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ABSTRACT 

A c r i t i c a l  parameter i n  t h e  s t a r t u p  of t h e  SNAP-8 system is t h e  r a t e  
a t  which t h e  mercury flow is brought  up t o  t h e  l e v e l  r equ i r ed  t o  make t h e  
system s e l f - s u s t a i n i n g .  
of t h e  flow ramp from 0 t o  6600 pounds mass p e r  hour (3000 k g h r )  was 
va r i ed  from 30 t o  145 seconds. It  was concluded t h a t  f o r  t h e  f l i g h t -  
t ype  system a 100-second ramp was a good compromise bhtween a ramp t h a t  
was t o o  s h o r t ,  p rec lud ing  use of open-loop flow coot ro l ,  and a ramp t h a t  
was t o o  long ,  caus ing  marginal a c c e l e r a t i o n  of 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  t e s t s  were conducted i n  which t h e  du ra t ion  
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SUMMARY 

The development of the SNAP-8 power system prompted an i n v e s t i g a t i o n  
t o  determine the b e s t  s t a r t u p  and shutdown modes f o r  the system. The 
i n v e s t i g a t i o n  included 135 s t a r t u p  t r a n s i e n t  t e s t s  conducted i n  the SNAP-8 
t e s t  f a c i l i t y  a t  the  Lewis Research Center.  One of the c r i t i c a l  parameters  
f o r  system s t a r t u p  i s  the r a t e  of the i n i t i a l  mercury-flow ramp. The i n i t i a l  
mercury-flow ramp is from 0 t o  6600 pounds mass p e r  hour (3000 k g h r ) .  
A t  t h i s  flow l e v e l  t h e  system becomes s e l f - s u s t a i n i n g .  This means t h a t  the  
t u r b i n e - a l t e r n a t o r  assembly provides  s u f f i c i e n t  e l e c t r i c a l  power t o  d r i v e  
the f o u r  system pumps p l u s  enough excess  power t o  i n s u r e  proper  t u r b i n e  
speed c o n t r o l .  During the  s t a r t u p  t e s t i n g  the  t ime dura t ion  of t h i s  
i n i t i a l  f low ramp was v a r i e d  from 30 t o  l Q 5  seconds.  

I t  was concluded t h a t  a 100-second ramp r e s u l t e d  i n  a good compromise 
between a ramp t h a t  was t o o  s h o r t ,  which would p r o h i b i t  use of open-loop 
f l o w  c o n t r o l ,  and a ramp t h a t  was t o o  long ,  caus ing  marginal a c c e l e r a t i o n  
of the t u r b o a l t e r n a t o r .  

INTRODUCTION 

SNAP-8 is a nuclear-Rankine-cycle power system p r e s e n t l y  under develop- 
ment t o  produce e l e c t r i c a l  power f o r  space a p p l i c a t i o n s .  The b a s i c  system 
w i l l  produce 35 k i l o w a t t s  of u s a b l e  e l e c t r i c i t y  and u t i l i z e  a nuc lea r  
r e a c t o r  a s  t he  system energy source .  L iquid  meta ls  a r e  used i n  the h e a t i n g  
loop ,  power loop,  and h e a t  r e j e c t i o n  loop. The primary (heat ing)  and heat 
r e j e c t i o n  loop f l u i d  is an e u t e c t i c  mixture of sodium and potassium (NaK-78), 
whereas the power loop uses  mercury a s  the working f l u i d .  A loop t o  cool  
and l u b r i c a t e  r o t a t i n g  components i n  the three main loops uses  polyphenol 
ether. Desc r ip t ions  of SNAP-8 system and component performance a r e  given 
i n  r e fe rences  1 t o  8.  

1Cn o rde r  t o  e v a l u a t e  the s t a r t u p  mode f o r  SNAP-8, a sequence of 135 
tests v a s  conducted i n  the SVAP-8 t e s t  f a c i l i t y  a t  NASA's L e w i s  Research 
Center i n  Cleveland, Ohio. A breadboard SNAP-8 system us ing  SNAP-8 f l i gh t -  
t y p e  components with the except ion of a nuc lea r  r e a c t o r ,  space  r a d i a t o r ,  
mercury i n j e c t i o n  system and va lves  was t e s t e d  i n  t h i s  f a c i l i t y .  



One important  s t a r t u p  parameter i n v e s t i g a t e d  dur ing  these t r a n s i e n t  
t e s t s  was the i n i t i a l  mercury-flow ramp r a t e .  
loop  r e q u i r e s  an i n i t i a l  f low i n c r e a s e  from 0 t o  6600 pounds mass p e r  hour 
(3000 k g h r ) .  A t  6600 pounds mass p e r  hour (3000 k g h r )  the t u r b i n e -  
a l t e r n a t o r  assembly reaches  a power l e v e l  s u f f i c i e n t  t o  s u s t a i n  the system. 
This means t h a t  the  power i s  s u f f i c i e n t  t o  ope ra t e  a l l  the  pumps on a l t e r -  
n a t o r  power and t o  provide  f o r  t u r b i n e  speed c o n t r o l .  Af te r  the  p r i n c i p l e  
t r a n s i e n t s  r e s u l t i n g  from t h i s  i n i t i a l  ramp have s e t t l e d  o u t ,  the  system 
i s  brought t o  its r a t e d  power by s lowly i n c r e a s i n g  the mercury flow t o  
12 ,300  pounds mass p e r  hour (5500 k g h r ) .  

The s t a r t u p  of the  mercury 

This r e p o r t  p r e s e n t s  the r e s u l t s  of the s t a r t u p  t e s t s  t h a t  were made 
t o  determine the most s a t i s f a c t o r y  r a t e  f o r  the  i n i t i a l  mercury-flow ramp. 
The flow ramps i n v e s t i g a t e d  were from 30 t o  145 seconds i n  du ra t ion .  
The s t a r t u p s  included tes t s  where the primary, h e a t - r e j e c t i o n ,  mercury and 
l u b r i c a t i o n  pumps were a l l  s imultaneously t r a n s f e r r e d  from a u x i l i a r y  power 
t o  a l t e r n a t o r  power a s  the a l t e r n a t o r  a c c e l e r a t e d  up t o  YO0 c y c l e s  p e r  
second. S t a r t u p s  where only the mercury pump was t r a n s f e r r e d  from a u x i l i a r y  
power t o  a l t e r n a t o r  power were a l s o  i n v e s t i g a t e d .  The frequency a t  which 
the  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  power was v a r i e d  from 220 t o  
300 cyc le s  p e r  Second. T h i s  pump t r a n s f e r  is known a s  "boots t rapping."  
A d e s c r i p t i o n  of the effect  of T7boots t rap" frequency on mercury loop s t a r t -  
up i s  d i scussed  i n  r e f e r e n c e  9 .  

A l i s t  of symbols used throughout  the r e p o r t  and i n  the d i g i t a l  d a t a  
p l o t s  i s  found i n  Appendix A .  

SNAP-8 TEST SYSTEM 

The three main loops of the SNAP-8 t e s t  system a r e  shown i n  f i g u r e  1. 
The primary loop contained a pump-motor assembly, an e l e c t r i c  h e a t e r ,  
e lec t romagnet ic  flow meter, a tube- in- tube  b o i l e r  and an a u x i l i a r y  s t a r t  
h e a t  exchanger. The e l ec t r i c  h e a t e r ,  i g n i t r o n  power c o n t r o l l e r  and analog 
computer s imula ted  the ope ra t ion  of a nuc lea r  r e a c t o r  ( ref .  8 ) .  The 
a u x i l i a r y  s t a r t  h e a t  exchanger was used t o  t r a n s f e r  the s imula ted  r e a c t o r  
h e a t  t o  the h e a t  r e j e c t i o n  loop p r i o r  t o  s t a r t u p  of the mercury system. 
Primary loop flow r a t e  v a r i a t i o n  was achieved by changing the  p o s i t i o n  
of  va lve  (V-115) a t  the  pump o u t l e t .  

The power loop (mercury loop) used AISI t y p e  316 s t a i n l e s s  s t e e l  f o r  
a l l  p ip ing  from the b o i l e r  o u t l e t  t o  the condenser i n l e t  and f o r  a l l  three 
v e n t u r i  meters. AISI t y p e  304 s t a i n l e s s  s t e e l  was used f o r  the r ema in ing .  
loop  p ip ing .  Mercury flowed through the mercury pump-motor assembly, a 
gas opera ted  va lve  (V-247), an e l e c t r o - h y d r a u l i c  f low-cont ro l  va lve  01-230) 

2 



ac tua ted  by an analog computer s i g n a l  and a h y d r a u l i c  backup va lve  (V-206). 
I t  then  flowed through a v e n t u r i  meter, a gas  opera ted  va lve  (V-260) up- 
s t ream of the b o i l e r  i n l e t  and through the b o i l e r .  The vapor then flowed 
through the t u r b i n e  i n t o  the condenser where it was condensed and subcooled. 
The mercury then  passed through a gas  opera ted  va lve  (V-210), a v e n t u r i  
meter and V-207, a gas  opera ted  va lve  a t  the  mercury pump i n l e t .  Valve 
V-217 was a gas opera ted  va lve  i n  a l i n e  connect ing the mercury s t andp ipe  
w i t h  the power loop. V-204 is a v a r i a b l e  p o s i t i o n  gas  c o n t r o l l e d  va lve  
i n  the mercury bypass l i n e .  The fo l lowing  va lves  i n  the mercury loop  
were used i n  a f u l l y  open o r  c losed  p o s i t i o n :  V-207, V-247, V-260, V-210 
and V - 2 1 7 .  

The feedback c o n t r o l  c i r c u i t ,  shown schemat i ca l ly  i n  f i g u r e  2 ,  was 
used f o r  automatic  c o n t r o l  of the  e l e c t r o - h y d r a u l i c  flow c o n t r o l  va lve  
(V-230). The c o n t r o l  c i r c u i t  u t i l i z e d  a combination of open loop  and i n t e g r a l  
and p r o p o r t i o n a l  c o n t r o l .  The e l e c t r o n i c  s t a r t  programmer i n  f igure 2 
was used f o r  the l a s t  27 mercury loop s t a r t u p s .  Its func t ion  i n  connect ion 
w i t h  the  feedback c i r c u i t  was t o  i n i t i a t e  bo th  feedback c o n t r o l  and mercury 
flow ramp. 
f i rs t  108 s t a r t u p s .  

These programmer f u n c t i o n s  were performed manually du r ing  the 

The h e a t  r e j e c t i o n  loop c o n s i s t e d  of a pump-motor assembly, a condenser,  
v e n t u r i  meter, two f inned  NaK-to-air mul t i - tube  h e a t  exchangers and two 
e lec t romagnet ic  flow meters. B u t t e r f l y  va lves  c o n t r o l l e d  by an analog 
computer s i g n a l  v a r i e d  the a i r  f low t o  the NaK-to-air h e a t  exchangers,  
t o  s imula t e  ope ra t ion  of a space  r a d i a t o r .  The p r e s s u r e  a t  the  mercury 
i n l e t  s i d e  of  t he  condenser was c o n t r o l l e d  by vary ing  t h i r d  l o o p  flow. 
Condenser mercury i n l e t  p r e s s u r e  was sensed and converted i n t o  a command 
s i g n a l  t o  a c t u a t e  va lve  V-314, a t  the  pump o u t l e t ,  and c o n t r o l  h e a t  r e j e c t i o n  
loop flow. 

Both NaK loops contained an expansion t a n k  t o  s e r v e  a s  a r e s e r v o i r  
f o r  a change i n  volume of t h e  NaK f l u i d  due t o  tempera ture  v a r i a t i o n s  and 
t o  maintain s u f f i c i e n t  p r e s s u r e  a t  the  i n l e t  of the  pumps. The mercury 
and NaK fill l i n e s  were valved o f f  du r ing  system ope ra t ion .  An oxide 
c o n t r o l  system, common t o  bo th  NaK loops  was used t o  p r e c i p i t a t e  ou t  oxides  
from the NaK f l u i d  s i n c e  inc reased  oxide concen t r a t ion  causes  plugging of 
system va lves  and p ip ing .  A l u b r i c a n t - c o o l a n t  loop con ta in ing  polyphenol 
ether (4P3E) was used t o  l u b r i c a t e  the t u r b i n e - a l t e r n a t o r  assembly and mercury 
pump-motor assembly bea r ings .  It was a l s o  used t o  coo l  the remaining pumps 
and c e r t a i n  p a r t s  of the  t u r b i n e - a l t e r n a t o r  assembly and mercury pump- 
motor assembly. Vacuum, argon, and n i t r o g e n  systems were a l s o  used f o r  
proper  ope ra t ion  of  the three main loops.  

INSTRUMENTATION 

A d i scuss ion  of i n s t rumen ta t ion  used i n  the SNAP-8 t e s t  f a c i l i t y  is 
found i n  r e f e r e n c e s  1 and 1 0 .  A d e s c r i p t i o n  of the ins t rumen ta t ion  f o r  
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t he  p r i n c i p l e  v a r i a b l e s  used i n  t h i s  r e p o r t  fo l lows .  Mercury l i q u i d  flow 
was obtained by measuring t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  a c a l i b r a t e d  
v e n t u r i  meter upstream of the  b o i l e r  i n l e t  (f ig.  1). The l i q u i d  mercury 
flow was determined from the d i f f e r e n t i a l  p r e s s u r e  w i t h  t h e  ana log  computer 
and recorded on a S t r i p - c h a r t  r eco rde r  (fig.  2 ) .  The d i f f e r e n t i a l  p r e s s u r e  
t r ansduce r  was of the s l a c k  diaphragm and c a p i l l a r y  tube  type .  
d i f f e r e n t i a l  ac ross  two s e p a r a t e  diaphragms was t r a n s m i t t e d ,  by means of 
NaK f i l l e d  c a p i l l a r y  t u b e s ,  t o  a t h i r d  diaphragm. The t h i r d  diaphragm 
was p a r t  of an a i r -ope ra t ed  force-ba lance  system. The r e s u l t i n g  output  
of t h i s  system was a 3 t o  15 pounds p e r  squa re  i n c h  ( 2 1  t o  104  kn/m2) 
a i r  ou tput  s i g n a l  p r o p o r t i o n a l  t o  the  p r e s s u r e  d i f f e r e n c e  a c r o s s  the t h i r d  
diaphragm. 
p u t  s i g n a l  was f e d  t o  a remote u n i t  t o  ope ra t e  a servomotor. The servomotor 
i n  t u r n ,  pos i t i oned  t h e  s h a f t  of a po ten t iometer  having a known v o l t a g e  
a c r o s s  it. The e l e c t r i c a l  r e s i s t a n c e  of the poten t iometer  would change 
p ropor t iona te ly  t o  the pneumatic i npu t .  Thus, the e l e c t r i c a l  ou tput  v o l t a g e  
was d i r e c t l y  p r o p o r t i o n a l  t o  the p r e s s u r e  d i f f e r e n t i a l  a c r o s s  the v e n t u r i  
meter. The d i f f e r e n t i a l  p r e s s u r e  t r ansduce r  was ad jus t ed  and c a l i b r a t e d  
over a 0 t o  20 pounds p e r  square  inch  (0 t o  138 kn/m2) range. 
of t h e  d i f f e r e n t i a l  p r e s s u r e  reading  was 1 percen t  of 20 pounds p e r  square  
i n c h  (138 kn/m2), 

The p r e s s u r e  

The 3 t o  15 pounds p e r  squa re  i n c h  ( 2 1  t o  104  kn/m2) a i r  out-  

The accuracy 

The mercury flow c o n t r o l  v a l v e  07-230) p o s i t i o n  was acqui red  by us ing  
a l i n e a r  po ten t iometer .  The poten t iometer  was a t t ached  t o  the va lve  body 
and its stem i n  such a manner t h a t  va lve  movement was d i r e c t l y  p r o p o r t i o n a l  
t o  e l e c t r i c a l  r e s i s t a n c e  change of the poten t iometer .  A power supply and 
s i g n a l  cond i t ione r  i n  the c o n t r o l  room was connected t o  the poten t iometer  
by sh ie lded  cab le s .  The power supply was ad jus t ed  t o  g i v e  the  d e s i r e d  
output  v o l t a g e  f o r  va lve  p o s i t i o n s  of 0 pe rcen t  and 100 pe rcen t  open. A 
c a l i b r a t i o n  c i r c u i t  a l s o  allowed a f r equen t  check of the power supply.  
Thus, the  va lve  p o s i t i o n  was d i r e c t l y  p r o p o r t i o n a l  t o  the e l e c t r i c a l  out-  
p u t  vo l t age .  

The mercury b o i l e r  i n l e t  and mercury pump o u t l e t  a b s o l u t e  p r e s s u r e s  
were measured w i t h  s l a c k  diaphragm and c a p i l l a r y  t u b e  p r e s s u r e  t r ansduce r s .  
The p r e s s u r e  a t  the  diaphragm was t r a n s m i t t e d ,  by means of a NaK f i l l e d  
c a p i l l a r y  tube,  t o  a Bourdon tube  l o c a t e d  i n  a remote case .  Movement of 
t he  Bourdon t u b e  produced mechanical movement of a s e t  of l i nkages .  These 
l i n k a g e  movements produced a mechanical readout  and a cons t an t  c u r r e n t  
ou tput  by u s i n g  a l i n e a r - v a r i a b l e - d i f f e r e n t i a l  t ransformer  and a s o l i d  
s t a t e  a m p l i f i e r .  The output  of the a m p l i f i e r  was p r o p o r t i o n a l  t o  the 
p r e s s u r e  a t  the  diaphragm. Each p r e s s u r e  t r ansduce r  was c a l i b r a t e d  over 
i t s  f u l l  range.  The b o i l e r  i n l e t  p r e s s u r e  t r ansduce r  was c a l i b r a t e d  over 
a 0 t o  500 pounds p e r  squa re  inch  a b s o l u t e  (0 t o  3450 kn/m2) range.  The 
pump o u t l e t  p r e s s u r e  t r ansduce r  was c a l i b r a t e d  over a 0 t o  600 pounds 
per  square  inch  a b s o l u t e  (0 t o  4140 kn/m2) range.  
p r e s s u r e  t r ansduce r  measurement was w i t h i n  1 percen t  of i t s  range.  

The accuracy of each 
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The a l t e r n a t o r  frequency was obta ined  from the v o l t a g e  l i n e  frequency. 
This v o l t a g e  l i n e  frequency was condi t ioned  by a s t e p  -down t ransformer  
and then a frequency-DC conver t e r .  The conve r t e r  was c a l i b r a t e d  over 
the expected ope ra t ing  range us ing  a frequency gene ra to r  a s  an inpu t  s i g n a l  
source .  

The mercury pump-motor assembly speed was measured with an e l e c t r o -  
magnetic speed pickup. 
DC conve r t e r  s i g n a l  cond i t ione r .  The frequency gene ra to r  mentioned e a r l i e r  
was used t o  c a l i b r a t e  the conver te r .  

The output  of the speed pickup was s e n t  t o  a frequency- 

Proper ly  condi t ioned  v o l t a g e  s i g n a l s  from the aforementioned i n s t r u -  
Each channel on the s t r i p -  mentation were s e n t  t o  s t r i p - c h a r t  r eco rde r s .  

char t  r eco rde r  was c a l i b r a t e d  a t  z e r o ,  f u l l  span and mid span us ing  a 
v o l t a g e  sou rce  t o  c r e a t e  expected r eco rde r  i n p u t  v o l t a g e  va lues .  

A computerized d i g i t a l  d a t a  r eco rd ing  system was a l s o  used t o  r eco rd  
t r a n s i e n t  t e s t  system cond i t ions .  The r eco rd ing  system scanned and recorded 
a c y c l e  of d a t a ,  con ta in ing  400 d i f f e r e n t  ins t rument  ou tpu t s ,  i n  approxi- 
mately 11.43 seconds.  
cont inuous ly .  A computer program, used t o  c a l c u l a t e  the t e s t  system pa- 
r ame te r s ,  processed each cyc le  of d a t a  i n d i v i d u a l l y .  The r e s u l t s  were 
saved on magnetic t a p e  and used t o  produce the  f i g u r e s  of t r a n s i e n t  d a t a  
shown i n  Appendix A .  

During t r a n s i e n t  t es t s  the  r eco rd ing  system was run  

STARTUP PROCEDURE 

During the t e s t  program, mercury loop  s t a r t u p s  were performed bo th  
manually and au tomat i ca l ly .  Manual s t a r t u p s  r equ i r ed  ope ra to r  manipulat ion 
of va lves  and switches, while the  automatic  s t a r t u p s  were accomplished w i t h  
an e l e c t r o n i c  s t a r t  programmer i n i t i a t i n g  and c o n t r o l l i n g  the s t a r t u p .  
O f  the  135 mercury loop  s t a r t u p s ,  the  first 108 were manual and the  l a s t  
27 were automatic .  For bo th  the  manual and automatic  s t a r t u p s ,  t h e  mercury 
flow c o n t r o l  va lve  (V-230) p o s i t i o n  was c o n t r o l l e d  by the ana log  computer 
( f i g ,  2) .  The sequence of events  l e a d i n g  t o  the  s t a r t u p  was t h e  same f o r  
bo th  the manual and automatic  s t a r t u p s .  

A t y p i c a l  mercury loop  s t a r t u p  was accomplished a s  fo l lows .  Before 
each s t a r t u p ,  a l l  of the  mercury l i n e s  were f i l l e d  wi th  l i q u i d  mercury 
up t o  the c losed  v a l v e s ,  V-210 and V-260 (fig.  1). The mercury s t andp ipe  
l i n e  was a l s o  f i l l e d  and more than  the  r equ i r ed  amount of mercury t o  be 
i n j e c t e d  was s t o r e d  i n  the s t andp ipe .  Valves V-203, V-204, V-206, and 
V-230 were c losed .  Valves V-207, V - 2 1 7 ,  and V-247 were open. The pump 
o r  pumps t o  be  boots t rapped  were running on a u x i l i a r y  power a t  the boot- 
s t r a p  frequency. A t  the  d e s i r e d  t i m e  va lves  V-206 and V-260 were opened and 
va lve  V-230 was opened s l i g h t l y  t o  provide  a flow feedback s i g n a l  f o r  t h e  
analog computer, see  f i g u r e s  1 and 2 .  After  a 30 second d e l a y ,  t o  allow 
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any d i s tu rbances  i n  the mercury loop t o  s e t t l e  o u t ,  the  mercury flow ramp 
s t a r t e d .  The mercury was i n j e c t e d  i n t o  t h e  loop  by manually p r e s s u r i z i n g  
the s tandpipe .  Valve V-230 p o s i t i o n  was au tomat i ca l ly  manipulated by 
the  analog computer t o  provide  the  d e s i r e d  flow ramp. 

A s  the  mercury flow r a t e  i n c r e a s e d ,  the t u r b i n e  began t o  a c c e l e r a t e .  
When the a l t e r n a t o r  a c c e l e r a t e d  through the b o o t s t r a p  frequency, the  pump 
o r  pumps t o  be  boots t rapped  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. Shor t ly  a f t e r  the s t a r t  of boo t s t r app ing  the lube-coolant  va lves  
were opened t o  the mercury pump-motor assembly and t u r b i n e - a l t e r n a t o r  
assembly and the  l i f t - o f f  s e a l s  f o r  b o t h  components were p res su r i zed .  
Near t he  end of the  mercury flow ramp, va lve  V-210 a t  the  condenser ou t -  
l e t  was opened. When the  d e s i r e d  amount of  mercury loop  inventory  was 
reached v a l v e  V-217 was c losed .  

A t  the  t e rmina t ion  of the s t a r t u p  ramp the t u r b i n e - a l t e r n a t o r  assembly 
was a t  r a t e d  speed (12,000 rpm) and the  pump o r  pumps boots t rapped  were 
running on a l t e r n a t o r  power. 

DISCUSSION AND RESULTS 

Recordings of p e r t i n e n t  parameters  f o r  a t y p i c a l  s t a r t u p  a r e  shown 
i n  f i g u r e  3.  The f i rs t  parameter recorded is l i q u i d  mercury flow r a t e .  
The t i m e  d u r a t i o n  of the flow ramp was determined by drawing a s t r a i g h t  
l i n e  through the l i q u i d  mercury flow t r a c e  u s i n g  the i n i t i a l ,  n e a r l y - l i n e a r  
p o r t i o n ,  a s  a guide.  This l i n e  extended from the p o i n t  of i n t e r s e c t i o n  
w i t h  z e r o  flow on the t r a c e ,  t o  the i n t e r s e c t i o n  of a h o r i z o n t a l  l i n e  
r e p r e s e n t i n g  a flow l e v e l  of 6600 pounds mass p e r  hour (3000 k g h r ) .  The 
p r o j e c t i o n  of the s t r a i g h t  l i n e  ramp on the time s c a l e  (absc issa)  gave 
the  dura t ion  of the ramp. 

The v a l u e  of the  b o o t s t r a p  frequency was determined by examination 
of the t r a c e s  of a l t e r n a t o r  frequency and mercury pump speed (figs. 3(e) 
and 3 (f)) . A v e r t i c a l  dashed l i n e  was p r o j e c t e d  from the  p o i n t  on the 
mercury pump speed t r a c e ,  where the  first i n d i c a t i o n  of inc reased  speed 
was noted ,  t o  the p o i n t  of i n t e r s e c t i o n  on the  a l t e r n a t o r  frequency t race .  

A s  can be  seen i n  f i g u r e  3 ( a ) ,  the  mercury-liquid-flow ramp depar ted  
cons iderably  from a s t r a i g h t  l i n e .  From the 70 t o  the  75 second,  on t h e  
t ime i n t e r v a l  s c a l e ,  the  l i q u i d  flow t r a c e  drops o f f  r a p i d l y ,  The reason 
f o r  t h i s  occurrence is t h a t  du r ing  t h i s  time i n t e r v a l ,  the  b o i l e r  mercury 
i n l e t  p r e s s u r e  r i s e s  t o  a l e v e l  approaching the o u t l e t  p r e s s u r e  of the 
mercury pump (f igs .  3(c) and 3 ( d ) ) .  The b o i l e r  i n l e t  p r e s s u r e  r i s e  causes  
immediate r educ t ion  i n  l i q u i d  mercury f low r a t e .  The reduced l i q u i d  flow 
r a t e  means a reduced v e n t u r i  p r e s s u r e  drop.  S ince  the flow c o n t r o l  va lve  
@-230) feedback c i r c u i t  compares the  demand p r e s s u r e  drop w i t h  the  v e n t u r i  
p r e s s u r e  drop (fig.  2) t he  analog computer i n t e g r a l  and p r o p a r t i o n a l  c o n t r o l  
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sends an inc reased  command s i g n a l  t o  the  flow c o n t r o l  va lve .  This causes  
it t o  open qu ick ly ,  i n  an a t tempt  t o  match demand and a c t u a l  f low r a t e .  
A t  approximately 82 seconds the pumps a r e  boots t rapped .  The mercury pump- 
motor assembly pumping c a p a b i l i t y  now i n c r e a s e s  and the  mercury flow r a t e  
rises. A s  the  mercury flow r a t e  approaches the demand flow r a t e  the  flow 
c o n t r o l  v a l v e  s t a r t s  t o  c l o s e  ( f igs .  3(a) and 3(b)) .  The flow c o n t r o l  
va lve  cont inues  t o  c l o s e  u n t i l  the  a c t u a l  and demand flow r a t e s  co inc ide .  
I t  was observed t h a t  the  100-second flow ramp used f o r  s t a r t u p  126 d i d  n o t  
cause any s e v e r e  l i q u i d  mercury flow r a t e  overshoot  problems. 

S t a r t u p  15  w i t h  a 60-second ramp and a b o o t s t r a p  frequency of 220 
cyc le s  p e r  second is shown i n  f i g u r e  4. A l l  pumps were boots t rapped  except  
the mercury pump which was opera ted  on a u x i l i a r y  power a t  400 cyc le s  pe r  
second. It was observed t h a t  f o r  th is  s t a r t u p  the  flow c o n t r o l  va lve  
t r a c e  (fig.  Y(b))was r e l a t i v e l y  smooth. There was no f a l l  o f f  i n  mercury 
flow because the mercury pump was a l ready  running  a t  400 c y c l e s  pe r  second. 
A t  t h i s  frequency the pump produced enough p r e s s u r e  head t o  overcome the 
i n c r e a s e  i n  b o i l e r  i n l e t  p r e s s u r e  du r ing  the flow ramp. Thus, v a l v e  V-230 
movement was minimized r e s u l t i n g  i n  the a c t u a l  mercury flow ramp c l o s e l y  
fo l lowing  the  demand flow ramp ( f ig .  4(a]. Operat ion of the  mercury pump 
a t  YO0 c y c l e s  pe r  second on a u x i l i a r y  power du r ing  the s t a r t u p  is i m p r a c t i c a l ,  
however, when cons ide r ing  the weight and s i z e  of a b a t t e r y - i n v e r t e r  package 
r equ i r ed  f o r  such ope ra t ion .  

A comparison of 30, 60, and 80 second mercury-flow ramps is  shown 
i n  f igure  5. 
these runs.  The b o o t s t r a p  frequency was 260 c y c l e s  p e r  second. The two 
parameters  s e l e c t e d  f o r  ramp comparison were l i q u i d  mercury flow and flow 
c o n t r o l  v a l v e  (V-230) p o s i t i o n .  An examination of f i g u r e  5 ( a ) ,  s t a r t u p  
61, shows the r e s u l t  of the 30 second ramp. A f t e r  approximately 20 seconds 
had e lapsed  du r ing  the  s t a r t u p  ramp, t he  l i q u i d  mercury flow dropped o f f  
from a v a l u e  of 5000 t o  3750 pounds mass p e r  hour (2300 t o  1700 kgfhr). 
This r e d u c t i o n  i n  flow was the r e s u l t  of a bu i ldup  of b o i l e r  mercury i n l e t  
p r e s s u r e  t o  a l e v e l  n e a r l y  equ iva len t  t o  mercury pump o u t l e t  p re s su re .  
This problem was p rev ious ly  d i scussed  i n  conjunct ion  w i t h  the 100 -second 
flow ramp of s t a r t u p  1 2 6  ( f ig .  3) .  For the  30-second ramp, however, the 
flow reduc t ion  r e s u l t s  i n  a l a r g e r  e r r o r  from the demand flow t h a n  f o r  the 
100-second ramp. The resu l t  is t h a t  t he  feedback c o n t r o l  of va lve  V-230 
causes  it t o  move r a p i d l y  t o  a more f u l l y  open p o s i t i o n .  T h i s  v a l v e  p o s i t i o n  
is g r e a t e r  t han  r e q u i r e d  f o r  the  f i n a l  f low of 6600 pounds mass p e r  hour 
(3000 kg/hr) . This resu l t s  i n  a l a r g e  overshoot  i n  f l o w  when the pump 
a c c e l e r a t e s  even though the va lve  then  c l o s e s  down r a p i d l y .  The same 
e f fec ts  a r e  a l s o  manifested i n  ?he 60-and 80-second ramp times b u t  t o  
a l esser  degree  a s  ramp time is inc reased .  

Only the mercury pump-motor assembly was boots t rapped  f o r  

The conclus ion  obta ined  from f i g u r e  5 is t h a t  f low ramps of 80 seconds 
or  l ess  a r e  n o t  d e s i r a b l e  f o r  s t a r t u p  of t he  SNAP-8 f l i g h t  system. These 
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s h o r t  ramps would complicate  use of open loop c o n t r o l  of  the flow c o n t r o l  
va lve .  For dependab i l i t y  open-loop flow c o n t r o l  is p r e f e r r e d  i n  the f l i g h t  
system i n s t e a d  of feedback c o n t r o l  a s  used du r ing  system s t a r t u p  t e s t s .  
T h i s  f l i g h t - t y p e  open-loop flow c o n t r o l  va lve  w i l l  be  d r iven  by an e l e c t r i c  
motor. Upon command from the s t a r t  programmer the va lve  w i l l  be  d r iven  
open, over a s p e c i f i e d  pe r iod  of t i m e ,  t o  a p l a t e a u  p o s i t i o n  t h a t  w i l l  
r e su l t  i n  a mercury l i q u i d  flow of 6600 pounds mass p e r  hour (3000 k g h r ) .  

For the s h o r t  ramps (80 seconds o r  l e s s ) ,  v a l v e  V-230 w i t h  feedback 
c o n t r o l  reached maximum openings of about 65, 40,  and 20 pe rcen t  of f u l l  
open f o r  the 30 ,  60, and 80 second flow ramps, r e s p e c t i v e l y  ( f ig .  5 ) .  
These va lve  p o s i t i o n s  were cons iderably  i n  excess  of the f i n a l  v a l v e  p o s i t i o n  
r equ i r ed  f o r  the 6600 pounds mass p e r  hour (3000 'kghr) flow. If an open- 
l o o p  flow c o n t r o l  va lve  were opened t o  a p o s i t i o n  r equ i r ed  f o r  t h e  f i n a l  
f low,  then a very i n t r i c a t e  v a r i a t i o n  of flow c o e f f i c i e n t  versus  p o s i t i o n  
would be  r equ i r ed  t o  provide  the necessary maximum flow c o e f f i c i e n t  p r i o r  
t o  pump b o o t s t r a p .  The va lve  contour  would r e q u i r e  a c c u r a t e  knowledge of 
f l i g h t  system pressure-drop v a r i a t i o n s  w i t h  f low r a t e  and would probably 
n o t  be s u i t a b l e  f o r  flow c o n t r o l  du r ing  shutdown. Tests  have shown t h a t  
va lve  p r e s s u r e  drop v a r i a t i o n  is d i f f e r e n t  i n  shutdown than  i n  s t a r t u p .  
If an open-loop v a l v e  w i t h  a monotonic v a r i a t i o n  of flow c o e f f i c i e n t  w i t h  
p o s i t i o n  were used,  it would have t o  b e  d r iven  open t o  a p o s i t i o n  corresponding 
t o  the maximum openings of  f i g u r e  5 .  This would r e s u l t  i n  mercury flow 
r a t e s  much l a r g e r  t han  6600 pounds mass p e r  hour  (3000 k g h r )  a t  the con- 
c l u s i o n  of the  flow ramp. Excess ive ly  h igh  mercury f lows achieved over 
a r e l a t i v e l y  s h o r t  time would impart  s e v e r e  temperature  t r a n s i e n t s  on the 
nuc lea r  r e a c t o r .  

When ramp times from 100 t o  145 seconds were used,  the  flow c o n t r o l  
v a l v e  (V-230) was n o t  r equ i r ed  to ,  overshoot  i ts  f i n a l  p o s i t i o n .  This can 
be seen by observing the V-230 p o s i t i o n  t r a c e s  a s s o c i a t e d  w i t h  f igures  6 
and 7 .  Therefore ,  open-loop flow c o n t r o l  can r e a d i l y  be accomplished f o r  
these longe r  ramp times. 

I n  f i g u r e s  6 and 7 ,  t h e  s t a r t u p s  a r e  compared on the  b a s i s  of three 
parameters : mercury l i q u i d  f low,  v a l v e  07-230) p o s i t i o n ,  and a l t e r n a t o r  
frequency. A l l  f o u r  pumps were t r a n s f e r r e d  from a u x i l i a r y  t o  a l t e r n a t o r  
power. 
cyc le s  p e r  second a n d f i e  b o o t s t r a p  frequency i n  f igure 6(b) was 220 c y c l e s  
p e r  second. The effect  of b o o t s t r a p  frequency on flow ramp is discussed  
i n  reference 9 .  

The b o o t s t r a p  frequency i n  f i g u r e s  6(a) , 7 (a) , and 7 (b) was 290 

The l o n g  flow ramps d isp layed  i n  figures 6(a) and 6(b) a r e  i d e a l  from 
the s t andpo in t  of minimizing l i q u i d  mercury flow excursions and the  move- 
ment of v a l v e  07-230) necessary t o  accomplish system s t a r t u p .  The major 
problem i n  u s i n g  a long  flow ramp f o r  s t a r t u p  of the  SNAP-8 system is 
i n s u f f i c i e n t  t u r b i n e  a c c e l e r a t i o n .  The long  ramp causes  tke t u r b i n e -  
a l t e r n a t o r  speed t o  i n c r e a s e  s lowly a f t e r  boo t s t r app ing  b e g n s  and t h e r e f o r e  ' 
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the  necessary a l t e r n a t o r  power t o  s u s t a i n  f o u r  pumps r e s u l t s  i n  a marginal  
s t a r t u p  r eg ion .  A s tudy  of the a l t e r n a t o r  frequency t r a c e s  between the 
i n t e r v a l  of 120 t o  135 seconds on bo th  f igures 6(a) and 6(b) i n d i c a t e s  
a r educ t ion  i n  frequency du r ing  boo t s t r app ing  b e f o r e  a l e v e l  of 400 cyc le s  
p e r  second is a t t a i n e d .  This r educ t ion  occurs  when power r equ i r ed  f o r  speed 
c o n t r o l  is added t o  the a l t e r n a t o r  load .  I n  p a r t i c u l a r ,  the frequency 
t r a c e  f o r  the 145-second ramp (fig.  6(b)) shows seve re  t u r b i n e  d e c e l e r a t i o n  
when speed c o n t r o l  load  is added t o  the a l t e r n a t o r .  I n  order  t o  prevent  
an abor ted  s t a r t u p  a l l  f o u r  pumps had t o  be  removed from a l t e r n a t o r  t o  
a u x i l i a r y  power. The frequency t r a c e  f o r  the  140-second ramp (f ig .  6(a)), 
u s ing  a b o o t s t r a p  frequency of 290 cyc le s  pe r  second, i n d i c a t e s  a s l i g h t  
amount of d e c e l e r a t i o n  b e f o r e  a t t a i n i n g  a frequency of 400 c y c l e s  p e r  
second. Although the  d e c e l e r a t i o n  problem is n o t  a s  s e r i o u s  a s  observed 
f o r  the 145-second ramp, the s t a r t u p  sequence is s t i l l  of a marginal  n a t u r e .  
It was concluded t h a t  s t a r t u p  ramps of 140 t o  145 seconds de f ined  the 
upper l i m i t  of system ramp times.  

The f i n a l  flow-ramp r a t e  comparisons a r e  shown i n  f i g u r e s  7(a) and 
7 (b ) ,  s t a r t u p s  119 and 116,  r e s p e c t i v e l y .  The t r a c e s  of l i q u i d  mercury 
flow and flow c o n t r o l  v a l v e  p o s i t i o n  (V-230) f o r  these 100-  and 120-second 
ramps a r e  q u i t e  smooth. The flow c o n t r o l  v a l v e  d i d  no t  overshoot  i ts  
f i n a l  p o s i t i o n  i n d i c a t i n g  t h a t  open-loop flow c o n t r o l  could be accomplished 
r e a d i l y  f o r  e i ther  ramp. The l i q u i d  mercury flow t r a c e s  a l s o  show t h a t  
minimal flow excurs ions  from a s t r a i g h t  l i n e  ramp occurred du r ing  these 
s t a r t u p s .  The one f a c t o r  which r e s u l t e d  i n  s e l e c t i n g  t h e  100-second ramp 
over the 120-second ramp was the a l t e r n a t o r  frequency t r a c e .  The b o o t s t r a p  
frequency f o r  a l l  f o u r  pumps was 290 cyc le s  p e r  second f o r  bo th  s t a r t u p s .  
The 100-second ramp, s t a r t u p  1 1 9 ,  shows a smooth i n c r e a s e  i n  a l t e r n a t o r  
frequency from 290 t o  400 cyc le s  p e r  second, whereas the 120-second ramp, 
s t a r t u p  116,  shows a s l i gh t  t u r b i n e  d e c e l e r a t i o n  over t h e  same frequency 
range.  I t  was concluded t h a t  a 120-second ramp d i d  n o t  provide  enough 
margin from t h e  upper l i m i t  of accep tab le  ramp times (140 t o  145 sec.) 
The 100-second ramp r a t e  r e s u l t e d  i n  the most f a v o r a b l e  s t a r t u p  mode of 
a l l  the  ramps i n v e s t i g a t e d .  

Appendix A con ta ins  a d d i t i o n a l  p l o t s  of the  9 s t a r t u p s  p rev ious ly  d i s -  
cussed i n  the r e p o r t .  The computer p l o t s  of d i g i t a l  d a t a  i n  f i g u r e s  8 
through 1 6  show the  r e s u l t s  of a l l  p e r t i n e n t  parameters  a s s o c i a t e d  w i t h  
the  f o u r  main SNAP-8 loops .  The t i m e  i n t e r v a l  between cyc le s  p l o t t e d  
along the a b s c i s s a  is approximately 11.43 seconds.  A l i s t  of symbols and 
abbrev ia t ions  precedes the p l o t s .  The  parameters  of b o i l e r  h e a t  ba lance  
qual i ty ,mercury flow r a t i o  q u a l i t y ,  t u r b i n e - a l t e r n a t o r  o v e r a l l  e f f i c i e n c y ,  
and condenser mercury i n l e t  q u a l i t y  should be  ignored i n  the t r a n s i e n t  
p l o t s ,  s i n c e  s t e a d y - s t a t e  equat ions  were used t o  c a l c u l a t e  them. 
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SUMMARY OF RESULTS 

1. S h o r t  mercury flow ramps, of 80 seconds or  less,  a r e  n o t  d e s i r a b l e  
f o r  s t a r t u p  of the mercury loop. They p r o h i b i t  use of open-loop flow 
c o n t r o l .  A ramp r a t e  of 80 seconds,  t h e r e f o r e ,  d e f i n e s  the lower l i m i t  
of  s t a r t u p  ramp times. 

2 .  Long ramps, of 140 seconds o r  more, a r e  n o t  accep tab le  due t o  
marginal  t u r b i n e  a c c e l e r a t i o n .  
the  boo t s t r app ing  of the pumps. 
t o  the a l t e r n a t o r  load  nea r  r a t e d  speed unacceptab le  t u r b i n e  d e c e l e r a t i o n  
r e s u l t e d .  A ramp t i m e  of 140 seconds,  t h e r e f o r e ,  d e f i n e s  the upper l i m i t  
of  s t a r t u p  ramp t i m e .  

The t u r b i n e  a c c e l e r a t e d  slowly du r ing  
When the speed c o n t r o l  power was added 

3 .  A s t a r t u p  ramp of 1 2 0  seconds r e s u l t e d  i n  only sma l l  l i q u i d -  
mercury flow excurs ions ,  and no overshoot of the  flow c o n t r o l  va lve .  
However, there was a s l i gh t  d e c e l e r a t i o n  i n  the t u r b i n e  a f t e r  the boo t s t r app ing  
of a l l  four  pumps was i n i t i a t e d .  This r e s u l t  i n d i c a t e d  t h a t  a ramp time 
w i t h  more margin form the upper l i m i t  would be  p r e f e r r a b l e .  

4. A ramp time of 100 seconds r e s u l t e d  i n  the most f a v o r a b l e  s t a r t u p  
The l i q u i d  mercury flow r a t e  nea r ly  achieved a s t r a i g h t  mode f o r  the  system. 

l i n e  ramp. The flow c o n t r o l  va lve  (V-230) was r equ i r ed  t o  make only s l i g h t  
adjustments  i n  flow r a t e .  F i n a l l y ,  the  t u r b i n e  a c c e l e r a t i o n  was continuous 
and no d i f f i c u l t y  was encountered i n  t r a n s f e r r i n g  from a u x i l i a r y  power t o  
a l t e r n a t o r  power du r ing  boo t s t r app ing  of a l l  f o u r  pumps. 

1 0  



APPENDIX A 

D i g i t a l  Data T r a n s i e n t  P l o t s  and Legend Symbols 

A o r  ALT 
ASHE 

AUX 
BAL 

BV 
COND 
DIFF 
DISC 

FCV 
G 

HE 
HG 
HRL 

HT 
HTR 
I M M  

I N  
L/C 

MG 
MHE 
NAK 

NPSH 
OUT 

REACT 
PLR 
PMA 

PN 
POS 

PRESS 
PRI 
PWR 
RAD 

S SHE 
T o r  TURB 

TAA 
TEMP 
TERM 

v 
VENT 

VLB 

A l t e r n a t o r  
Aux i l i a ry  S t a r t  Heat Exchanger 
Aux i l i a ry  
Balance 
B u t t e r f l y  Valve 
Condenser 
D i f f e rence  
Discharge 
Flow Cont ro l  Valve 
Gravi ty  
Heat Exchanger 
Mercury 
Heat Rejec t ion  Loop 
Heat 
Heater 
Immersion 
I n l e t  
Lube Coolant 
Motor Generator 
Motor Hea t  Exchanger 
Sodium Potassium 
N e t  P o s i t i v e  Suct ion  Head 
O u t l e t  
React i v  i t y  
P a r a s i t i c  Load R e s i s t o r  
Pump -Mot o r  Assembly 
Primary NaK 
Pos it ion  
Pres  s u r  e 
Primary 
Power 
Radia tor  
Space S e a l  Heat Exchanger 
Turbine 
Turbine-Al te rna tor  Assembly 
T emp e r a  t u r  e 
T ermin a 1  
Valve 
Ven tu r i  
Vehicle Load Bank 
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