i c a n t  r e s u l t  of t h e  nominal 6600 lbm/hr mercury flow 
opera t ion  was t h a t  adequate a l t e r n a t o r  power output  was a v a i l a b l e  t o  
power t h e  system pumps and c o n t r o l s  d e s p i t e  s i g n i f i c a n t  v a r i a t i o n s  i n  
t u r b i n e  i n p u t  v a r i a b l e s ,  The power requirements  f o r  system "self- 
sus t a in ing??  opera t ion  were 14.5 kW f o r  t h e  pumps and 2.5 kW f o r  t h e  
e l e c t r i c a l  c o n t r o l s ,  F igures  1 3  through 18 show t h e  a l t e r n a t o r  power 
l e v e l s  ranged from 20-8 t o  33.3 kW w i t h  mercury flow r a t e s  of 6100 t o  
6961 lbm/hr wi th  t u r b i n e  back p res su res  of 3 t o  15 p s i a .  The 20.8 kW 
l e v e l  occurred w i t h  a mercury flow r a t e  of 6617 I b m h r  and a t u r b i n e  
back p r e s s u r e  of 14 ,5  p s i a ,  The h igh  a l t e r n a t o r  power output  l e v e l  of 
3 3 - 3  kW was obtained w i t h  a flow r a t e  of 6 9 6 1  l b m h r  and a back p res su re  
of  3 . 2 3  p s i a ,  The 6100 l b m h r  mercury flow r a t e  w i t h  a t u r b i n e  back 
p res su re  of 10-86 p s i a  produced an a l t e r n a t o r  power output  of  22.5 kW. 
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CONCLUDING REMARKS 

The eva lua t ion  of da t a  obta ined  dur ing  t h e  opera t ion  of t h e  SNAP-8 
t u r b i n e - a l t e r n a t o r  y i e l d  t h e  fo l lowing  conclusions,  

(1) The t u r b o a l t e r n a t o r  was sub jec t ed  t o  135 s t a r t u p s  and shutdowns 
i n  157  hours of opera t ion  w i t h  no s i g n i f i c a n t  change i n  performance, 
The t u r b i n e  p r e s s u r e  r a t i o s  f o r  t h e  first two s t a g e s  showed v i r t u a l l y  
no change from t h e  s t a r t  t o  t h e  conclusion of  t e s t i n g  a t  12,300 l b m h r  
mercury flow 

(2) The t u r b i n e - a l t e r n a t o r  g r o s s  e l e c t r i c a l  power output  a t  r a t e d  
l i q u i d  mercury flow of 12,300 l b m h r  exceeded t h e  design requirement o f  
57,9 kW a t  1 4  p s i a  t u r b i n e  back p res su re ,  The tu rboah te rna to r  t e s t e d  
produced 6 1  kW wi th  a mercury flow of 12,266 l b m h r  and 13-78  p s i a  back 
p r  e s s  ur e e 

(3) The t u r b i n e - a l t e r n a t o r  g r o s s  e l e c t r i c a l  power output  a t  sys- 
tem s e l f - s u s t a i n i n g  mercury flow of 6600 l b m h r  (nominal) was more than  
adequate  t o  power t h e  system pumps and c o n t r o l  requirements  of  1 7  kW, 
The lowes t  power output  recorded was 20,8 kW wi th  a mercury f low of 
6617 l b m h r  and t u r b i n e  back p r e s s u r e  of 14,5 ps i a .  

(4) The speed c o n t r o l l e r  maintained a s teady  t u r b o a l t e r n a t o r  
speed of 1 1 , 9 6 4  t o  P2,04l rpms w e l l  w i th in  t h e  design of L2,OOO 2 
120 rpm. 

Lewis Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion 

Cleveland, Ohio June 19, 1 9 7 0  
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Figure 2. - SNAP-8 turbine-alternator. 
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Figure 3. - SNAP-8 space Seal. 

Figure 4. - SNAP-8 turbine-assembly components. 
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