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ABSTRACT 

B o i l e r  performance mapping was performed between SNAP-8 system 
s t a r t u p  t e s t s .  The mercury b o i l e r  was a counter f low h e a t  exchanger 
w i t h  double-containment ,  t an t a lum and s t a i n l e s s  s t e e l  c o n s t r u c t i o n .  
B o i l e r  performance d a t a  ob ta ined  between e a r l y  s t a r t u p  tests (3 through 
21) i n d i c a t e d  a b o i l e r  decond i t ion ing  (mercury-side s u r f a c e  contami- 
na t ion )  problem. The b o i l e r  d i d  c o n d i t i o n  (mercury-side s u r f a c e  con- 
t amina t ion  removed) f o r  l a t e r  s t a r t u p s  (34 through 135) r e s u l t i n g  
i n  an o v e r a l l  p r e s s u r e  drop of  183  p s i  f o r  a mercury flow r a t e  of 
6600 lbm/hr and a b o i l e r  i nven to ry  of  26 pounds. A t  the  des ign  
mercury flow r a t e  of 12,300 lbm/hr  the b o i l e r  o v e r a l l  p r e s s u r e  drop 
was 1 2 9  p s i  w i t h  a b o i l e r  i nven to ry  of 34 pounds. The b o i l e r  NaK 
f low r a t e  and i n l e t  t empera tu re  f o r  b o t h  of  the  above mercury flow 
r a t e s  were approximately 46,000 lbm/hr  and 1280' F and 45,700 lbm/hr 
and 1300' F ,  r e s p e c t i v e l y .  
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An exper imenta l  i n v e s t i g a t i o n  of SNAP-8 s t a r t u p  and shutdown 
c h a r a c t e r i s t i c s  was conducted a t  the  L e w i s  Research Center .  During 
s t a b i l i z e d  system ope ra t ion  fo l lowing  s t a r t u p  t e s t s ,  a l i m i t e d  amount 
of s t e a d y - s t a t e  b o i l e r  performance napping was accomplished. The 
p e r t i n e n t  b o i l e r  parameters  v a r i e d  were mercury flow r a t e ,  NaK flow 
r a t e ,  and NaK i n l e t  t empera ture .  The v a r i a t i o n  of  o v e r a l l  b o i l e r  
mercury-side p r e s s u r e  drop f o r  a range  of mercury flow r a t e s  from 

a) 6100 t o  12,300 lbm/hr was examined. I n  a d d i t i o n ,  the changes i n  over- 
co a l l  p r e s s u r e  drop f o r  a range  o f  NaK flow r a t e s  from 39,800 t o  46,500 
? lbm/hr and a range  o f  NaK i n l e t  t empera tures  from 1260° t o  1300' F 

were examined. 

m 

The r e su l t s  showed the  b o i l e r  underwent pe r iods  of decond i t ion ing  
(mercury-side s u r f a c e  contaminat ion)  and cond i t ion ing  (removal of  
mercury-side s u r f a c e  contamination) du r ing  the  e a r l y  s t a r t u p  t e s t s  
(numbers 3 th rough 21)  b e f o r e  a t t a i n i n g  a condi t ioned  s t a t e .  The 
e a r l y  decondi t ioned  s t a t e  of  the  b o i l e r  caused lower mercury-side 
o v e r a l l  p r e s s u r e  drops  t h a n  would have been obta ined  i f  the  b o i l e r  
had been condi t ioned .  However , two impor tan t  b o i l e r  o p e r a t i n g  p o i n t s  
were de f ined  when the b o i l e r  was cond i t ioned ,  one a t  the  s e l f - s u s t a i n i n g  
mercury flow r a t e  (6600 Lbmhr)  and the o t h e r  a t  the  des ign  flow r a t e  
(12,300 I b m h r )  For  the s e l f - s u s t a i n i n g  mercury flow r a t e  (6600 l b m h r )  
the  b o i l e r  o v e r a l l  p r e s s u r e  drop was 183 p s i .  The mercury l i q u i d  i n -  
ventory  was 26 pounds and the NaK flow r a t e  and i n l e t  t empera ture  
were 46,000 l b m h r  and 1280' F, r e s p e c t i v e l y .  
r a t e  the  o v e r a l l  p r e s s u r e  drop was 1 2 9  p s i ,  For t h i s  p r e s s u r e  drop 
the  b o i l e r  l i q u i d  inventory  was 34 pounds and the  NaK flow r a t e  and 
i n l e t  t empera ture  were 45,700 Ebm/hr and 1300' F, r e s p e c t i v e l y .  

For the  des ign  flow 

The b o i l e r  she l l  tempera ture  p r o f i l e s  obtabed du r ing  e a r l y  ( s t a r t -  
ups 3 through 21)  mapping showed t h a t  a mercury flow m a l d i s t r i b u t i o n  
occurred  f o r  some b o i l e r  o p e r a t i n g  p o i n t s  ., T h i s  f low m a l d i s t r i b u t i o n  
was n o t  observed when the b o i l e r  was cond i t ioned ,  b u t  the  amount of 
s t e a d y - s t a t e  condi t ioned  b o i l e r  d a t a  ob ta ined  du r ing  t h i s  i n v e s t i g a t i o n  
was t o o  l i m i t e d  t o  exclude the p o s s i b i l i t y  o f  i ts occurrence.  



INTRODUCTION 

A system t h a t  w i l l  produce a cont inuous  e l e c t r i c a l  power supply 
and a l s o  have the c a p a b i l i t y  of numerous s t a r t u p s  and shutdowns upon 
command wi thou t  performance degrada t ion  is r e q u i r e d  f d r  long-term 
space  miss ion  a p p l i c a t i o n s ,  One such  system, p r e s e n t l y  under develop- 
ment, is the  SNAP-8 nuclear-Rankine,  t u r b o e l e c t r i c  power system (ref - 1) . 
The b a s i c  SNAP-8 system is designed t o  produce a minimum of 35 k i l o -  
w a t t s  o f  u s a b l e  e l e c t r i c a l  energy. I n  t h i s  l i q u i d  meta l  system an 
e u t e c t i c  mixture  o f  sodium and potass ium (NaK-78) is used i n  b o t h  t h e  
r e a c t o r  primary loop and h e a t  r e j e c t i o n  loop ,  while mercury is used 
i n  the  power convers ion  loop .  

I n  o rde r  t o  de te rmine  the  s t a r t u p  and shutdown procedure  f o r  the  
SNAP-8 system, a ser ies  o f  135 s t a r t u p s  were performed a t  NASA L e w i s  
Research Cen te r .  A breadboard SNAP-8 system u s i n g  f l i g h t - t y p e  compo- 
n e n t s  w i t h  an e l e c t r i c  h e a t  s o u r c e  and a i r - c o o l e d  h e a t  exchangers ,  
s i m u l a t i n g  a n u c l e a r  r e a c t o r  and a space  r a d i a t o r ,  r e s p e c t i v e l y ,  was 
t e s t e d .  

The b o i l e r  component has  undergone s e v e r a l  des ign  changes p r i o r  
t o  t h e  c u r r e n t  double-containment ,  t an t a lum and s t a i n l e s s  s t e e l  concept  
( ref .  2) A b o i l e r  s i m i l a r  i n  des ign  was used  d u r i n g  e a r l i e r  component 
and system endurance t e s t i n g  i n  the L e w i s  SNAP-8 t e s t  f a c i l i t y .  The 
major d i f f e r e n c e  between t h a t  b o i l e r  and the  one used i n  the  s t a r t u p  
t e s t s  was €he s i z e  of the i n l e t  o r i f i c e  r e s t r i c t i o n s .  The e a r l i e r  
b o i l e r  had an o r i f i c e  d iameter  o f  0 .070 i n c h  a s  compared t o  an o r i f i c e  
d iameter  of 0.080 i n c h  i n  the  s t a r t u p - t e s t  b o i l e r .  The r e s u l t s  of 
t he  endurance b o i l e r  performance a r e  covered i n  r e f e r e n c e  3 .  

During €he s t a r t u p - t e s t  program some s t e a d y - s t a t e  b o i l e r  performance 
d a t a  were acqu i r ed  f o r  a range  of  mercury flow r a t e s ,  NaK flow r a t e s  
and NaK i n l e t  t empera tu res .  Bas i c  SNAP-8 mercury loop s t a r t u p  r e q u i r e -  
ments c a l l  f o r  a mercury f low ramp from ze ro  t o  the system s e l f - s u s -  
t a i n i n g  f low r a t e  (6600 lbm/hr) a After system t r a n s i e n t s  s e t t l e  o u t ,  
a mercury flow ramp from the s e l f - s u s t a i n i n g  f low t o  t h e  des ign  f low 
(12,300 lbm/hr ) ,  concludes the power convers ion  loop  s t a r t u p .  To  d e f i n e  
t he  b o i l e r  mercury-side o v e r a l l  p r e s s u r e  drop d u r i n g  system s t a r t u p ,  
mercury flow r a t e s  from 6100 lbm/hr  t o  12,300 lbm/hr were t e s t e d ,  while 
NaK flow r a t e  and NaK i n l e t  t empera tu re  r anges  from 39,800 t o  47,500 
lbm/hr  and 1260 t o  1340' F, r e s p e c t i v e l y ,  were t e s t e d .  
a r e  p r e s e n t e d  and d i s c u s s e d  i n  t h i s  r e p o r t .  

These d a t a  

SNAP-8 TEST SYSTEM 

6 e n e r a l  D e s c r i p t i o n  

A schemat ic  diagram of the  three major loops  i n  the SNAP-8 t e s t  
system a r e  shown i n  f i g u r e  1. The primary (hea t ing)  loop  con ta ined  
a pump-motor assembly, an e l ec t r i c  h e a t e r ,  e l ec t romagne t i c  f lowmeter ,  
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the  t u b e - i n - s h e l l  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 ana log  computer simu- 
l a t e d  the  ope ra t ion  of a nuc lea r  r e a c t o r  ( refs .  4 and 5) The v a r i a t i o n  
of primary loop flow was accomplished by a l t e r i n g  the  p o s i t i o n  of the 
v a l v e  (V-115) a t  the  primary pump o u t l e t .  The primary loop  p i p i n g  con- 
s i s t e d  of  AIS1 t y p e  304 s t a i n J e s s  s t e e l  from t h e  b o i l e r  NaK o u t l e t  t o  
approximately 5 f ee t  beyond the pump-motor assembly o u t l e t .  
mainder of the  loop p i p i n g  consis'ked of AISI t y p e  3 1 6  s t a i n l e s s  s t e e l .  

The re- 

The power loop  (mercury ISop) used AIS1 t y p e  3 1 6  s t a i n l e s s  s t e e l  
f o r  a l l  p i p i n g  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  th ree  v e n t u r i  meters. AISI t y p e  384 s t a i n l e s s  s t e e l  was used f o r  
the  remaining p ip ing .  The components i n  the mercury loop  inc luded  a 
pump-motor assembly, the  t u b e - i n - s h e l l  b o i l e r ,  a f o u r - s t a g e  a x i a l -  
f low t u r b i n e - a l t e r n a t o r  assembly, a condenser and three v e n t u r i  meters. 
Mercury i n  the  power loop flowed through the pump, a gas  opera ted  v a l v e  
( V - 2 4 7 ) ,  an e l e c t r o - h y d r a u l i c  f low-con t ro l  v a l v e  (V-230) c o n t r o l l e d  
by an ana log  computer s i g n a l  and a h y d r a u l i c  backup v a l v e  (V-206) .  
I t  then  flowed through a v e n t u r i  meter, a gas  opera ted  v a l v e  (V-260) 
and through the b o i l e r .  The vapor flowed t h o u g h  the t u r b i n e  and 
i n t o  the  condenser where it was condensed and subcooled. The mercury 
then  passed  through a gas  ope ra t ed  v a l v e  (V-210) ,  a v e n t u r i  meter and 
V - 2 0 7 ,  a gas  ope ra t ed  v a l v e  a t  t h e  pump i n l e t .  A gas  ope ra t ed  va lve  
(V-217) was i n  a l i n e  connec t ing  the mercury s t andp ipe  w i t h  the  power 
loop.  
bypass  l i n e .  The fo l lowing  v a l v e s  i n  the mercury l o o p  were used i n  
a f u l l y  open or  c losed  p o s i t i o n :  V - 2 0 9 ,  V-247 ,  V-210 and V-217.  

V - 2 0 4  is a v a r i a b l k  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 

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 igure 2 ,  
was used f o r  automatic  c o n t r o l  of  t h e  e l e c t r o - h y d r a u l i c  flow c o n t r o l  
v a l v e  (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 - p l u s - p r o p o r t i o n a l  c o n t r o l .  A d e t a i l e d  d e s c r i p t i o n  
of the ope ra t ion  of v a l v e  (V-230) i s  d i scussed  i n  r e f e r e n c e  6 .  

The h e a t  r e j e c t i o n  loop  u t i l i z e d  AIS1 304 s t a i n l e s s  s t e e l  f o r  a l l  
the  p i p i n g  between components. The loop c o n s i s t e d  of a pump-motor 
assembly, an e l ec t romagne t i c  f lowmeter ,  a condenser ,  two-finned NaM-to- 
a i r  h e a t  exchangers and a second e l ec t romagne t i c  flowmeter p d s i t i o n e d  
a t  the o u t l e t  of one of the  h e a t  exchangers.  B u t t e r f l y  va lves  con- 
t r o l l e d  by an ana log  computer s i g n a l  v a r i e d  the a i r  flow t o  the  NaM- 
t o - a i r  h e a t  exchangers ,  t o  s i m u l a 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  the  condenser was sensed  
and conver ted  i n t o  a command s i g n a l  t o  a c t u a t e  v a l v e  (V-314) a t  t h e  
pump o u t l e t .  T h i s  va lve  movement i n  t u r n  v a r i e d  the h e a t  r e j e c t i o n  
loop  f low.  

Expansion t a n k s  were used w i t h  bo th  NaK loops  t o  provide  f o r  changes 
i n  volume of the  NaK f l u i d  due t o  tempera ture  v a r i a t i o n s  and t o  main ta in  
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  o f  the  pumps. An oxide c o n t r o l  system, 
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common t o  b o t h  NaK loops  was used t o  p r e c i p i t a t e  ou t  ox ides  from the 
NaK f l u i d  du r ing  p e r i o d s  when the mercury l o o p  was no t  i n  ope ra t ion .  
An i n c r e a s e  i n  concen t r a t ion  of ox ides  i n  the  NaK f l u i d  is u n d e s i r a b l e  
s i n c e  these oxides  cause plugging of system va lves  and p ip ing .  
l u b r i c a n t - c o o l a n t  loop c o n t a i n i n g  polyphenol ether Q4P3E) 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 .  The 4P3E was a l s o  used t o  c o o l  the remaining s y s -  
tem pumps and c e r t a i n  p a r t s  of t h e  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 .  

A 

Double Containment B o i l e r  

The double-containment b o i l e r  was a t u b e - i n - s h e l l  counterf low 
h e a t  exchanger a s  shown i n  f i g u r e  3 .  A s i n g l e  i n l e t  tube l e d  i n t o  
a plenum where the  l iquid-mercury flow was d i s t r i b u t e d  i n t o  o r i f i c e s  
a t  the  en t r ance  t o  each of  seven b o i l e r  t u b e s .  The tan ta lum o r i f i c e s  
had an upstream diameter  of 0 .590  inch ,  a t h r o a t  d iameter  of  0.080 i n c h  
and a metering l e n g t h  of 1 . 8 1  inches .  The tan ta lum t u b e s  had a 0.75- 
i n c h  o u t s i d e  d i ame te r ,  0,OQO-inch w a l l  t h i c k n e s s  and an approximate 
l e n g t h  of  37 fee t .  Each of t h e s e  tubes was p laced  i n t o  a 316 s t a i n l e s s -  
s t e e l  t u b e  w i t h  an o u t s i d e  diameter  of  1 i n c h ,  0.035-inch w a l l  t h i c k n e s s  
and an approximate l e n g t h  o f  36.7 f ee t .  These seven l - i n c h  diameter  
tubes were swaged i n t o  an o v a l  shape p r i o r  t o  i n s e r t i o n  of the 0.75- 
i n c h  d iameter  t u b e s  ( f ig .  Q ( a ) ) .  The o v a l  shape  of  the  containment 
t u b e s  was t o  a l low f o r  r a d i a l  movement: of the  i n n e r  tan ta lum t u b e  which 
compensates f o r  the d i f f e r e n c e  i n  thermal  expansion between the  tan ta lum 
and the  316 s t a i n l e s s  s t e e l .  The void between the o u t s i d e  s u r f a c e  
of the 0.75-inch d iameter  t u b e  and the i n s i d e  s u r f a c e  of  the  o v a l  t u b e  
was f i l l e d  w i t h  s t a t i c  NaK, which se rved  a s  a h e a t  t r a n s f e r  medium 
between the f lowing  NaK and the mercury loop .  An a d d i t i o n a l  f u n c t i o n  
of  the s t a t i c  NaK passage  is t o  provide  a containment r eg ion  f o r  f lowing  
NaM or mercury i n  the  event  of i n t e r n a l  b o i l e r  f a i l u r e .  The double- 
containment  b o i l e r  c o n s t r u c t i o n  thus p reven t s  contaminat ion of the  mercury 
loop with primary loop  NaK and v i ce -ve r sa ,  

The n e x t  sequence i n  t he  b o i l e r  assembly was t o  i n s e r t  the  seven 
double  containment t u b e s  i n t o  a 316 s t a i n l e s s - s t e e l  s h e l l  w i t h  a 5- inch 
o u t s i d e  d i ame te r ,  0.095-inch w a l l  t h i c k n e s s  and approximately 38.9 
f e e t  i n  length  ( f ig .  4 ( a ) ) .  The completed b o i l e r  assembly c o n s i s t e d  
of  s t r a i g h t  i n l e t  and o u t l e t  s e c t i o n s  74.3 and 15 .5  inches  long ,  respec-  
t i v e l y .  The c e n t e r  s e c t i o n  of  t h e  b o i l e r  comprised a 2 4  t u r n  h e l i x  
with a p i t c h  of  10 .5  inches  and a p i t c h  d iameter  of  48 inches .  The 
double-containment t u b e  bundle  was suppor ted  w i t h i n  the o u t e r  s h e l l  
by s u p p o r t  b r a c k e t s  p laced  a t  15-inch increments  throughout  t h e  first 
f u l l  t u r n  of the h e l i c a l  s e c t i o n  of the b o i l e r ,  beginning  a t  the  plug-  
s e c t i o n  e x i t .  The remaining suppor t  b r a c k e t s  were p laced  a t  31-inch 
increments .  
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A s p i r a l l e d - p a s s a g e ,  m u l t i - f l u t e d  "plug" a t  the  t an ta lum tube 
i n l e t ,  approximately 55 inches  i n  l e n g t h ,  was used t o  r e s t r i c t  mercury 
flow and thus t o  i n c r e a s e  l i q u i d  v e l o c i t y .  The p lug ,  a '0 .662- inch  
d iameter  grooved tan ta lum rod  [ f ig .  4(b)) was f i x e d  a t  the  i n l e t  end 
by a th readed  s h a f t  which was p a r t  of the  o r i f i c e  assembly. The down- 
s t r eam end of  t h e  p l u g  co inc ided  w i t h  the  end of the s t r a i g h t  i n l e t  
s e c t i o n  ( b o i l e r  s t a t i o n  1 2 ,  f i g .  3) \ 

A t  the  p l u g  o u t l e t  was ano the r  s w i r l  inducer  which extended t o  
w i t h i n  1 i n c h  of t he  tan ta lum t u b e  o u t l e t .  The s w i r l  inducer  c o n s i s t e d  
of 0.062-inch diameter  tan ta lum wire  w i t h  a p i t c h  d iameter  of  0.608 
i n c h  and a p i t c h  of  2 inches .  T h i s  wire  was in tended  t o  c e n t r i f u g e  l i q u i d  
from the vapor t o  the  i n n e r  w a l l  of the  tan ta lum t u b e  thus i n c r e a s i n g  
h e a t  t r a n s f e r  r a t e s  and r educ ing  the amount of l i q u i d  ca r ryove r  t o  the  
t u r b i n e .  The seven-tube o u t l e t  manifold l e d  i n t o  a plenum which formed 
a s i n g l e  mercury o u t l e t  passage.  

B o i l e r  Cleaning 

The mercury b o i l e r  was c leaned  a s  an i n d i v i d u a l  component b e f o r e  
i n s t a l l a t i o n  i n t o  the  system. An argon purge was imposed on the mercury, 
f lowing  NaK and s t a t i c  NaK passages  of  the  b o i l e r  t o  p reven t  csntami- 
n a t i o n  of the t an ta lum t u b e s  by the sur rounding  atmosphere. The mercury 
passage  of the  b o i l e r  was then  evacuated t o  0 . 0 2  t o r r  and then  f i l l e d  
with t r i c h l o r o e t h a n e .  
passage  was g r a v i t y  d ra ined ,  A chemical anaays i s  of t h e  s o l v e n t  i n -  
d i c a t e d  the  same composition a s  the o r i g i n a l  s o l v e n t .  The f lowing 
NaK passage  of  the b o i l e r  was then  f i l l e d  w i t h  t r i c h l o r o e t h a n e  and 
d ra ined  a f t e r  a soaking  pe r iod  of  % hour .  
s o l v e n t  i n d i c a t e d  no contaminat ion of the o r i g i n a l  s o l v e n t .  

Af t e r  a soaking  pe r iod  of 4 hour the  mercury 

The chemical a n a l y s i s  of t h e  

Mercury and f lowing  NaK passages  of the  b o i l e r  were leaked  checked 
by i n j e c t i n g  helium i n t o  the s t a t i c  NaK passage.  A vacuum was then  
imposed on the mercury passage  of  t h e  b o i l e r .  The vacuum was allowed 
t o  decay over  an 8-hour pe r iod  and it was determined t h a t  the  r a t e  of  
decay was 0.004 t o r r h o u r ,  an a c c e p t a b l e  v a l u e  f o r  component t e s t i n g .  

Final$y the  s t a t i c  NaK passage  o f  the  b o i l e r  was f i l l e d  w i t h  
t r i c h l o r o e t h a n e  and allowed t o  soak  f o r  a per iod  of 4 hour ,  b e f o r e  
t h e  passage  was d ra ined .  The procedure was performed twice due t o  t he  
d e p o s i t i o n  of  minute meta l  c h i p s  on f i l t e r  paper  used t o  sc reen  the  
e f f l u x  of t r i c h l o r o e t h a n e  from the s t a t i c  NaK passage du r ing  the  first 
d r a i n .  
soaking  p e r i o d  and subsequent  d r a i n  i n d i c a t e d  no change i n  the o r i g i n a l  
s o l v e n t  e 

The a n a l y s i s  of  the  t r i c h l o r o e t h a n e  a f t e r  a second % hour 
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INSTRUMENTATION 

A d i s c u s s i o n  of i n s t rumen ta t ion  used i n  the SNAP-8 f a c i l i t y  is 
found i n  r e f e r e n c e s  7 and 8 .  A d e s c r i p t i o n  of b o i l e r  i n s t rumen ta t ion  
fo l lows  . 

'8' emp er  a t u r  e 

B o i l e r  temperature-measuring in s t rumen ta t ion  c o n s i s t e d  of  s h e l l  
thermocouples,  immersion thermocouples i n  the  mercury o u t l e t  tube,  and 
s u r f a c e  thermocouples on t he  i n l e t  and o u t l e t  p ip ing  f o r  b o t h  mercury 
and NaK. The three s u r f a c e  thermocouples on the  mercury i n l e t  p ip ing  
were cons t ruc t ed  of  Ins t rument  Soc ie ty  of America (ISA) s t a n d a r d  c a l i -  
b r a t i o n  J (Iron-Constantan) wires  which were l o c a t e d  8 inches  upstream 
of the b o i l e r  i n l e t .  A l l  o t h e r  thermocouples were cons t ruc t ed  of ISA 
s t a  dard  c a l i b r a t i o n  K (Chrornel-Alurnel) wires e Three thermocouples 

B-B i n  f i g .  3) .  Four immersion thermocouples were l o c a t e d  i n  a 11- inch  
s e c t i o n  welded t o  the mercury b o i l e r  o u t l e t .  Immersion thermocouples 
A and B \ w e r e  i n s e r t e d  a t  a 45 degree  ang le  i n  a d i r e c t i o n  oppos i t e  
t o  the  vapor flow d i r e c t i o n ,  Thermocouple A was a l s o  l o c a t e d  a t  t h e  
t o p  of the o u t l e t  p i p i n g ,  while thermocouple B was l o c a t e d  a t  an ang le  
of 30 degrees  (clockwise) with r e s p e c t  t o  thermocouple A (view C-C i n  
f igure  3 ) .  The d i r e c t i o n  o f  mercury flow i n  view C-C is out  of the 
paper .  Immersion thermocouples C and D were i n s e r t e d  a t  a 45 degree  
ang le  p o i n t i n g  i n  t he  same d i r e c t i o n  a s  mercury vapor f low,  These 
thermocouples were a l s o  l o c a t e d  a t  the bottom of the  o u t l e t  p ip ing  
(view C-C i n  f i g .  3 ) .  The NaK i n l e t  thermocouples were p l aced  on t h e  
s u r f a c e  of the  NaK i n l e t  t r a n s i t i o n  s e c t i o n  and were l o c a t e d  Q . 7 5  inches  
from the NaK s h e l l - f l o w - d i r e c t i o n  c e n t e r l i n e .  The thermocouples a t  
t he  NaK o u t l e t  were p laced  on the t r a n s i t i o n  s e c t i o n  a t  a l o c a t i o n  
4 inches  from the NaK s h e l l - f l o w - d i r e c t i o n  c e n t e r l i n e .  

were 7 welded on the  mercury o u t l e t  p i p i n g ,  120  degrees  a p a r t  ( s e c t i o n  

Both the t o p  and bottom s u r f a c e s  of  the  b o i l e r  s h e l l  were i n s t r u -  
mented w i t h  thermocouples t o  g i v e  an i n d i c a t i o n  of the NaK tempera ture  
d i s t r i b u t i o n .  Thermocouples were p laced  a t  l o c a t i o n  A ( s e c t i o n  A-A 
f i g .  3) f o r  a l l  s t a t i o n  numbers except  number 4. The c i r c u m f e r e n t i a l  
l o c a t i o n  of  thermocouples a t  s t a t i o n  1 2  ( s e c t i o n  A-A f ig .  3) d e f i n e s  
the  l o c a t i o n  p o s i t i o n s  used a t  any s t a t i o n  a long  the b o i l e r ,  see t a b l e  
I. A l l  thermocouple s t a t i o n s  were l o c a t e d  w i t h  r e s p e c t  t o  the  v e r t i c a l  
c e n t e r l i n e  through the  b o i l e r  NaK o u t l e t  t r a n s i t i o n  s e c t i o n .  
l ists a l l  the  b o i l e r  s h e l l  thermocouples and t h e i r  r e s p e c t i v e  l o c a t i o n s  
f o r  each  s t a t i o n  number. 

Table  I 

P r e s s u r e  and Flow 

The b o i l e r  p r e s s u r e  in s t rumen ta t ion  c o n s i s t e d  of one a b s o l u t e  
p r e s s u r e  t r a n s d u c e r  a t  the  mercury b o i l e r  i n l e t  and two a b s o l u t e  p r e s s u r e  
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t r a n s d u c e r s  a t  the  mercury b o i l e r  o u t l e t  passage .  A d i f f e r e n t i a l  
p r e s s u r e  t r a n s d u c e r  was a l s o  used t o  measure p r e s s u r e  drop a c r o s s  the  
NaK s i d e  o f  the b o i l e r .  'The a b s o l u t e  and d i f f e r e n t i a l  p r e s s u r e  t r a n s -  
ducers  were of  the s l a c k  diaphragm and c a p i l l a r y  tube type .  A d e t a i l e d  
d e s c r i p t i o n  of  the i n t e r n a l  mechanism a s s o c i a t e d  w i t h  each t y p e  of  
t r a n s d u c e r  can b e  found i n  r e f e r e n c e  9 .  Each p r e s s u r e  t r a n s d u c e r  was 
c a l i b r a t e d  over its des ign  range .  The b o i l e r  i n l e t  p r e s s u r e  t r a n s d u c e r  
had a des ign  range  of  z e r o  t o  500 pounds p e r  squa re  inch  a b s o l u t e  and 
the  o u t l e €  p r e s s u r e  t r a n s d u c e r s  had des ign  ranges  of  z e r o  t o  300 and 
z e r o  t o  400 pounds p e r  squa re  inch  a b s o l u t e ,  The accuracy o f  each 
a b s o l u t e  p r e s s u r e  t r a n s d u c e r  measurement was w i t h i n  1 p e r c e n t  of i ts 
range .  
t o  10  pounds p e r  squa re  i n c h  and its accuracy was 1 percen t  of  i ts 
range.  The l o c a t i o n s  of t he  p r e s s u r e  t a p s  f o r  the three a b s o l u t e  and 
one d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  a r e  shown i n  f igure 3. 

The d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  had a des ign  r ange  of  z e r o  

The primary loop  NaK flow i n t o  the b o i l e r  was measured by an e l e c t r o -  
magnetic flowmeter.  Mercury l i q u i d  and vapor flow were measured by 
c a l i b r a t e d  v e n t u r i  f lowmeters upstream and downstream of the  b o i l e r  
( f ig .  1). The p r e s s u r e  drop a c r o s s  each v e n t u r i  f lowmeter from the  
i n l e t  t o  the t h r o a t  was measured by a d i f f e r e n t i a l  p r e s s u r e  t r ansduce r .  
Each t r a n s d u c e r  w a s  c a l i b r a t e d  over  its e n t i r e  range  o f  zeyo t o  20 
pounds p e r  s q u a r e  i n c h  and the  accuracy of a given r ead ing  was 1 per-  
c e n t  o f  i ts  range.  

Data Recording 

A l l  p r e s s u r e s  and tempera tures  used f o r  a n a l y s i s  were recorded  
using a computerized d i g i t a l  d a t a  r eco rd ing  system. T h i s  system was 
used t o  r e c o r d  b o t h  s t e a d y - s t a t e  and t r a n s i e n t  t e s t  system cond i t ions .  
The r e c o r d i n g  system scanned and recorded  a c y c l e  of d a t a ,  c o n t a i n i n g  
400 d i f f e r e n t  ins t rument  o u t p u t s ,  i n  11.43 seconds.  During s teady-  
s t a t e  tests a d a t a  r u n  c o n s i s t e d  of  t a k i n g  the  average o f  three c y c l e s  
of the 400 d i f f e r e n t  ins t rument  ou tpu t s  du r ing  an i n t e r v a l  of  34.3 
seconds.  A computer program was used t o  c a l c u l a t e  t h e  t e s t  parameters  
du r ing  s t e a d y - s t a t e  runs .  'The r e su l t s  were s t o r e d  on magnetic t a p e  
and used t o  produce the computer p l o t s  of s t e a d y - s t a t e  b o i l e r  s h e l l  
tempera ture  p r o f i l e s  shown i n  the r e p o r t .  

RESULTS AND DISCUS SPON 

Performance Hi s to ry  

The fo l lowin  d i s c u s s i o n  is focused on b o i l e r  s t e a d y - s t a t e  d a t a  
acqu i r ed  i n t e g r a l  f y w i t h  s t a r t u p  t e s t s .  In g e n e r a l ,  each  d a t a  p o i n t  
p re sen ted  i n  t a b l e  P I  was obta ined  a f t e r  a unique mercury-loop s t a r t u p  
from z e r o  flow t o  the s e l f - s u s t a i n i n g  mercury flow r a t e  of  approximately 
6600 l b m h r .  The d a t a  i n  t a b l e  111 were obta ined  a f t e r  mercury flow 
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ramps from the s e l f - s u s t a i n i n g  l e v e l  t o  the r a t e d  flow r a t e  of approxi-  
mately 12,300 l b m / h r .  

The b o i l e r  mercury o v e r a l l  p r e s s u r e  d r o p s ,  recorded  between 5 and 
8 minutes  a f t e r  s t a r t u p  t o  t he  s e l f - s u s t a i n i n g  f low l e v e l ,  a r e  shown 
a s  a f u n c t i o n  of s t a r t u p  number i n  f igure 5. 
ups an a u t o m a t i c - d i g i t a l  da t a - r eco rd ing  system was cyc led  cont inuous ly  
f o r  8 t o  9 minutes  through 400 words of  i n fo rma t ion .  A t i m e  of 11.43 
seconds was r e q u i r e d  t o  r e c o r d  each c y c l e  of  in format ion .  An average  
of 48 t o  49 c y c l e s  of d a t a  were acqu i red  p e r  s t a r t u p .  Near t h e  end 
of the d a t a  a c q u i s i t i o n  t i m e  the  b o i l e r  pa rame te r s ,  f low r a t e s ,  tempera- 
t u r e s  and p r e s s u r e s ,  appeared t o  have reached  a s t e a d y - s t a t e  l e v e l .  
Consequently,  the  b o i l e r  o v e r a l l  p r e s s u r e  drops  shown i n  f i g u r e  5 r ep -  
r e s e n t  s t e a d y - s t a t e  d a t a .  During some s t a r t u p s  the  d i g i t a l  d a t a - r e c o r d i n g  
system d i d  n o t  f u n c t i o n  p r o p e r l y ;  t h u s ,  t he  d i g i t a l - s t a r t u p  d a t a  was 
l o s t .  I n  f i g u r e  5 t h i s  problem is  i n d i c a t e d  by t h e  absence of a d a t a  
p o i n t  f o r  these s t a r t u p s .  All of  the d a t a  p o i n t s  were connected con- 
s e c u t i v e l y  w i t h  a s t r a i g h t  l i n e .  The re fo re ,  f o r  a s t a r t u p  number having  
no d a t a  p o i n t ,  the  o v e r a l l  p r e s s u r e  drop may b e  mis rep resen ted  by the 
i n t e r s e c t i o n  of  the  s t a r t u p  number and w i t h  t he  s t r a i g h t  l i n e  connec t ing  
p reced ing  anB fo l lowing  d a t a  p o i n t s .  

During mercury-loop s t a r t -  

i 
For the e a r l y  s t a r t u p s  (3 through 21)  i n  f i g u r e  5 ,  the  b o i l e r  

o v e r a l l  p r e s s u r e  drop exper ienced  numerous s i g n i f i c a n t  changes.  Over- 
a l l  p r e s s u r e  drops  from 55 t o  205 p s i  were ob ta ined  d u r i n g  t h i s  p e r i o d .  
The l a r g e  changes i n  b o i l e r  o v e r a l l  p r e s s u r e  drop d i d  n o t  a f f e c t  t u r -  
b i n e  i n l e t  c o n d i t i o n s  ( t o  b e  shown l a t e r )  because  i n  the SNAP-8 t e s t  
f a c i l i t y  a c o n s t a q t  mercury f low r a t e  was main ta ined  by u s i n g  a c losed -  
loop feedback  s i g n a l  f o r  the  mercury f low c o n t r o l  va lve .  However, f o r  
s i m p l i c i t y ,  the  f l i g h t  system mercury flow c o n t r o l  v a l v e  w i l l  have open- 
loop  c o n t r o l .  I f  i n  the  f l i g h t  system the  b o i l e r  mercury o v e r a l l  p r e s s u r e  
drop v a r i e d  a s  it d i d  d u r i n g  t he  e a r l y  s t a r t u p s  (3 through 21) the  
mercury f low r a t e  would vary cons ide rab ly  w i t h  the  p o s s i b l e  consequence 
be in$  l a r g e  l i q u i d  mercury ca r ryove r  i n t o  the tupb ine .  

d u r i n g  the e a r l y  s t a r t u p s  (3 through 21) is n o t  e x p l i c i t l y  known, b u t  
a p o s s i b l e  cause  could  be  v a r y i n g  b o i l e r  decond i t ion ing  and c o n d i t i o n i n g .  
B o i l e r  d e c o n d i t i o n i n g  w i l l  b e  d e f i n e d  a s  the r e d u c t i o n  of c l e a n  t an ta lum 
s u r f a c e  a r e a  on the mercury s i d e  due t o  a s u r f a c e  contaminat ion ,  w h i l e  
c o n d i t i o n i n g  means the s u r f a c e  contaminat ion  is be ing  removed. A con- 
tamknated t an ta lum s u r f a c e  ( b o i l e r  decondi t ioned)  w i l l  impede the mer- 
cury b o i l i n g ,  while a c l e a n  t an ta lum s u r f a c e  ( b o i l e r  condi t ioned)  w i l l  
enhance mercury b o i l i n g .  I n  a d d i t i o n  t o  the c o n d i t i o n  of  the  b o i l e r ,  
the  p h y s i c a l  makeup of  the  b o i l e r  a f$ec t s  t he  o v e r a l l  p r e s s u r e  drop. 
I n  the SNAP-8 t e s t  f a c i l i t y  b o i l e r ,  the  mercury flow a r e a  i n  t h e  p lug  
r e g i o n  was cons ide rab ly  s m a l l e r  t h a n  the  mercury f low a r e a  downstream 
of the  p lug ;  t h e r e f o r e ,  f l u i d  v e l o c i t i e s  were higher i n  the  p l u g  r e g i o n .  
As l o n g  a s  the  b o i l e r  remained cond i t ioned ,  a l l  o r  most, depending upon 
the mercury f low r a t e ,  of the  b o i l i n g  occurred  i n  the p l u g  r e g i o n  where 

The reason  f o r  the  l a r g e  b o i l e r  o v e r a l l  p r e s s u r e  drop changes 

\ 
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the  f r i c t i o q a l  p r e s s u r e  l o s s e s  were high. 
c o n d i t i o n e d ,  more of the high q u a l i t y  b o i l i n g  occurred  downstream of  
the p lug 'where  the  f r i c t i o n a l  p r e s s u r e  l o s s e s  were lower than  i n  t h e  
p lug .  Thus, decond i t ion ing  would cause  the b o i l e r  mercury s i d e  over- 
a l l  p r e s s u r e  drop to dec rease ,  

Once the b o i l e r  became de- 

P o s s i b l e  sou rces  of t an ta lum s u r f a c e  contaminat ion i n  the  t e s t  
system were vacuum-pump o i l  and lub r i can t - coGlan t  loop o i l .  P o s t - t e s t  
a n a l y s i s  of  the  mercury i n  the dump t a n k  d i d  show the  p resence  of some 
vacuum-pump o i l  and l u b r i c a n t - c o o l a n t  loop o i l .  

Af t e r  s t a r t u p  2 1  the  b o i l e r  appa ren t ly  underwent a c o n d i t i o n i n g  
p rocess  u n t i l  the o v e r a l l  p r e s s u r e  drop ob ta ined  a l e v e l  of approxi-  
mately 195 2 15 p s i  ( f ig .  5 ) .  It remained a t  t h i s  l e v e l  u n t i l  s t a r t -  
up 109 ,  when the  b o i l e r  appa ren t ly  underwent a s l i g h t  decond i t ion ing .  
The o v e r a l I  dressure drop h i s t o r y  from t h i s  p o i n t  shows a g r a d u a l  up- 
ward t r e n d  i n  l e v e l  ( f ig .  5 ) .  

B o i l e r  performance d a t a  were t aken  a f t e r  s t a r t u p  numbers 8 and 
1 0 .  A s  can b e  seen i n  f igure 5,  t h e r e  were l a r g e  changes i n  p r e s s u r e  
drop a f t e r  these s t a r t u p s  and b e f o r e  the  fo l lowing  s t a r t u p ,  The t o t a l  
t i m e  o f  b o i l e r  o p e r a t i o n  a f t e r  s t a r t u p  number 8 was 47 h o u r s ,  while 
the  b o i l e r  was i n  o p e r a t i o n  approximately 2 hours  a f t e r  s t a r t u p  number 
LO. The a d d i t i o n a l  b o i l e r  d a t a  p re sen ted  i n  t h i s  r e p o r t  were acqu i red  
a f t e r  s t a r t u p  numbers 2 0 ,  93,  and 122 ,  Afte r  these s t a r t u p s  the  b o i l e r  
d a t a  were ob ta ined  while the  b o i l e r  was o p e r a t i n g  w i t h  c o n s t a n t  f low 
r a t e s  and tempera tures .  Over the  t i m e  p e r i o d  of  135 s t a r t u p s  there  
were loop  downtime p e r i o d s  of  approximately two weeks i n  l e n g t h .  Loop 
downtime r e s u l t e d  from making necessary  loop  r e p a i r s  and t o  accomplish 
r e c a l i b r a t i o n  of i n s t rumen ta t ion .  'The loop  downtimes occurred  a f t e r  
s t a r t u p  ndmbers 4 ,  1 0 ,  15 ,  50 and 108. 

B o i l e r  Performance With V a r i a b l e  Condi t ion ing  

The b o i l e r  d a t a  ob ta ined  a f t e r  s t a r t u p s  8 and 1 0  a r e  p re sen ted  
i n  t a b l e s  I V  and V ,  r e s p e c t i v e l y .  The r e su l t s  of these d a t a  a r e  a l s o  
shown i n  f igures 6 th rough 11, I n  f igure 6(a) the  mercury o v e r a l l  
p r e s s u r e  drop  is shown a s  a f u n c t i o n  of t i m e  a f t e r  s t a r t u p  f o r  con- 
s t a n t  mercury and NaK flow r a t e s ,  and constant-  NaK i n l e t  t empera ture .  
The o v e r a l l  p r e s s u r e  drop f a l l s  r a p i d l y  from'a v a l u e  of 180 p s i  to 
157 p s i  i n  a t i m e  i n t e r v a l  of  2 hours  and t h e n  f a l l s  g r a d u a l l y  from 
157 p s i  t o  148 p s i  i n  11.5 hours .  A t  14.5 hours  a f t e r  s t a r t u p  number 
8 t he  primary NaK f low r a t e  was i n c r e a s e d  and p r e p a r a t i o n s  were made 
t o  map the  b o i l e r  o v e r a l l  p r e s s u r e  drop  a s  a f u n c t i o n  of  mercury flow 
r a t e .  These resu l t s  a r e  p r e s e n t e d  l a t e r ,  

9 



B o i l e r  NaK s h e l l  t empera tu re  p r o f i l e s  f o r  the first and l a s t  d a t a  
p o i n t s  shown i n  f igure 6(a)  a r e  shown i n  f i g u r e s  7 (a) and S(b) ,  r e spec -  
t i v e l y .  I n  these f i g u r e s  a s  i n  fo l lowiqg  b o i l e r  s h e l l  t empera tu re  
p r o f i l e  p l o t s ,  t h e  end of the mercury Tube  p l u g  i n s e r t  occurs  a t  a 
d i s t a n c e  of  4 f e e t  from s t a t i o n  3 .  S t a t i o n  3 is l o c a t e d  a t  the  NaK 
o u t l e t  o f  the b o i l e r .  In f i g u r e  7(a) b o i l i n g  has  e s s e n t i a l l y  s topped  
by the  end of  the p l u g ,  while  i n  f i g u r e  S(b) b o i l i n g  is s t i l l  o c c u r r i n g  
downstream o f  the  end of the p lug ;  i n d i c a t i n g  the  b o i l e r  has  decond i t ioned .  

The a f f e c t  of  the  SYJAP-8 t e s t  f a c i l i t y  b o i l e r  decond i t ion ing  on 
t u r b i n e  i n l e t  c o n d i t i o n s  o r  b o i l e r  o u t l e t  c o n d i t i o n s  can b e  seen  i n  
t a b l e  PV (CADDE r ead ings  290-297). These read ings  r e p r e s e n t  the  d a t a  
p re sen ted  i n  f igure 6(a)  Data i n  the t a b l e  shows t h a t  the  b o i l e r  
o u t l e t  c o n d i t i o n s  remained approximately c o n s t a n t  d u r i n g  the b o i l e r  
decond i t ion ing .  

F u r t h e r  comparison of the  p r o f i l e s  i n  f i g u r e s  7(a) and 7(b) showed 
t h a t  the amount of r e q u i r e d  b o i l i n g  h e a t  t r a n s f e r  a r e a  i n c r e a s e d  w i t h  
t i m e  and a d i f f e r e n t  h e a t  f l u x  d i s t r i b u t i o n  developed between the t o p  
and bottom o f  the b o i l e r .  The h e a t  t r a n s f e r  a r e a  i n c r e a s e  was caused 
by the  b o i l e r  decond i t ion ing  problem mentioned e a r l i e r  and the  l a t t e r  
by an appa ren t  mercury flow m a l d i s t r i b u t i o n  The b o i l e r  decond i t ion ing  
would cause  an i n c r e a s e  i n  l i q u i d  mercury inven to ry .  T h i s  was v e r i f i e d  
by examination of the  mercury condenser  i n l e t  and o u t l e t  p r e s s u r e  t r a n s -  
ducer  r e a d i n g s  f o r  these same d a t a  p o i n t s ,  which showed t h a t  the  con- 
dense r  i nven to ry  d i d  d e c r e a s e  with t i m e .  S i n c e  a l l  of the  v a l v e s  n o t  
i n  the mercury flow loop  were c l o s e d ,  the  l o s s  of  condenser inventory  
had t o  b e  caused by an i n c r e a s e  i n  b o i l e r  i nven to ry ,  

I n  f i g u r e  6(b) the a f f e c t  of  NaK i n l e t  t empera tu re  on b o i l e r  
o v e r a l l  p r e s s u r e  drop is shown f o r  three d i f f e r e n t  NaK f low r a t e s .  
These d a t a  a r e  a c o n t i n u a t i o n  of  t h e  b o i l e r  mapping d a t a  ob ta ined  
a f t e r  s t a r t u p  numberc 8.  A s  expec ted ,  t he  b o i l e r  o v e r a l l  p r e s s u r e  
drop decreased  w i t h  a dec rease  i n  NaK i n l e t  t empera tu re  f o r  NaK flow 
r a t e s  o f  46,500 and 39,800 l b m h r ,  However, f o r  a NaK f low r a t e  of 
42,800 lbm/hr  the  o v e r a l l  p r e s s u r e  drop decreased  w i t h  an i n c r e a s e  
i n  NaK i n l e t  t empera tu re .  A t  t h i s  t i m e  it might b e  impor tan t  t o  d i g r e s s  
f o r  a moment and p o i n t  ou t  the  sequence i n  which the d a t a  were ob ta ined .  
S t a r t i n g  w i t h  a NaK f low r a t e  of  46,500 l b m h r  and ho ld ing  it c o n s t a n t ,  
the  NaK i n l e t  t empera tu re  was decreased .  Then t h e  NaK f low r a t e  was 
decreased  t o  42,800 l b m h r  and h e l d  c o n s t a n t ,  while the NaK i n l e t  t e m -  
p e r a t u r e  was i n c r e a s e d .  F i n a l l y ,  the  NdK f low r a t e  was reduced t o  
39,800 l b m h r  and h e l d  c o n s t a n t ,  while the  NaM i n l e t  t empera tu re  was  
decreased ,  T h i s  sequence of  d’ata a c q u i s i t i o n  should n o t  have in f luenced  
the r e s u l t s  ob ta ined  , b u t  it does r e p r e s e n t  i n c r e a s i n g  b o f l e r  o p e r a t i n g  
t i m e .  The re fo re ,  it was surmised t h a t  the  bpiEer  decond i t ion ing  w i t h  
t ime had more of  an i n f l u e n c e  on the r e s u l t s ’  shown i n  f i g u r e  6 (b) t h a n  
the v a r i a t i o n  of the  NaK i n l e t  t empera ture .  
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B o i l e r  she l l  tempera ture  p r o f i l e s  a t  the  highest and lowes t  NaK 
i n l e t  t empera ture  f o r  each NaK flow r a t e  curve  i n  f igure 6Qb) a r e  shown 
i n  figures $(a) th rough 8 ( f )  Inc luded  i n  these a r e  the e lapsed  times 
a f t e r  s t a r t u p  number 8 .  Comparison of figures 8(a) 8(d) , and 8(e) 
w i t h  f igures 803)  , 8(c) , and 8 ( Q  shows a d i f f e r e n t  h e a t  flux d i s t r i -  
b u t i o n  developed between the  t o p  and bottom tubes of the  b o i l e r  when 
the b o i l e r  NaK i n l e t  t empera ture  was reduced from 1320 t o  1262’’F. 
A reexaminat ion of f igures 7(a) and 7(b) shows a s i m i l a r  s i t u a t i o n  
occurred  wheq the  NaK i n l e t  t empera ture  dropped only 3 t o  4 O  F. 
bo th  c a s e s  it was assumed t h a t  a mercury flow m a l d i s t r i b u t i o n  was 
r e s p o n s i b l e  f o r  the  v a r i a n c e  i n  h e a t  t r a n s f e r  between the  t o p  and 
bottom o f  the b o i l e r .  

For 

I n  f igure 9 the b o i l e r  mercury-side o v e r a l l  p r e s s u r e  drop is  
shown a s  a f u n c t i o n  of  mercury flow r a t e  f o r  d a t a  obta ined  a f t e r  s t a r t -  
up numbers 8 and 1 0 .  I n  g e n e r a l ,  the  b o i l e r  o v e r a l l  p r e s s u r e  drop 
f o r  the  same mercury flow r a t e  was 6 t o  13 p s i  higher a f t e r  s t a r t u p  
number 8 t h a n  a f t e r  s t a r t u p  number 1 0 .  E a r l i e r  it was po in ted  out  
t h a t  the  b o i l &  appeared t o  b e  decond i t ion ing  a f t e r  s t a r t u p  8 a s  shown 
i n  f igure 5.  Also ,  f igure 5 shows t h a t  the  b o i l e r  was i n  the process  
of  becoming condi t ioned  a f t e r  s t a r t u p  1 0 .  S ince  the  b o i l e r  was appar- 
e n t l y  decondi t ioned  a f t e r  s t a r t u p s  8 and 1 0  the  o v e r a l l  p r e s s u r e  drop 
curve  f o r  a f u l l y  condi t ioned  b o i l e r  would b e  d i f f e r e n t  t h a t  t h o s e  
shown i n  f igure 9 .  

B o i l e r  s h e l l  tempera ture  p r o f i l e s  f o r  t he  da ta  shown i n  f igures  
9(a) and S(b) a r e  shown i n  f igures  1 0  and 11, r e s p e c t i v e l y ,  The d a t a  
p re sen ted  i n  these f i g u r e s  a r e  p re sen ted  i n  an o rde r  of  i n c r e a s i n g  
mercury flow r a t e .  Again, the  s e p a r a t i o n  of the t o p  and bottom t e m -  
p e r a t u r e  prof i les  was ev iden t  a s  observed i n  figures lO(b) , lO(c) , lO(f)  , 
l l ( b )  , l l ( e )  and l l ( f )  

A f t e r  s t a r t u p  number 20 a mercury flow r a t e  p l a t e a u  of  7500 lbm/hr 
was reached.  A t  t h i s  flow r a t e  the mercury loop was ope ra t ed  f o r  a con- 
t i nuous  t i m e  pe r iod  of 1 9  hours  and 40 minutes ,  while the NaK flow 
r a t e  and NaK i n l e t  t empera ture  t o  the b o i l e r  were h e l d  c o n s t a n t ,  During 
the above t ime p e r i o d  the b o i l e r  mercury o v e r a l l  p r e s s u r e  dyop decreased  
from a v a l u e  o f  1 2 1  p s i  t o  66 p s i  a s  shown i n  f igure 1 2 .  B o i l e r  d a t a  
f o r  t h i s  t i m e  p e r i o d  a r e  shown i n  t a b l e  VI. B o i l e r  s h e l l  tempera ture  
p r o f i l e s  f o r  the  first and l a s t  d a t a  p o i n t s  i n  f igure 1 2  a r e  shown i n  
f igures  13ca) and 13 (b ) ,  r e s p e c t i v e l y .  Comparison of these l a t t e r  
f igures shows a change i n  b o i l e r  h e a t  t r a n s f e r  cond i t ions  w i t h  t i m e ;  
i n d i c a t i n g  b o i l e r  decond i t ion ing ,  There was a l s o  a l a r g e  change i n  
b o i l e r  o v e r a l l  p r e s s u r e  drop f o r  the  s e l f - s u s t a i n i n g  mercury flow r a t e  
between s t a r t u p  numbers 20 and 2 1  a s  shown i n  f igure 5.  ‘This shows 
the b o i l e r  was deconq i t ion ing  between s t a r t u p  numbers 20 and 2 1 ,  
n o t i c e  the c o n s t a n t  b o i l e r  o u t l e t  c o n d i t i o n s  i n  t a b l e  V I .  

Again,  

11 



Performance o f  Condi t ioned B o i l e r  

Between mercury loop s t a r t u p  93  and 9 4  condenser i nven to ry  mapping 
was performed a t  the  mercury s e l f - s u s t a i n i n g  f low r a t e  of  6600 l b m h r .  
The b o i l e r  i nven to ry  was c a l c u l a t e d  and found t o  be  26 pounds, T h i s  
b o i l e r  i nven to ry  remained c o n s t a n t  d u r i n g  the condenser mapping a s  
i n d i c a t e d  by t he  b o i l e r  d a t a  i n  t a b l e  V I 1  and the b o i l e r  s h e l l  tempera- 
t u r e  p r o f i l e s  f o r  the  first and l a s t  d a t a  p o i n t s ,  figures 14(a)  and 
14 (b ) ,  Examination o f  t a b l e  V I 1  and f i g u r e s  14(a) and 14(b) show 
n e g l i g i b l e  change i n  b o i l e r  o v e r a l l  p r e s s u r e  drop from the  183 p s i  
l e v e l ,  and t h a t  e s s e n t i a l l y  a l l  of  t h e  b o i l i n g  occurred w i t h i n  the  
mercury t u b e  p l u g  l e n g t h ,  During t h i s  p e r i o d  t h e  b o i l e r  NaK flow r a t e  
and i n l e t  t empera tu re  were h e l d  c o n s t a n t  a t  46,000 l b m h r  and  1280° F ,  
r e s p e c t i v e l y  

Af t e r  s t a r t u p  1 2 2  condenser i nven to ry  mapping was accomplished 
a t  the  des ign  mercury flow r a t e  of  12,300 l b m h r ,  Based on t h e  con- 
dense r  i nven to ry  determined from t h i s  mapping, t h e  b o i l e r  inventory  
was found t o  b e  34 pounds, B o i l e r  d a t a  t aken  du r ing  t h i s  p e r i o d  a r e  
shown i n  t a b l e  V E P I ,  A s  shown i n  t a b l e  V I I P ,  t h e  b o i l e r  mercury f low 
r a t e ,  12,300 l b m h r ,  NaK f low r a t e ,  45,700 l b m h r ,  and NaK i n l e t  t e m -  
p e r a t u r e ,  1300' F,  remained c o n s t a n t  f o r  approximately f i v e  hours  d u r i n g  
the condenser mapping, Furthermore,  the  b o i l e r  o v e r a l l  p r e s s u r e  drop 
remained c o n s t a n t  a t  approximately 1 2 9  p s i ;  showing the b o i l e r  c o n d i t i o n  
remained c o n s t a n t ,  B o i l e r  s h e l l  t empera tu re  p r o f i l e s  f o r  the  f irst  
and l a s t  d a t a  p o i n t s  i n  t a b l e  V I P 1  a r e  shown i n  f i g u r e s  15ga) and 
15 (b) r e s p e c t i v e l y ,  S c r u t i n i z a t i o n  of  f i g u r e s  1 5  (a) and 15 (b) shows 
the  b o i l i n g  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  d i d  n o t  change i n  t h e  b o i l e r  
over  the f ive-hour  p e r i o d ,  

The b o i l e r  s h e l l  t empera tu re  p r o f i l e s  i n  f i g u r e s  1 Y  and 15 d i d  
n o t  show any s i g n i f i c a n t  s e p a r a t i o n  of t o p  and bottom p r o f i l e s  a s  
exper ienced  d u r i n g  some of the  e a r l y  b o i l e r  mapping t e s t s ,  However, 
when the b o i l e r  was cond i t ioned ,  s t e a d y - s t a t e  b o i l e r  da t a  were obta ined  
only d u r i n g  the  condenser mapping, Consequent ly ,  it i s  n o t  known 
whether  the  f low maldis t$bbut ion problem would have occurred  i f  the  
ea r l i e r  s t e a d y - s t a t e  b o i l e r  f low and t empera tu re  ranges  had been r e p e a t e d ,  

SUMMARY OF RESULTS 

The r e s u l t s  of the  s t e a d y - s t a t e  b o i l e r  d a t a  ob ta ined  between 
SNAP-8 system s t a r t u p  t es t s  can b e  summarized a s  fo l lows:  

(1) During e a r l y  s t a r t u p  t es t s  (numbers 3 t o  21) the  b o i l e r  ap- 
p a r e n t l y  underwent v a r i o u s  deg rees  of  decond i t ion ing  and cond i t ion ing .  
The o v e r a l l  b o i l e r  mercury-side p r e s s u r e  drop v a r i e d  between 55 t o  205 
p s i  d u r i n g  t h i s  p e r i o d ,  With each s u c c e s s i v e  s t a r t u p  between numbers 
2 1  and 34 the b o i l e r  p r e s s u r e  drop i n c r e a s e d ;  i n d i c a t i n g  t h a t  the  
b o i l e r  was cond i t ion ing ,  From s t a r t u p  number 34 t o  s t a r t u p  number 

12 



135 the  b o i l e r  o v e r a l l  p r e s s u r e  drop was approximately cons t an t .  

(2) The v a r i a t i o n  i n  the SNAP-8 t e s t  f a c i l i t y  b o i l e r  o v e r a l l  
p r e s s u r e  drop obta ined  du r ing  the e a r l y  s t a r t u p s  (3 th rough 21) d i d  
n o t  a f f e c t  t u r b i n e  i n l e t  ( b o i l e r  o u t l e t )  c o n d i t i o n s ,  because t h e  
mercury flow r a t e  was h e l d  c o n s t a n t  by u t i l i z i n g  a feedback s i g n a l  t o  
t h e  mercury flow c o n t r o l  va lve .  However, i n  the f l i g h t  system f o r  
s i m p l i f i c a t i o n  r e a s o n s ,  the  mercury flow c o n t r o l  va lve  w i l l  have open 
loop c o n t r o l .  ')Any b o i l e r  o v e r a l l  p r e s s u r e  drop  changes of  the  magni- 
t u d e  experienced du r ing  SNAP-8 t e s t  f a c i l i t y  b o i l e r  decond i t ion ing ,  
w i l l  cause  l a r g e  changes i n  mercury flow r a t e ;  r e s u l t i n g  i n  the pos- 
s i b i l i t y  of  l a r g e  l i q u i d  mercury ca r ryove r  i n t o  t h e  t u r b i n e .  

(3) A mercury flow m a l d i s t r i b u t i o n  problem was i n d i c a t e d  by some 
b o i l e r  she l l  tempera ture  p r o f i l e s  ob ta ined  du r ing  e a r l y  b o i l e r  ope ra t ion  
( s t a r t u p s  3 th rough 21) - However, when the b o i l e r  was cond i t ioned ,  
s t e a d y - s t a t e  b o i l e r  d a t a  were ob ta ined  only du r ing  t h e  condenser mapping. 
Consequently,  it is n o t  known whether the  flow m a l d i s t r i b u t i o n  problem 
would have occurred  i f  the e a r l y  s t e a d y - s t a t e  b o i l e r  f low and tempera- 
t u r e  r anges  had been r epea ted .  

\ 

(4) When the  b o i l e r  was cond i t ioned ,  t h e  o v e r a l l  p r e s s u r e  drop 
a t  the  system s e l f - s u s t a i n i n g  mercury flow r a t e  (6600 lbm/hr) was 183 
p s i .  For t h i s  p r e s s u r e  drop  the NaK flow r a t e  was 46,800 lbm/hr ,  t h e  
NaK i n l e t  t empera ture  was 1280' F and the  b o i l e r  l i q u i d  mercury in -  
ventory  was 2 6  pounds. 

(5) The condi t ioned  b o i l e r  o v e r a l l  p r e s s u r e  drop a t  the  des ign  
mercury flow r a t e  (12,300 lbm/hr) was 129 p s i .  For t h i s  p r e s s u r e  d r o p  
the NaK flow r a t e  was 45,700 lbm/hr ,  the  NaM i n l e t  t empera ture  was 
1300' F and the  b o i l e r  l i q u i d  mercury inventory  was 34 pounds. 

L e w i s  Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  

Cleveland,  Ohio, March 26, 1970 
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W-18 T I E  E C r n E D  4 8 17 20 22 
1950.0 

1325.0 

g 1275.0 
c3 w 

1so.o 

z - 1225.0 
w 

1200.0 

clc 
1175.0 

x -  w * 1150.0 

y 1125.0 
I- 

ctnn n 
5 . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 

DISTANCE fROH STATlON 3 IN FEET RDC 290 
N U  SIDE DATA ?ERCLRY SIDE DATA 

n w  RATE 40650.722 lB/H? LIWID n0U RAE 813 
PRESS Mzoe 1.472 PSI v&Pm flw RATE 836 fm Fob€R 335.246 Km OUALITY tHT. BU.1 
AVC IW tD9 1293.190 F AVC PmULpr Ovr 15 
AX Ovnn TEW 1159.131 f IM pass 34 

r n T  PEss 16 
SAT TEW M 96 
mouT 129 
A Y t  TEW IM 43 
WRtuLPaER -s6 

1.100 L8M 
1.782 LBpla 
-909 010 
. !SI  BWRB 
,903 PSIA 
.959 e r a  
-983 F 
1.747 f 
.e52 f 
0545 u4 



W-18 TIP€ fzEcoRoED 4 9 7 0 0 
1m.o 

1 s .  0 

iL 1 9 0 . 0  

tr" 1275.0 

v) w 

u w 
l i 30 .0  

- 1225.0 

a 
1200.0 

a 
11'15.0 

r 
&I 
c- 1150.0 

z 
w 

.( 

y 1125.0 
t 

1100.0 
j . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 S . 0  40.0 a . 0  

DISTANCE FROn STATION 3 IN FEET RDC 297 
)(ILK SIDE DATA 

FLOW RITE 40611.706 LBnR LIOUID FLm RATE 7908.769 LBnR 
PassORoe 1.256 PSI VAPOR FLm RATE 8174.247 eanrcI 
Tl€mKm 330.267 KH WAlIfV (HT. BAl. 1 0.920 010 
AVC I K E T  TDP 1289.689 F AVC D m W P Y  OUT 152.953 BNAB 
AVE OUTLET TDQ 1 157.479 F IM easS 305.002 PSIA 

ovnrrpass lS6.602 El& 
SAT To9 OUT 976.716 f 
mOuT 1279.222 C 
AVC TDQ IN 436.430 f 
nmulm m.007 UM 

lERcuIy SIDE DATA 



1so.o 

1275.0 

tn w 

rz) 
I;;r 

1zio.o 
I - l a 5 . 0  
w a 
c = 1200.0 
i a 
x w 

g 1175.0 

+ 1150.0 

y 1125.0 
t 

1100.0 
j . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 A.0 40.0 6 . 0  

DISTANCE FROn STATION 3 IN FEET ROC 321 
wlw SIDE DATA ERCtRY SIDE QATA 

FLm RATE 46470.542 !EM? LIWIQ FLOU RITE 
QassDRa 1.631 PSI VIPOR FLW RAE 
T b m l u P a E R  347.940 Kn WILITY (Hl. BAL.) 
AVC IHff TDQ 1320.692 F AVC E N n u l p Y  OUT 
AvE OUTLn rc)Q 1199.167 F IHST PfEss 

OuflfTPESs 
SAT TEPP M 
movf 
AVC TEPP IN 
li€muQocR 

01 07.2 
0342.4 

0.9 
157.4 
281.1 
162.4 
982.4 

1 MI.  Q 
453.1 
561.1 



- 
c 

W-18 TI?€ l?EcOw)ED 4 10 4 40 56 

DISTANCE FROH STATION 3 IN FEIT RDC 529 
FUK SIDE DATA 

nar RITE 46982.942 W LIQVID FLolr RATE 8088.057 w 
PassoCHlp 1.645 PSI VIPOFI FLW RATE 83TT.819 Lena 
nERsllllPobm 332.994 )31 QUALITY (HT. BAL. 1 0.m 010 
AVC 1- TDQ 1 S . 9 4 6  F AVC P m U L p V  OUT 151.601 B W M  
AYE OUhfT TEW 1149.6b3 f IKET PfEss 270.728 PSIA 

ovhnpaff lW.611 PSlA 
SAT To9 ovf 979.675 F 
T D 9 M  1253.851 F 
AVC To9 IN bS2.546 F 
Ti€RnupoeR s 0 9 f z  a 

TERCLRY SIX DATA 

F~GURE 8( b): BOILER SHELL TEMPERATURE &OGLES a 



TlEE FzEcmED 4 10 6 0 48 
13%. 0 

LL 1300.0 

# 1275.0 

v) w 

u w 
1250.0 

z - lt25.0 
w a 
c- = 1200.0 
e a 

117?5.0 
I w 
+ 1150.0 

u 1125.0 

1100.0 

I 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 
DISTANCE FF?OH STATION 3 IN FEET 

NbX SIDE DATA ERClRY SIDE DATA 

no1 RATE 43219.914 LBnR LIQUID FLW RATE 
PasSDRap 1.394K1 VIWIZFLWRATE 
ll€RnALpocLR 336.252 #( QVALITY~HT. BU.1 
I V C  1 N n  TRP 1260.319 F AVC PiTHALPT OVT 
AYE Ovnn h)9 1133.699 F IM pasf 

m P K s s  
SAT m OVT 
movI 
AVC TRP IN 
nmuLPaa 

36.0 40.0 6 . 0  
RDC 332 

8122.069 LBnR 
e S 9 . a  LBnR 

0.OzB 010 
152,245 BTUlU 
269.575 PSIA 
159,769 PSIA 
979.828 F 

1249,530 f 
427,162 f 
m,5o1 101 



W-18 TIWE RECORDED 4 10 10 5 18 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.8 
DISTANCE FROM STATION 3 IN FEET RDC 341 

MAK SIDE DATA )IoFIcuw SIDE DATA 

42510.879 LWW LfWID fLm RITE 
1.302 PSI V A W ?  FLW RATE 

336.130 Ubi OUALITY WT. BU.) 
1520,515 F AVC D r m K p V  OW 
1192.161 F 1 M  Pass 

OllTtEf pass 
SAT TDQ OVT 
WOUT 
AVC TEPP IN 
n€mlPobm 

8W.m 
8299.898 

0.927 

981.802 
1300.440 
4Z7.253 
m.m 



? y 1125.0 
t 

1100.0 

T I E  RECORDED 4 10 11 4 20 

LL luIO.0 

g 1275.0 

v) u 

u u 
1250.0 

z - 1225.0 
u 
5 1200.0 
4 
Qt 

I: 
Lpl 

g 1175.0 

1150.0 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 50.0 35.0 40.0 45.0 
DISTANCE FROn.STATION 3 IN FEET RDC 343 

WI SfDE D N A  ?€RSU?Y SlDf DATA 

Flw RATE 39584.830 W LIWlD FLOU RATE 
pass- 1.110 PSI VAPOR nou RATE 
THR)(ALpoKR m.115 ~ ) 1  WALITY (HT. BAL. 1 
AVC IHLT TEW 1310.567 F AVC fNTHupr OVI 
AvE OVNn TDP 1180,688 F IM Pass 

m p a s s  
SAT ro9 ouf 
maJl 
AVC fo9 IN 
THRnrtPub€R 

~ G W E  &e).- BO!LES SHELL TEMPERATURE 

8053.697 M 
0323.930 LMa? 

0.928 010 
153.555 BNnB 
266.831 PSIA 
161.760 P S I A  
981.755 F 

1307.S20 C 
420.662 f 
458.518 ro( 



15 35 50 W-18 T I E  E C r n E D  4 10 
1950.0 

1525.0 

cL lSOO.O 

k! 1275.0 

= 1250.0 

v) w 

W w 

z - 1225.0 
w 

c .  
a = 1200.0 

rr7S.o 
d 
Q 
t: w 
+= 1150.0 

2.' 1125.0 
8- 

1100.0 
4 . 0  0.0 5.0 10.0 '15.0 20.0 25.0 30.0 96.0 40.0 6 . 0  

DISTANCE FROM STATION 3 IN FEET RDG 349 
NAK SIDE DATA ?ERCW SIDE DATA 

FLW RATE 39820.546 LBm LIQUID FLW RATE 
PREssMzoe 1.156 PSI VAPOR FLU4 RATE 
TFfRHALFam m.si xu WALITY (HT. B K .  1 
AVC I N X T  TOP 1262.756 F AVC ENTHAlPY OUT 
AvE ouhn TOP 1123.943 F I H n  pass 

OVRET P a S S  
SAT TEW OVT 
mOvT 
AVC TDQ IN 
naauLpocR 

8066.656 urn 
0359.774 W 

0.946 010 
154.572 BfunB 
258.212 PSlA 
159.575 PS!A 
979,639 F 

1251,032 F 
417.299 F 
m . ~  ICH 



n 

5 
d 

2 190- 

w 140- 
U 
3 
(II cn 
ul 

J 
J 

U 

0 100 

a 

2 I I 1 I I I 

L 

5 
d 

2 190- 

w 140- 
U 
3 
(II cn 
ul 

J 
J 

U 

0 100 

a 

2 I I I I 



W-1B T I E  RECORDED 4 9 19 55 2 

LL 1500.0 

& 127!5,0 
v) w 

c3 w 
1250.0 

z - 1225.0 
w a 
t = 1200.0 
4 a 

ll'p5.0 e 
L: w 
+ 1150.0 

u 1125.0 

1100.0 

I 
t 

=5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 36.0 40.0 45.0 
DISTANCE FROM STATION 3 IN  FEET _ _  RDG 313 

NM SIDE DATA MRClRY SIDE DATA 

FLar RATE 46247.900 UniZ LIQUID FLOH RATE 
PassMZoe 1.662Ps1 VAPOFIFLWRATE 
nERnALw)rER 255.024 M( OUALITY (HT. BAL. 1 
AVC I H n  TDP 1297.152 F AVC ENMlPY ovf 
AvE OUTLET TDP 1207.621 F IKEf P E S  

r n T  pass 
SAT lEW QUT 
EWM 
AVC TEW IN 
r)ERnrt- 

6151.905 tBnR 
6295.m LBnA 

0.922 o/o 
152.lm Bfu/LB 
216.506 P S I A  
119.792 P S I A  
935.65s P 
1283.SJ6 P 
4a.w F 
273.572 IW 



w 
CIC 
b- = 1200.0 
i a 
w 1175.0 e r -  w 
t 1150.0 

1125.0 

1100.0 

I 
t 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 36.0 40.0 45.0 
RDC 391 

* 
DISTANCE FROH STATION 3 IN FEET 

NU: srrx DATA ?€FKUlV SlDE DATA 

FLOW RATE 46215.507 LBniz LIWIO fLW RATE 
PasSoRQQ 1.668PsI V A F u ? h o H R A T E  
TImlK- 310.209 131 WAlITY (HT. BU.1 
AVC INEf-IDP 1292.8156 F AVC ENTHKPT OVI 
AVE OUTLET TD'P 1183.784 F 1 M  PRESS 

wnrf pass 
SAT TDP M 
T E P M  
AYC TMP IN 
n€RnuwlcR 

7327.213 CBnR 
7569.147 LBnA 

0.942 010 
154.736 BTUNB 
281.206 P S l A  
144.470 K I A  
964.251 F 

1279.788 F 
427.013 f 
526.585 K)I 



4 9 17 10 1 

1300.0 
M 

e w - 12!50,0 

z - 1225.0 
w a 
t = 1200.0 
4 a t;t 1175.0 
I w 
c- 1150.0 

y 1 r a . o  
+ 

11011.0 
+,O 0.0 5.0 10.0 15.0 20.0 25.0 30.0 A.0 40.0 45.0 

DISTANCE FROH STATION 3 IN FEET ROG 309 
WAI: SfDE DATA ?€RCU?Y SIDE DATA 

FLOH R m  46648.782 LBnR LIWID fLW RAE 
PassMZoQ 1.693 PSI VIWFZ FLW RATE 
TimHUwlER 345.623 Ku WUITY (HT. BAL. 1 
AVG IKET TDQ 1291.775 f- AVC ENnuLpv OUl 
AVE Ovnn roLp 1171,366 F f M  PlzESs 

O V T L f f m  
SAT TDQ OVT 
709M 
AVC TDQ IN 
fHlznKpolER - -  

8214.817 L B M  
e499.852 L B m  

0.934 o/o 
153.765 %NAB 
311.055 P S I A  
162.750 PSIA 
982.688 F 
r280.565 F 
425.988 C 
366.34 #1 



W-18 T I E  RECOCSDED 4 9 1 I  41 26 
1so.o 
1 5 , O  

L. tu10,o 

E 1275.0 
m w 

0 w 
e 1250.0 
z - 1225.0 
w a 
I- = 1200.0 

u 1125.0 

1100.0 

I 
t 

j . 0  0.0 5.0 10.0 15.0 20.0 25-0 30.0 
DISTANCE FROM STATION 3 IN FEE3 - 

W SIDE DATA 

FLOW RITE 4661S.AO W LIWID FLOU RAE 
pcbsf DRW 1,696 PSI V A P m  hOH RATE 
nf32tulpo)IIR m.roe KM WALITY (WT. BAL.) 
AVC IHST lDP 1281.4s F AVC p(fHALpT OW 
AvE OUTLET TD9 1150.486 F INLET eass 

KRCLRY SIDE DATA 

OUTLET pasf 
SAT TEW OUT 
TEWOVT 
AVC TEW IN 
~ P O c R  

36.0 40.8 6 . 0  
WH; 301 

9166,829 LBnR 
9518,047 W 

0.909 010 
1S0.3a ma 

- Y e . 5 8 2 P S f A  
181,978 P S I A  
1000,ZOJ F 
1272.5te F 
424.272 r 
490,701 r31 



W-18 T I E  RECORDEO 4 9 12 28 43 
1350.0 

1525.0 

LL 1U)O.O 

&! 1275.0 

M w 

w 
1 ~ . 0  

u 
f 1200.0 

y 1125.0 
t 

1100.0 
+ L O  0.0 5.0 10.0 15.0 20.0 25.0 30.0 36.0 40.0 45.0 

DISTANCE R?Ofl STATION 3 IN FEET RDC 303 
WW SIX DATA lERcllRT SIDE DATA 

4 6 B . 9 3  LBniZ LIWID FLOW RA% 10131.005 LBMZ 
1,741 PSI VAPU? FLOU RATE 10537.269 LBnR 

420.687 )31 QUALITY (HT. BAL. 1 0.919 010 
1291.952 F AYC D m u l P Y  OVI 151.875 BWNB 
1146.271 F 1M.n eass 362.103 P S I A  

OuflcTPRESs 203.599 P S I A  
SAT fDQ OUT 1011.939 F 
T D P M  1281,485 F - 
AVC ro9 IU 119.081 F 
nauulPacER 4s1.846 Ty - 

c- 



1360.0 

iL 1300.0 

g 1275.0 

v) w 

u w 
1250.0 

- 1225.0 

a 

a 

z 
w 
t = 1200.0 
.( 

e x w 
1175.0 

c- 1150.0 

y 1125.0 
8- 

11 00.0 
j . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 

DISTANCE FROfl STATION 3 IN fTET RQG 305 
NIK SIOS DATA 

FLW RATE 47220.992 LBM L I W D  FLW RATE 11019.212 LBnR 
PBSSOROQ 1.727 PSl VAPOR FLW RATE 1 f495.727 LBM 
nmuuPob€f? 457.264 )31 WUITVtHT. BU.1 0.920 010 
AVG 1 K n  lRP 1290.600 f AVC M H U P V  OVT 
A v E  W U T  TDP 1133.103 f I H n  pass 367.150 P S l A  

W f l E T  PfEss 221.749 P S l A  
SAT lE?P OUT 1033.025 F 
TD9ovf 1282.899 F 
AVC foQ IN 415,126 F 
T m M L  QolER 490.522 #I 

KRCUW SIDE DATA 

152.101 BWllB 

FWRE loff).- BOILER .. SHELL TEMPERATURE %OFILES. 

21 HOURS AND 15 MINUTES AFTER ?%..RTC)P 9%. 



4 9 14 55 17 

1 

w 

u w 
g! 1275.0 

z - 1225.0 
w a 
D- =) 1280.0 

LJ 1125.0 

1100,o 

I c- 

4 . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 
DISTANCE mOtl STATION 3 IN FEET RDC 307 

W SIDC DATA SRCW SIDE DATA 

noli RATE 47039.679 LBnR LIQUID FLW RATE 12097.185 LBnR 
PaSfDRw 1.700 P S I  VAPS FLW RATE 12714.079 LEM? 

AVC I M T  TDP 1290.254 F AVC fMK4LPY OVT 154.516 B T U B  
AVE W n E T  rDe 

n€R?¶hlwl fR 509.690 KM WAlITY (HI. BAL 1 0.959 010 

1113.945 F 1 U T  P E S  373.181 P S I A  
O V N T  pass 215,111 P S l A  
SAT riDQ OW 1051.191 f 
T D 9 M  1281.556 F 
I V C  fDQ IN 407,670 F 

' n t r a c l l m  537,516 KM 

FIGORE lo$$ - BOILER SHELL TEMPERATURE PROFILES. 
22 I ~ N R S  ANO 25 MINUTES AFTER SYARTUP+I~. 



W-1B T I E  RECORDD 4 10 20 22 21 

j . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 8 . 0  
DISTANCE FROn STATION 3 IN FEET RDC 362 

NAK SIDE DATA meum s k  DATA 

moll RATE 46613.977 W LIWID FLa RAE 6-0 . 
PfEsSoRae 2.067 PSI v m  FLOW RAE 6%$. 
n€mumm? 299.365 a WALIfV(Hl. BAL. 1 0. 
AVC 1KET rDQ 1281.813 F AVC OSTHILPV M 155. 
AYE OVTLn T;I)Q 1180.477 F 1m pasf 2%. cwnn PEss \3L7 * 

SAT TDP M QSQ. 
T D Q M  1270. 
AVC TDP 1W zfz. 
TtfmuPaa? 311. 

# 

FIGURE 
- -  

I I (a): ~ O I L E R  SHELL TEMPERATURE 

1 
2 
g 
4 
8 
4 
a 
2 
7 
7 

15 MINUTES AFTER STARTUP +90. 
- 

.. 



WlB T l X  RECORDED 4 10 20 32 57 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.8 
DlSTANCE FROn STATION 3 IN FEET RDC 363 

wM( SIDE DATA tCBClRY SJK OATA 

noll RATE 46769,159 LBnR LIUJID FLU4 RITE 847 
PassDROp 2.160 PSI VAwlz FLU4 RITE 872 
TlmUlwltR 370.012 c)s UJUITY(HT. a&.) 
AVG I K n  7DQ 1288.115 F AVG OJnUlpr OVT 15 
AVE UJTlET TD9 1159.799 F I n n  pass 31 

OullEfpaSs 16d.04 
SAT h19 M 98 
TDPm 127 
AVG TDP IN 26 
nERwlpoER 39 



W-1B TIIS RECORDED 4 10 20 38 0 
190.0 

1f25.0 

&, 1300.0 

# 1275.0 

v) w 

u w 
1250.0 

- 1a5.0 
z 

ki 
I-- = 1200.0 * e 
I: w * 1150.0 

t;r 1175.0 

ci” I l25 .0  
c 

ctnn n . ..-.. 
5 . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 95.0 40.0 0 . 0  

DISTANCE FROn STATION 3 IN FEET RDC 364 
WAW SIDE DATA SIDE DATA 

nar RATE 17015.0~ LBniz LIQUID FLOU RATE 9tB2.001 tanR 
PaSsMHR 2.152 PSI V w m  FLm RAE 4593.135 LBncI 
TbmIALmm 399.822 an QUKI?V(HT. BAL.) 0.921 Of0 
AVC IW TDQ 1283.853 F AVC DmuLpv OVI 152.317 BTUAB 
AYE OUTLET h)lp 1115.639 F 1 K n  pass 513.117 PSIA 

OVnn Pass \ 8 3 * O m O s l A  
1001.106 F SAT fD9 M 

TDQovf 12’73263 f 
AVC fo9 IN 274.0W f 
TERulPobm 06.762 Iy 

M 

FIGURE I I (c): BOILER SHELL TEMPERATURE %ot=ILEs. 

~ I - M ~ N U T E S  AFTER STARTUP +lo. 



TI?€ RECORDED 4 10 21 4 1 

j . 0  0.0 5.0 10.0 15.0 20.0 25.0 50.0 sb.0 40.0 45.0 
DISTANCE FROM STATION 3 IN FEET RDC 365 

wu SIDE DATA PERWRY SIDE DATA 



1360.0 

1 5 . 0  

LL 1300.0 

# 1m.o 

0 1250,o 

u) w 

e u 

z 
w 
- 1225.0 
a 

1ao.a 
4t a 

w 
&- 1158.0 

2" 1125.0 
t 

1100.0 
- 5 , O  0.0 5.0 10-0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 

DISTANCE FROn STATIQN 3 1N FEET ROC 366 
wlsr SIDE DATA KRcuzr SIDE DATA 

1 
I1 

'4.595 LBniz 
100026 Lwm 
0.930 010 
i1.W 8TUm 
i7.619 PSIA 
2.829 PSIA 
c3.889 F 
R.Wl F 
i 6 S 7  F 
u.528 ro1 



TI?€ RECORDED 4 10 21 26 1 
1m.o 
1325.0 

luIO.0 
v, w 

0 w 
g lrr5.0 

1250.0 
z - 12b.o 
;z K f1'F5-o w 
+ 1150.0 

y 1125.0 
t 

1100.0 
j . 0  0.8 5.0 10.0 15.0 20.0 25.0 30-0 36.0 40.0 45-0 

DISTANCE FROn STATION 3 IN E€? RDC 367 
NII: SIDE DATA 

FLW RATE 474n.125 LBnR LIWlD FLW RATE 1198B.QQ6 W M  

n€muLFa€R 510.916 #I WILITY(HT. BK.1 0.950 o/o 
AVC INET hn" 1287.425 F AVC OUl 155.915 mm 
AVE OVllEf ro9 1112.156 F lKET pass S.506 P S I A  

OvnnPESs 243.0% P S I A  
SAT mP OUI 1049.66? f 
TO9w 1277,667 F 
AYC TOP IU 396.289 F 
n€RluLmER 555.319 ro1 

IERCWY SI= DATA 

-0RtlP t.mPS1 VAwlzhoiCulE fa?8.2?4 



W-18 T I E  RECORDU) 4 10 21 36 1 
1Kio. 0 

1325.0 

LL 1MO.O m .u 
u u 

- 1275,o 

1250.0 
z - 1225.0 

w * 1150.0 

47518.477 LBnR LIQUID FLCM RATE lpBt.39 
2.020 KI Y M  FLOW RATE 13055.15 

521.503 #I QUALIlY(Hl. BAL.) 0.94 
1285.975 F AVC D(TMLw M 154.62 
1106.441 F I K n  pass 367.12 
r o v n n m  251 0% 

SAT TD9 M 1053.89 mQuT 1277.4 
1% tDQ IN m.76 

55I23Q 

11 
J 
0 
2 
9 
5 
9 
6 
6 
2 

-- 





y 1125.0 
+ 



TI?€ REXOf?DED 5 10 12 47 52 

LL 1300,o ua w w 
w w 
Q: 1275-0 - 1250.0 
z - 1p5.0 

y 1125.0 
8- 

1100.0 
5 . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 36.0 40.0 45.0 

ROC 411 DISTANCE FROH STATION 3 IN FEET - 
WUL SIDE DATA ?€RCWY SIDE DATA 

nar RATE 49544.723 LBnQZ LIQVID Tu)r RATE 
passoRop 1.370 PSI VIPOR FLad RATE 
n€lwLw)IER 304.759 #1 ouU1fY(wT. BAL.) 
AVC IKET TEW 1290.608 F AVC DyTHILpr OVT 
AVE aJllEl TEW J181.881 f !NET pass 

OuTLflPESs 
SAT TD9 M 
T o 9 M  
AYC TDQ IN 

7460.257 L%#W 
7608.099 LBnR 

0.918 o/o 
151.48 MUM 
213.809 K I A  
148.229 K I A  
968,207 F 
12’18,091 f 
4S.m F 
f58.447 la 



lao. 0 

1325.0 

LL 1300.0 
m w 

z - 1225.0 s 
t = 1200,o 

w 
I- 1150.0 

"5" 1125.0 
I- 

1100.0 
-5.0 0.0 5.0 10.0 15.0 20.0 25.0 50.0 

DISTANCE FROH STA1,ION 3 IN FEET 
NW SIDE DATA WERcUzr SIDE DATA 

cu)r RATE 45682.662 LBnR LIQUID FLai RATE 
passoRop 1.889 PSI v m  nai RAE 
WmhLpoCcR 293.519 #1 QVILllYWT. BU.1 
AYC IM TDP 1271.341 F AVC LNlwALpv Our 
AVE OUTLET To9 1166.865 F 1 K n  m 

m p F ( E #  
SAT TDQ Ovt 
T D Q M  
AVG TDQ IN 
~ P O c R  

-- 

3 

35.0 40-0 45.0 
RDC 514 

67d2-598 M 
6886.761 LBnR 

0.- 010 
151.965 B T U U  
310.725 PSIA 
131.637 P S I A  
949,902 F 

1257.002 F 
216,527 F 
312.958 Ud 



W-1B TIM K C r n E D  6 '9 14 5 9 2 9  
1m.o 

1525.0 

b. 1300.0 ua u 
u w 
g 1275.0 

1250.0 
z 
w 
f 1200.9 

-5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 55.0 40.0 4 . 0  
DISTANCE FROM STATION 3 IN FEET RDC 525 

%K SIDE DATA SIDE DATA 

a. 
a. 
0. 
(8. 
6. 
D. 



W1B T I E  RECORDED 6 25 10 20 26 

t 

5 . 0  0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 4 . 0  
DISTANCE FROn STATION 3 IN FEET Roc 594 

WAI 51% DATA lcRcIRr SlDE DATA 

noel UTE 45707.387 W LIQUID FLW RME 122060508 LBnir 
PBOOROQ l0!25Ps1 vmnwRATE i m 7 . m  LB~R 
7EmuWlcR 316.706 Ioi QuALlTYlHl. BAL01 0,940 Of0 
AVG I N E T  TDP 1300.265 F AVG DmuLpv OVT 155.943 %TUAB 
NE ovnn TDQ 1116.365 F 1 M  Pass 376.249 ? H A  

OvTLfTpaSs 247.684 PSlA 
SAT TD9 OVI 1033,298 F 
TD9aK 1291.810 f 
AYG To9 1N 430.49 F 
n€muQooR 510.671 r(y 

.. -- 
f1auRe f5Ca): ~OILER SHELL TEMPERATURE ~ ~ F I L E S .  

4 8  ~ J ~ T E S   AFT€^ STARTUP 



W-18 TIN RfCow)Ep_ 6 25 15 37 37 
19bo.o 

1s55.0 

&b 1300.0 

g 1275.0 
ua w 

u .  w 
1a,o 

L - 1z5,8 
w a 
t = 1200.0 
e a K 11'75-o w 
+ 1150.0 

y 1125.0 
t 

1100.0 
j - 0  0.0 5.0 10.0 15.0 2000 Z . 0  30.0 -36.0 40.0 S a 8  

DISTANCE FROM STATION 3 IN FEET W)C 624 
wu[ SIDE DATA ?€RClRY SIDE DATA 

FLOW RATE 45776.946 LBnR LlWID FLOH RATE 
PESSOROP 1.365ps1 V r n F L O H R A T E  

510.467 Kw WALITYIHT. BAL.) 
AVG I N E T  To9 1299.310 F AVC OsnuLPv ovf 
AVE MLET TD9 1117.909 F 1Hn eass 

OunnPESs 
SAT TDP OVI 

AVG TDP IN 
MlWLQotR 

J TD9ouT 

12232.239 Lwla 
1271S.557 lBM 

0.933 010 
153.965 B W  
376.W P S I A  
247.9tl P S I A  
1m.708 F' 
1291.456 F 
rJ3.121 r 
541.sre 10( 
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