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ABSTRACT 

From s t a r t u p  tes ts  of a SNAP-8 power convers ion  sys2em u s i n g  a 
r e a l i s t i c  r e a c t o r  s i m u l a t o r ,  the  fo l lowing  conc lus ions  were drawn: The 
t empera tu re  d e r i v a t i v e s  o f  the  s i m u l a t o r  coolan& were cons ide rab ly  l e s s  
than  the  r e a c t o r ' s  l i m i t a t i o n s  d u r i n g  a l l  of  the  s tar tups ' , .  The peak 
v a l u e s  of r e a c t o r - s i m u l a t o r  power and o u t l e t  t empera tu re  approached the 
r e a c t o r ' s  l i m i t a t i o n s  d u r i n g  a f e w  s t a r t u p s .  I n c r e a s i n g  mercury-flow- 
ramp d u r a t i o n  from 30 seconds t o  100 seconds caused a 30 p e r c e n t  re- 
d u c t i o n  of the maximum tempera tu re  d e r i v a t i v e .  R e a c t i v i t y  c o e f f i c i e n t s  
determined from t e s t s  of  t h e  SNAP-8 r e a c t o r  caused more s e v e r e  over- 
s h o o t s  of t empera tu re  end power t h a n  the  des ign  c o e f f i c i e n t s .  The over- 
s h o o t s  i n  t empera tu re  and power could be  d iminished  by modifying c o n t r o l  
drum l o g i c  d u r i n g  s t a r t u p .  
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SUMMARY cu co 
dr 'rn 

I w S t a r t u p  t e s t s  of a SNAP-8 power convers ion  system u s i n g  a r e a l i s t i c  
r e a c t o r  s i m u l a t o r  were r e c e n t l y  conducted a t  Lewis. The primary o b j e c t i v e  
of t h i s  8tudy was t o  de te rmine  s a t i s f a c t o r y  mercury- loop-s ta r tup  procedures  
w i t h i n  the  c o n s t r a i n t s  o f  b o t h  the SNAP-8 r e a c t o r  and the power convers ion  
system. T h i s  r e p o r t  p r e s e n t s  the in fo rma t ion  obta ined  from the r e a c t o r  
s i m u l a t o r  t r a n s i e n t s  d u r i n g  the  s t a r t u p  t e s t s  of the power convers ion  
system. 

Primary loop t r a n s i e n t s  d u r i n g  a t y p i c a l  power convers ion  system 
s t a r t u p  a r e  p re sen ted .  A comparison is made of  t r a n s i e n t s  w i t h  r e a c t i v i t y  
c o e f f i c i e n t s  determined from exper imenta l  tests of  the  SNAP-8 r e a c t o r  
t o  t r a n s i e n t s  with des ign  r e a c t i v i t y  c o e f f i c i e n t s .  T r a n s i e n t s  w i t h  normal 
c o n t r o l  drum a c t i o n  a r e  compared t o  t r a n s i e n t s  w i t h  no c o n t r o l  drum a c t i o n .  
The t r e n d s  of  maximum c o o l a n t  t empera tu re  d e r i v a t i v e  and peak r e a c t o r  
s i m u l a t o r  power t o  changes of mercury-flow-ramp d u r a t i o n  and of i n i t i a l  
r e a c t o r  s i m u l a t o r  power were i n v e s t i g a t e d .  

The f o l l o w i n g  conc lus ions  were reached .  The c o o l a n t  t empera tu re  
d e r i v a t i v e s  of  the  r e a c t o r  s i m u l a t o r  were i n  a l l  s t a r t u p d  congiderably  
l e s s  t h a n  the r \eac tor  l i m i t a t i o n s .  
power and o u t l e t  t empera tu re  approached the  r e a c t o r  l i m i t a t i o n s  d u r i n g  
a few s t a r t u p s .  I n c r e a s i n g  mercury-flow-ramp d u r a t i o n  from 30 seconds 
t o  100 seconds caused a 30-percent  r e d u c t i o n  of t he  maximum tempera ture  
d e r i v a t i v e .  I n c r e a s i n g  i n i t i a l  r e a c t o r  power from 40 t o  100 k i l o w a t t s  
t e n d s  t o  reduce  the  power overshoot .  T e s t  r e a c t i v i t y  c o e f f i c i e n t s  cause  
more sever'e overshoots  o f  t empera tu re  and power t h a n  the des ign  c o e f f i -  
c i e n t s .  The overshoots  i n  t empera tu re  and power could  b e  d iminished  by 
modifying c o n t r o l  drum l o g i c  d u r i n g  s t a r t u p .  

The peak v a l u e s  of  r e a c t o r  s i m u l a t o r  

INTRODUCTION 

SNAP-8, a power system be ing  developed f o r  use i n  space ,  uses h e a t  
from a n u c l e a r  r e a c t o r  t o  produce e l e c t r i c  power. Heat is t r a n s f e r r e d  
from the  r e a c t o r  t o  a mercury b o i l e r  by a c i r c u l a t i n g  loop of  Nak (eutectic 
mixture  of sodium and potassium).  The mercury 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  t o  produce e l ec t r i c  power. 
system development is the  d e f i n i t i o n  of r e l i a b l e  au tomat ic  s t a r t u p  pro- 
cedures  t o  b e  used i n  space .  

An impor tan t  a s p e c t  of  tpe  SNAP-8 



Previous  s t u d i e s  of SNAP-8 s t a r t u p  problems a r e  r e p o r t e d  i n  s e v e r a l  
p u b l i c a t i o n s .  Birken h a s  made ana log  computer s t u d i e s  of r e a c t o r  s t a r t u p  
( ref .  1) and of the effects of power convers ion  system (PCS) s t a r t u p  on 
t h e  r e a c t o r  ( ref .  2 ) .  An exper imenta l  s tudy  of r e a c t o r  loop t r a n s i e n t s  
d u r i n g  PCS s t a r t u p  (ref. 3) was made a t  NASA-Lewis w i t h  a SNAP-8 s i m u l a t o r  
system. An impor tan t  element i n  t h i s  s tudy  was an analog-computer-control led 
e l e c t r i c  h e a t e r ,  which s imula t ed  t h e  SNAP-8 r e a c t o r  ( ref .  4 ) .  

The NASA exper imenta l  f a c i l i t y  was l a t e r  modif ied t o  i n c l u d e  a l l  the  
major components of SNAP-8 except  the r e a c t o r  and r a d i a t o r .  With t h i s  
SNAP-8 t e s t  system (ref. 5) an e x t e n s i v e  s tudy  of  t h e  PCS s t a r t u p  was 
made. Main o b j e c t i v e s  of  t h i s  s tudy  were t o  de te rmine  a s a t i s f a c t o r y  com- 
b i n a t i o n  of mercury-flow-ramp r a t e  ( re f .  6) , pump b o o t s t r a p p i n g  frequency 
( ref .  7 ) ,  and condenser p r e s s u r e  c o n t r o l .  During t h e s e  t e s t s  informat ion  
was obta ined  from the  r e a c t o r  s i m u l a t i o n  r e g a r d i n g  the  s e v e r i t y  of r e a c t o r  
t r a n s i e n t s  d u r i n g  PCS s t a r t u p .  The purpose of t h i s  r e p o r t  is t o  p r e s e n t  
t h i s  r e a c t o r  in format ion .  

The r e a c t o r  s i m u l a t o r  t r a n s i e n t s  f o r  a r e f e r e n c e  s t a r t u p  a r e  i l l u s t r q t e d  
and d i scussed .  The maximum t r a n s i e n t  power and maximum NaK c o o l a n t  tem- 
p e r a t u r e  d e r i v a t i v e s  f o r  a l l  the  s t a r t u p s  a r e  compared t o  the s a f e t y  l i m i t s  
o f  t h e  SNAP-8 development r e a c t o r .  The effects  of  mercury-flow-ramp dura-  
t i o n  and i n i t i a l  r e a c t o r  s i m u l a t o r  power on maximum NaK t e m p e r a t u r e " d e r i v a t i v e  
and maximum r e a c t o r  s i m u l a t o r  power a r e  p l o t t e d  and d i scussed .  The effects 
of  changes i n  r e a c t i v i t y  c o e f f i c i e n t s  and omission of c o n t r o l  drum s t e p s  
a r e  d i scussed .  

SNAP-8 TEST SYSTEM AND INSTRUMENTATION 

T e s t  System 

A s i m p l i f i e d  schemat ic  diagram of  t h e  SNAP-8 t e s t  system is  shown 
i n  f igure 1. The three l i q u i d  me ta l  loops  shown a r e :  (1) the primary 
NaK loop  which t r a n s f e r s  h e a t  energy from the  r e a c t o r  s i m u l a t o r  t o  the  
b o i l e r ;  (2) the  secondary mercury loop i n  which mercury vapor  gene ra t ed  
i n  the b o i l e r  d r i v e s  a t u r b i n e  b e f o r e  g i v i n g  up was te  h e a t  i n  the con- 
dense r ;  and (3) t he  h e a t  r e j e c t i o n  NaK loop  which t r a n s f e r s  t he  was te  
h e a t  from the  condenser t o  the r a d i a t o r  s i m u l a t o r .  The a u x i l i a r y  s t a r t  
h e a t  exchanger i s  used t o  cool  the r e a c t o r  s i m u l a t o r  and p r e h e a t  the  h e a t  
r e j e c t i o n  loop d u r i n g  the  p e r i o d  b e f o r e  PCS s t a r t u p .  An o i l  l oop  which 
l u b r i c a t e s  and c o o l s  the r o t a t i n g  components i s  n o t  shown. 

The r e a c t o r  s i m u l a t i o n  is convenient ly  d iv ided  i n t o  t h r e e  b locks :  
c o n t r o l  drum l o g i c ;  r e a c t o r  nuc leon ic s ;  and r e a c t o r  thermodynamics a s  
shown i n  f igure 2 .  The b lock  f o r  c o n t r o l  drum l o g i c  s i m u l a t e s  a s t e p  i n  
r e a c t o r  c o n t r o l  drum p o s i t i o n  when the  o u t l e t  t empera ture  is o u t s i d e  dead- 
band l i m i t s .  The lower deadband l i m i t  was 1280' F and the  upper deadband 
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l i m i t  was 1320° F. 
by i n t e g r a t i n g  t h e  e f f e c t  of simuhated c o n t r o l  drum p o s i t i o n  and i n t e r n a l  
r e a c t o r  s i m u l a t o r  tempera ture  d i s t r i b u t i o n .  
b lock  i s  t h e  de t e rmina t ion  of o u t l e t  t empera ture  ahd i n t e r n a l  tempera ture  
d i s t r i b u t i o n  based on s imula t ed  r e a c t o r  power, i n l e t  t empera ture ,  and NaK 
flow r a t e .  Cont ro l  drum l o g i c  and r e a c t o r  nuc leon ic s  a r e  s imula ted  on 
an ana log  computer. Reactor  thermodynamics (except  f o r  a o r e  temperature)  
a r e  r e p r e s e n t e d  by t h e  e l e c t r i c  NaK h e a t e r .  The e l e c t r i c  h e a t e r  used 
had a s i g n i f i c a n t l y  h i g h e r  h e a t  t r a n s f e r  c a p a b i l i t y  than  t h e  SNAP-8 
r e a c t o r .  To compensate f o r  t h i s ,  a q u a n t i t y  p r o p o r t i o n a l  t o  r e a c t o r  
power was added t o  h e a t e r  element tempera ture  t o  compute c o r e  tempera ture .  
The r e a c t o r  s imula t ion  is desc r ibed  i n  more d e t a i l  i n  r e f e r e n c e  4. 

The r e a c t o r  nuc leonics  b lock  computes r e a c t o r  power 

The r e a c t o r  thermodynamics 

Ins t rumen ta t ion ,  

The exper imenta l  SNAP-8 system was thoroughly ins t rumented;  most of 
t h e  in s t rumen ta t ion  was ?he same a s  t h a t  desc r ibed  i n  r e f e r e n c e  8 .  How- 
eve r ,  only a few ins t rumen t s  were used t o  o b t a i n  t h e  d a t a  p re sen ted  h e r e i n .  
The r e l a t i v e  l o c a t i o n s  of t h e s e  in s t rumen t s  a r e  !indicated on t h e  diagram 
shown i n  f i g u r e  1. Mercury flow r a t e  was determined 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 .  An e l ec t romagne t i c  
flow meter was used t o  measure primary NaK flow r a t e .  Temperatures were 
measured u s i n g  Chromel-Alumel thermocouples r e fe renced  t o  150° F ovens. 
NaK h e a t e r  power was measured by mul t ip ly ing  v o l t a g e  and c u r r e n t  of each 
phase and t o t a l i n g  t h e  t h r e e  products .  The in s t rumen ta t ion  s i g n a l s  were 
d i g i t i z e d  and recorded  a t  a r a t e  of one r e c o r d i n g  of each v a r i a b l e  p e r  
11 .4  seconds.  S t r i p  c h a r t  r eco rd ings  of key v a r i a b l e s  were a l s o  made. 
The p l o t s  of r e a c t o r  l o o p  t r a n s i e n t s  du r ing  PCS s t a r t u p s  were made us ing  
t h e  s t r i p  c h a r t  d a t a .  The remaining p l o t s  were de r ived  from t h e  d i g i t a l  
d a t a .  

TEST PROCEDURES 

A t y p i c a l  PCS s t a r t u p  t e s t  was accomplished a s  fo l lows .  Before each 
t e s t ,  t h e  r e a c t o r  s i m u l a t o r  was brought  t o  a ower l e v e l  of 60 t o  1 2 0  
k i l o w a t t s  ahd an o u t l e t  t empera ture  q e a r  1300 The power was t r a n s f e r r e d  
by t h e  a u x i l i a r y  s t a r t  h e a t  exchanger t o  t h e  t h i r d  loop.  The mercury 
l i q u i d  l i n e s  were f i l l e d  between t h e  condenser o u t l e t  and the b o i l e r  i n -  
l e t .  
o r  a t  des ign  a l t e r n a t o r  f requenqy.  

F. 

The pumps were running  on a u x i l i h r y  power a t  t h e  b o o t s t r a p  frequency 

Once t h e  above c o n d i t i o n s  were achieved and t h e  d a t a  systems were 
s t a r t e d ,  the  s t a r t u p  sequence was i n i t i a t e d .  Thi rd  loop f low through t h e  
a u x i l i a r y  s t a r t  h e a t  exchanger was s topped.  The mercury i n j e c t i o n  system 
a t  t h e  mercury pump i n l e t  was opened. The mercury flow c o n t r o l  va lve  
was au tomat i ca l ly  c o n t r o l l e d  t o  p rov ide  t h e  d e s i r e d  ramp of mercury l i q u i d  
flow i n t o  the b o i l e r .  The b o i l e r  t r a n s f e r r e d  h e a t  energy from t h e  primary 



l oop  t o  b o i l  t h e  mercury. This caused t empera tu re  and power t r a n s i e n t s  
i n  the primary loop.  
b i n e  a l t e r n a t o r  assembly t o  a c c e l e r a t e .  
t h e  pump f requency ,  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. As 
the  a l t e r n a t o r  ou tpu t  i n c r e a s e d  t o  des ign  f requency ,  the primTry pump sped  
up and the primary NaK flow inc reased .  T h i s  i n c r e a s e  i n  primary flow a l s o  
caused changes i n  primary loop  tempera tures  

Mercury vapor gene ra t ed  i n  the  b o i l e r  caused the tur-  
When the  a l t e r n a t o r  ou tpu t  reached 

A t  the  conclus ion  of  the  s t a r t u p  t r a n s i e n t ,  mercury f low was a t  the  
s e l f - s u s t a i n i n g  v a l u e ,  6600 pounds 'hour .  The r e a c t o r  s i m u l a t o r  power 
ou tpu t  was a t  approximately 290 k i l o w a t t s ,  which was the power r e q u i r e d  t o  
vapor i ze  the  mercury f low ahd t o  overcome convect ion  and r a d i a t i o n  l o s s e s  
i n  the primary loop.  The r e a c t o r  s i m u l a t o r  o u t l e t  t empera ture  was w i t h i n  
t h e  deadband l i m i t s .  The a l t e r n a t o r  was a t  des ign  frequency and the  p r i -  
mary loop  was a t  r a t e d  f low.  I n  a f e w  c a s e s  the mercury flow was i n c r e a s e d  
very s lowly  t o  12 ,000  pounds/hour and t h e  system inc reased  t o  fu l l -power  
o p e r a t i o n  i n  a quas i - s t eady  manner. 
o u t  a t  t h e  s e l f - s u s t a i n i n g  p o i n t ,  it was s h u t  down i n  p r e p a r a t i o n  f o r  
ano the r  s t a r t u p .  

Usual ly ,  once the system had s t e a d i e d  

RESULTS AND DISCUSSION 

Reactor  T r a n s i e n t s  f o r  Reference  S t a r t u p  

The r e a c t o r  loop t r a n s i e n t s  f o r  a reference PCS s t a r t u p  a r e  shown 
on f i g u r e  3. The mercury flow ramp l a s t e d  f o r  the  optimum d u r a t i o n ,  100 
secondg, determined i n  reference 6 ;  the pump swi tchover  from a u x i l i a r y  
t o  t u r b i n e - a l t e r n a t o r  power was a t  270 hertz , the  optimum turbine-pump 
b o o t s t r a p p i n g  frequency determined i n  r e f e r e n c e  7 .  The r e a c t o r  s i m u l a t i o n  
used the r e a c t i v i t y  coef f ic ien ts  determined from exper imenta l  t e s t s  of 
the SNAP-8 r e a c t o r  ( t e s t  c o e f f i c i e n t s ) .  The  deadband c o n t r o l  was simu- 
l a t e d  except  t h a t  the  first drum s t e p ,  the  drum s t e p  a t  the  lower dead- 
band l i m i t ,  was e l imina ted .  

This PCS s t a r t u p  caused primary loop t r a n s i e n t s  t h a t  would b e  a c c e p t a b l e  
f o r  a c t u a l  r e a c t o r  ope ra t ion .  
l a t o r  i n l e t  t empera tu re  (determined from d i g i t a l  d a t a  f o r  a 11.4-second 
i n t e r v a l )  was 125' F p e r  minute.  
500 k i l o w a t t s .  

Thk maximum r a t e  of  change of r e a c t o r  simu- 

The maxjmum h e a t e r  power reached  was 
The h e a t e r  o u t l e t  t empera tu re ' s  maximum was 1345' F. 

Reac tor  C o n s t r a i n t s  

The c o n s t r a i n t s  cons ide red  i n  d e c i d i n g  t h a t  the  r e f e r e n c e  PCS s t a r t u p  
t r a n s i e n t s  would have been a c c e p t a b l e  f o r  a c t u a l  r e a c t o r  o p e r a t i o n  a r e  a s  
fo l lows .  
A r e a c t o r  scram is i n i t i a t e d  when t h e  o u t l e t  t empera tu re  r eaches  1400' F. 
The maximum a l lowab le  NaK-temperature t i m e - d e r i v a t i v e  v a r i e d  w i t h  the  
d u r a t i o n  of the t r a n g i e n t .  

The maximum a l lowab le  t r a n s i e n t  NaK o u t l e t  t empera tu re  is 1450° F. 

The v a r i a t i o n  of  this c o n s t r a i n t  from 150' F 
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p e r  minute f o r  long-term t r a n s i e n t s  t o  600' F p e r  minute f o r  very  b r i e f  
t r a n s i e n t s  is shown i n  f igure 4. The maximum a l lowab le  v a l u e  of r e a c t o r  
power d u r i n g  a t r a n s i e n t  is 675 k i l o w a t t s .  A scram is i n i t i a t e d  i f  r e a c t o r  
power exceeds 750 k i l o w a t t s .  
d u r i n g  t e s t i n g  of  the S8DR. 

The c p n s t r a i n t s  mentioned above were used 

These c o n s t r a i n t s  were used t o  e v a l u a t e  t h e  v a r i o u s  PCS s t a r t u p s  made 
a t  the Lewis Research Center.  These s t a r t u p s  inc luded  many d i f f e r e n t  com- 
b i n a t i o n s  of changes t o  the s t a r t u p  parameters .  The number of s t a r t u p s  
which reached each v a l u e  of peak o u t l e t \ t e m p e r a t u r e  is shown i n  f igure 5.  
T h i s  d i s t r i b u t i o n  shows t h a t  a f e w  of  the s t a r t u p s  approached t h e  S8DR 
scram tempera ture .  The number of s t a r t u p s  t h a t  reached each v a l u e  of peak 
power i s  shown i n  f igure  6. Although most of  the  runs  had peak powers 
between 500 and 600 k i l o w a t t s ,  t h r e e  of  t h e  runs  had NaK h e a t e r  power 
l i m i t e d  t o  640 k i lowa? t s ,  t h e  NaK-heater s a f e t y  l i m i t .  If the  a c t u a l  
r e a c t o r  had been used  i n  t h i s  t e s t i n g ,  the r e a c t o r  l i m i t s  may have been 
exceeded d u r i n g  these three t r a n s i e n t s .  

The maximum NaK tempera tu re  d e r i v a t i v e s  encountered d u r i n g  the PCS 
s t a r t u p  t e s t i n g  a r e  shown i n  figures 7 and 8. F igu re  7 p l o t s  the maxi- 
mum d e r i v a t e s  d u r i n g  t h e  11.4-second i n t e r v a l s  between s u c c e s s i v e  d i 3 i t a l  
d a t a  r eco rd ings .  F igu re  8 p l o t s  t h e  maximum d e r i v a t i v e  d u r i n g  80-secon 
i n t e r v a l s  between d i g i t a l  d a t a  r e c o r d i n g s .  These figures show t h a t  there 
is a wide margin between the t empera tu re  d e r i v a t i v e s  encountered i n  PCS 
s t a r t u p  t e s t i n g  and the  tempedature  d e r i v a t i v e  c o n s t r a i n t s  used i n  S8DR 
t e s t i n g  . 

F i g u r e s  5 ,  6 ,  7 ,  and 8 show an approximate Gaussian d i s t r i b u t i o n .  
This i n d i c a t e s  t h a t  the  v a r i a t i o n s  a r e  probably each due t o  s e v e r a l  f a c t o r s .  
Some l i k e l y  causes  of the  v a r i a t i o n s  a r e  l i s t e d  below. 

(1) Mercury flow ramp r a t e  
(2) I n i t i a l  NaK h e a t e r  power 
(3) Reactor  s i m u l a t o r  r e a c t i v i t y  c o e f f i c i e n t s  
(4) Reac tor  s i m u l a t o r  c o n t r o l  dlrum l o g i c  
(5) Dev ia t ions  from s t e a d y - s t a t e  o p e r a t i o n  a t  the  beginning  

of t h e  t r a n s i e n t  
(6) E r r o r s  i n  r e c o r d i n g  o r  i n t e r p r e t i n g  the  d a t a .  

F u r t h e r  a n a l y s i s  of the effects  due t o  the  first f o u r  f a c t o r s  i s  made i n  
the  fo l lowing  s e c t i o n s  of  t h i s  r e p o r t .  

Effect of Mercury Ramp Rate  

A mercury f low ramp from z e r o  t o  s e l f - s u s t a i n i n g  flow r a t e  i n  100 
seconds was about  optimum from mercury loop  c o n s i d e r a t i o n s .  However, 
f i n a l  s e l e c t i o n  OF mercury-flow-ramp r a t e  must a l s o  cons ide r  what is 
best f o r  the r e a c t o r .  P l o t s  of r e a c t o r  l i m i t a t i o n s ,  peak power l e v e l  and 
maximum r a t e  of change of  NaK t empera tu re ,  a s  a func t ion ,  of mercury flow 
ramp r a t e  were made t o  de te rmine  i f  t h e r e  is any c o r r e l a t i o n .  



Peak h e a t e r  power t o  mercury-flow-ramp d u r a t i o n  f o r  the PCS s t a r t u p s  
is p l o t t e d  on f igure 9 .  Mercury-flow-ramp d u r a t i o n )  i . e e ,  the t i m e  r e q u i r e d  
t o  ramp the mercury flow from z e r o  t o  the s e l f - s u s t a i n i n g  v a l u e ,  is i n -  
v e r s e l y  p r o p o r t i o n a l  t o  mercury-flow-ramp r a t e .  F igu re  9 shows p r a c t i c a l l y  
no c o r r e l a t i o n  of peak power t o  mercury-flow-ramp d u r a t i o n .  Changes t o  
the  mercury-ramp d u r a t i o n  between 30 and L O O  seconds would t h e r e f o r e  n o t  
b e  an e f f e c t i v e  method o f \ r e d u c i n g  the peak power. 

Maximum r a t e  of  change of h e a t e r  i n l e t  t empera tu re  a s  a f u n c t i o n  of 
mercury-flow-ramp d u r a t i o n  f o r  the  PCS s t a r t u p s  is p l o t t e d  on f i g u r e  10 .  
The t empera tu re  d e r i v a t i v e  used i n  t h i s  p l o t  was the  average  d e r i v a t i v e  
d u r i n g  an 11.4-second i n t e r v a l  between two d i g i t a l  d a t a  r e c o r d i n g s .  
is a d e f i n i t e  r e d u c t i o n  of  tempera ture  d e r i v a t i v e  a s  the mercury-flow- 
ramp d u r a t i o n  i n c r e a s e s .  
ramp (the ramp d u r a t i o n  chosen i n  r e f e r e n c e  6) had an average  tempera ture  
d e r i v a t i v e  about  30 p e r c e n t  less t h a n  the s t a r t u p s  u s i n g  a 30-second ramp. 
I n c r e a s e  of  mercury-ramp d u r a t i o n  above 100 seconds would probably reduce 
t h e  NaK t empera tu re  d e r i v a t i v e  f u r t h e r .  

There 

The s t a r t u p s  u s i n g  a 100-second mercury-flow- 

E f f e c t  of I n i t i a l  Power 

Peak h e a t e r  power ve r sus  i n i t i a l  h e a t e r  power f o r  the  PCS s t a r t u p s  
is p l o t t e d  on f i g u r e  11. There is  a s i g n i f i c a n t  t r e n d  towards reduced 
peak h e a t e r  power w i t h  i n c r e a s e d  i n i t i a l  power. Because p rev ious  a n a l y t i c a l  
s t u d i e s  p r e d i c t e d  t h i s  t r e n d ,  the a u x i l i a r y  s t a r t  h e a t  exchanger was added 
t o  the SNAP-8 system. 

1 

There a r e  two causes  f o r  reduced power overshoots  a t  higher i n i t i a l  
(1) An i n h e r e n t  f e a t u r e  of r e a c t o r s  is t h a t  t h e i r  s e n s i t i v i t y  t o  power: 

r e a c t i v i t y  changes is p r o p o r t i o n a l  t o  t h e i r  power l e v e l .  With a higher 
i n i t i a l  power the r e a c t o r  s i m u l a t o r  w i l l  respond f a s t e r  t o  a change i n  power 
demand and w i l l  need t o  overshoot  less t o  compensate €or i n i t i a l  sluggish- 
ness .  Higher i n i t i a l  power i s  achieved by i n c r e a s i n g  a u x i l i a r y  s t a r t  
h e a t  exchanger power demand. The e f f e c t i v e  d i s t u r q a n c e  t o  the r e a c t o r  
s i m u l a t o r ,  t he  d i f f e r e n c e  between b o i l e r  power demand and a u x i l i a r y  s t a r t  
h e a t  exchanger power demand, is l e s s  a t  a higher i n i t i a l  power. A s  the  
power t r a n s i e n t  is a response  t o  t h i s  d i s t u r b a n c e ,  the  power t r a n s i e n t  
is n a t u r a l l y  l e s s  s e v e r e  whkn the e f f e c t i v e  d i s t u r b a n c e  is  less .  

(2) 

Maximum r a t e  of  change of i n l e t  t empera ture  ve r sus  i n i t i a l  h e a t e r  
power is p l o t t e d  on f i g u r e  1 2 .  I n  g e n e r a l  there is no c o r r e l a t i o n .  

Effect of  Reactor  C o e f f i c i e n t s  

The t empera tu re  c o e f f i c i e n t s  of r e a c t i v i t y  a r e  impor tan t  i n  c o n t r o l l i n g  
r e a c t o r  power. The SNAP-8 r e a c t o r  was des igned  s o  t h a t  t he rma l  expansion 
t e n d s  t o  r educe  r e a c t o r  power. The magnitude of t h i s  tendency is exp"ress&d 
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by t h r e e  t empera tu re  c o e f f i c i e n t s  of  r e a c t i v i t y :  

(1) lower g r i d  c o e f f i c i e n t  
(2) c o r e  c o e f f i c i e n t  
(3) upper g r i d  c o e f f i c i e n t  

A s  these c o e f f i c i e n t s  were p a r t  of the  nuc leon ic s  p o r t i o n  of the r e a c t o r  
s i m u l a t o r  it was convenient  t o  u s e  two s e t s  of r e a c t i v i t y  c o e f f i c i e n t s  
d u r i n g  the PCS s t a r t u p  t e s t i n g .  The t e s t  c o e f f i c i e n t s  were computed from 
exper imenta l  d a t a  from the SNAP-8 r e a c t o r .  
des ign  g o a l s  f o r  the SNAP-8 r e a c t o r .  

The des ign  coe f f i c i en t , s  were 

:- - B * - 4 x  Design T e s t  

Lower g r i d  ( i n l e t )  -. 07$/OF - .10 $/OF 
Core - -10 $/OF - .10 $/OF 
Upper g r i d  ( o u t l e t )  -.07$/OF - - 0 0  $/OF 

The t e s t  c o e f f i c i e n t s  t e n d  t o  cause  more s e v e r e  overshoots  of power 
than  the des ign  c o e f f i c i e n k s .  
( f ig .  9) shows the  r u n s  u s i n g  t e s t  c o e f f i c i e n t s  r e p r e s e n t e d  by c i rc les  
and the  r u n s  u s i n g  design c o e f f i c i e n t s  by s o l i d  d o t s .  Although the  40, 
80,  1 0 0 ,  1 2 0 ,  and 140-secon& ramps were done almost  e n t i r e l y  w i t h  t e s t  
c o e f f i c i e n t s ,  the  30- and 60-second ramps show average  peak powers with 
t e s t  c o e f f i c i e n t s  t o  b e  about  75 k i l o w a t t s  higher than  w i t h  des ign  coef-  
f i c i e n t s .  

Peak power v e r s u s  mercury-flow-ramp d u r a t i o n  

The d i f f e r e n c e  i s  more p l a i n l y  shown i n  f i g u r e  1 3  by comparing two 
runs  t h a t  are  s i m i l a r  i n  a l l  o t h e r  r e s p e c t s .  The power + r a c e  shows a 
lower peak and a l e s s  o s c i l l a t o r y  r e sponse  w i t h  des ign  c o e f f i c i e n t s  t han  
w i t h  t e s t  c o e f f i c i e n t s .  The upper g r i d  t empera tu re  is a feedback  v a r i a b l e  
i n  t h a t  it i n c r e a s e s  when power is inc reased .  The lower g r i d  t empera tu re  
is a feedforward v a r i a b l e  i n  t h a t  i t s  v a l u e  depends on what happens i n  
the b o i l e r  and q o t  on power. 
power r e sponse  because they  p rov ide  t o o  much p r e d i c t i v e  r e sponse  and n o t  
enough feedback. 

The t e s t  c o e f f i c i e n t s  produce a more o s c i l l a t o r y  

Another s i g n i f i c a n t  d i f f e r e n c e  between the two s t a r t u p  t r a n s i e n t s  
is t h a t  the  o u t l e t  t empera tu re  has  l a r g e r  excur s ions  w i t h  the  t e s t  coef -  
f i c i e n t s  t h a n 3 w i t h  the des ign  c o e f f i c i e n t s .  The o u t l e t  t empera tu re  is 
almost  the  s a d e  a s  the upper g r i d  tempera ture .  
v a r i a t i o n s  o f  upper  g r i d  tempera ture  a r e  opposed by the e f fec t  of the  upper  
g r i d  c o e f f i c i e n t .  This t e n d s  t o  minimize o u t l e t  t empera ture  t r a n s i e a t s .  
With t h e  t e s t  c o e f f i c i e n t s ,  the  upper  g r i d  c o e f f i c i e n t  is z e r o  and t h e  
o u t l e t  t empera tu re  has l a r g e r  overshoots .  

With the des ign  c o e f f i c i e n t s ,  
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Reactor  Con t ro l  Logic 

The r e a c t o r  t r a n s i e n t s  of a run w i t h  no c o n t r g l  drum s t e p s  a r e  compared 
t o  t h o s e  of a run w i t h  the  nprmal c o n t r o l  a c t i o n  (fig.  14 ) .  
s t e p s  t e n d  t o  make the  s t a r t u p  t r a n s i e n t  wore o s c i l l a t o r y .  T h i s  is n o t  
s u r p r i s i F  c o n s i d e r i n g  t h a t  t h e  c o n t r o l  drums were designed f o r  s t eady-  
s t a t e  c o r r e c t i o n  of fue l  d e p l e t i o n  and p o i s o  burnout  r a t h e r  t h a n  f o r  
c o n t r o l l i n g  the  s t a a t u p  SranTient .  However, \ ome means is needed d u r i n g  
the s t a r t u p  t r a n s i e n t  t o  lower the  o u t l e t  t empera tu re  a t  the  end of  the 
t r a n s i e n t .  One way of do ing  t h i s  is t o  begin  the PCS s t a r t u p  w i t h  the  
o u t l e t  t empera tu re  below the s t e a d y - s t a t e  o p e r a t i n g  va lue .  By manually 
s t e p p i n g  the c o n t r o l  drums two o r  th ree  t imes and a l lowing  the  r e a c t o r  
s i m u l a t o r  t r a n q i e n t s  t ime t o  s e t t l e  o u t ,  PCS s t a r t u p s  were begun w i t h  i n i t i a l  
o u t l e t  t empera tu res  around 1260° F. 
s t a r t u p  w i t h  no c o n t r o l  drum s t e p s  p l o t t e d  i n  f igure 1 4 ,  except  t h a t  
' the o u t l e t  t empera tu re  was w i t h i n  .the tempera ture  deadband a t  the end of 
t h e  t ran6ien-t .  
s t u d i e d  was e l i m i n a t i o n  of  t h e  first c o n t r o l  drum s t e p .  
T h i s  mod i f i ca t ion  is the  r e f e r e n c e  s t a r t u p  shown on f i g u r e  3. E l imina t ing  
t h i s  inward s t e p  reduced the v a l u e  of  peak power and l e s sened  the number 
of  outward s t e p s  needed t o  b r i n g  the o u t l e t  t empera tu re  down i n t o  tjhe 
deadband. The three mod i f i ca t ions  t o  c o n t r o l  drum l o g i c :  (1) e l i m i n a t i n g  
a l l  s t e p s ,  (2) e l i m i n a t i n g  a l l  s t e p s  w i t h  $he o u t l e t  t empera tu re  i n i t i a l l y  
below the deadband, and (33 e l i m i n a t i n g  the first drum s t e p ,  a l l  reduced 
excur s ions  of  r e a c t o r  s i m u l a t o r  t empera tu re  and power. 

The c o n t r o l  

These s t a r t u p s  were s i m i l a r  t o  the 

Another hod i f  i c a k i o n  t o  r e a c t o r  c o n t r o l  l o g i c  which wa5 
An exampie of  

COWLUSIONS 

The i n v e s t i g a t i o n  of a SNAP-8 t e s t  system u s i n g  a r e a c t o r  s i m u l a t o r  
has  y i e l d e d  the fo l lowing  in fo rma t ion  r e g a r d i n g  r e a c t o r  t r a n s i e n t s  du r ing  
s t a r t u p  of the power convers ion  system. 

(1) The NaK t empera tu re  d e r i v a t i v e s  of  the r e a c t o r  s i m u l a t o r  were 
i n  a l l  s t a r t u p s  cons ide rab ly  less  t h a n  the r e a c t o r  l i m i t a t i o n s .  

(2) The peak v a l u e s  of  r e a c t o r  s i m u l a t o r  power and o u t l e t  t empera tu re  
approached the r e a d t o r  l i m i t a t i o n s  d u r i n g  a f e w  s t a r t u p s .  

(3) I n c r e a s i n g  mercury-flow-ramp d u r a t i o n  from 30 seconds t o  100 
seconds caused a 30 p e r c e n t  r e d u c t i o n  of the  maximum tempera tu re  d e r i v a t i v e .  

i 

(4) I n c r e a s i n g  i n i t i a l  r e a c t o r  power from 40 k i l o w a t t s  t o  100 k i l o -  
w a t t s  by i n c r e a s i n g  a u x i l i a r y  s t a r t  h e a t  exchanger power t e n d s  t o  r educe  
the power overshoot .  

(5) R e a c t i v i t y  c o e f f i c i e n t s  determined from exper imenta l  tests of 
t h e  SNAP-8 r e a c t o r  cause  more s e v e r e  overshoots  of power and o u t l e t  tem- 
p e r a t u r e  t h a n  des ign  c o e f f i c i e n t s .  
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(6) Mod i f i ca t ion  of Ton t ro l  drum l o g i c  f o r  s t a r t u p  t e n d s  t o  reduce  
r e a c t o r  s i m u l a t o r  overshoots  of t empera tu re  and power. 

Lewis Research  Center ,  
N a t i o n a l  Aeronaut ics  and Space Admin i s t r a t ion ,  

Cleveland,  Ohio, December 8 , 1969. 
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Figure 2. - Block diagram showing basic concept of reactor simulator. 



= Drum step out 

k 

E 
R 

800 

600 

400 

200 

0 

1300 

1100 

c 10,000 
5 

f 
g 5,000 

QI 

e: 

rl cu 

1 
B 

0 V 4 6 8 10 12 14 16 18 G 

Figure 3 - Reactor Loop Transients for a Reference PCS Startup 
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Figure 9 - Effec t  o f  Mercury Flaw Ramp Duration on Power Peaks 
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