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S R A Y ,  MIST, BUBBLES, AND FOAM I N  THE 
MOLTEN SALT REACTOR EXEERlMENT 

J. R .  Engel,  P. N. Haubenreich, and A .  Houtzeel 

1. INTRODUCTION 

One of the purposes of the  MEBE was t o  show t h a t  handl ing molten 

f l u o r i d e  salts  i n  a r e a c t o r  i s  a p r a c t i c a l  ma t t e r .  O f  course,  be fo re  the  

MSRE eve r  opera ted  t h e r e  was a cons iderable  body of experience which said 

t h a t  handl ing problems would no t  be bad. 

be answered whether a f t e r  long exposure of' t h e  sa l t  t o  t h e  r e a c t o r  en- 

vironment wi th  t h e  concomitant changes i n  composition, t h e r e  might no t  be 

some unforeseen problems wi th  i t s  phys ica l  behavior .  

But t h e  ques t ion  s t i l l  had t o  

The gene ra l  conclusion from t h e  years  of MSE ope ra t ion  i s  t h a t  t h e  

sa l t  i s  well-behaved, and the  o r i g i n a l  premise t h a t  molten sa l t s  can be 

handled i n  a r e a c t o r  without  much d i f f i c u l t y  deepened i n t o  conv ic t ion  

t h a t  t h i s  i s  t r u e .  

That  t h e  conclusion was favorable  i s  no t  t o  say, however, t h a t  no th ing  

unexpected tu rned  up  o r  t h a t  t h e r e  were no problems. Sa l t  m i s t  i n  t h e  

fuel-pump bowl l e d  t o  plugging i n  t h e  o f fgas  l i n e ;  t h e r e  was s a l t  t r a n s f e r  

i n t o  an overflow pipe above the  s a l t  su r face  by a mechanism t h a t  was never 

d e f i n i t e l y  e s t a b l i s h e d ;  and there were changes t h a t  a f f e c t e d  t h e  behavior  

of gas  t h a t  was churned i n t o  t h e  sa l t .  These matters were t h e  s u b j e c t  of" 
much d i scuss ion  and s tudy  and have been descr ibed  from t i m e  t o  t i m e  i n  in-  

formation meetings and progress  r e p o r t s .  

i n t e r e s t e d  person t o  form a c l e a r  o v e r a l l  p i c t u r e ,  however, because t h e r e  
are so  many f a c e t s  and t h e  experience has been spread  out  over such a long  

per iod  of t i m e .  The purpose of t h i s  r e p o r t ,  then, i s  t o  b r i n g  t o g e t h e r  

t h e  a v a i l a b l e  evidence i n  one p lace  and t o  t e l l  what we have been able t o  

deduce, 

It has been d i f f i c u l t  f o r  an 
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2. DESCRIPTION OF FUEL HJRSMP AND CIRCULATING LOOP 

Many of t h e  phenomena t o  be d iscussed  i n  succeeding chap te r s  of t h i s  

r e p o r t  are c l o s e l y  r e l a t e d  t o  t h e  p a r t i c u l a r  components and t h e i r  configu-  

r a t i o n  i n  t h e  MSRE. Although much d e t a i l e d  information is  a v a i l a b l e  from 

o the r  sources ,  no tab ly  t h e  MSRE Design Report , '  a d e s c r i p t i o n  of some p a r t s  

of t he  system i s  presented  below t o  provide a common base  f o r  f u r t h e r  d i s -  

cuss  ion .  

The spray,  m i s t ,  bubbles,  and foam i n  t h e  f u e l  system a l l  have t h e i r  

o r i g i n  i n  t h e  f u e l  c i r c u l a t i n g  pump. This  i s  r e a l l y  a mult ipurpose com- 

ponent whose t a n k  no t  only houses a c e n t r i f u g a l  i m p l l e r  and vo lu te  t o  

c i r c u l a t e  t h e  s a l t  through t h e  l o o p  b u t  which a l s o  se rves  as t h e  surge  

tank,  t h e  s a l t  sample poin t ,  t h e  uranium a d d i t i o n  poin t ,  and t h e  con tac to r  

f o r  cont inuous ly  s t r i p p i n g  gaseous f i s s i o n  products from t h e  f u e l  sa l t .  
F igure  1 i s  a c r o s s  s e c t i o n  of t h e  f u e l  pump wi th  d e t a i l s  of cons t ruc t ion  

omi t ted  t o  emphasize t h e  flow p a t t e r n s .  

The motive f o r c e  f o r  t h e  sa l t  flow i s  provided by an 11.5-in,-diam 

impeller dr iven  a t  1189 rpn  by an induct ion  motor. The impel le r  and i t s  

vo lu te  are i n s t a l l e d  i n  a 36-in.-diam t a n k  o r  pump bowl. 

system the impel le r  d e l i v e r s  1250 gpm a g a i n s t  a head of 55 f t  of s a l t  

(- 53 p s i ) .  
through t h e  t a n g e n t i a l  d i scharge  l i n e  t h a t  pene t r a t e s  t he  s i d e  of t h e  pump 

t a n k  i s  1200 gpm. 

I n  t h e  MSRE f u e l  

Some 50 gpn i s  d i v e r t e d  as desc r ibed  below, s o  t h e  flow ou t  

Since f l u i d  p re s su res  i n s i d e  t h e  v o l u t e  are h igh  r e l a t i v e  t o  those  

i n  the  pump tank,  some sal t  "leakage" occurs  when t h e r e  are unsea led  f i t -  

t i n g s .  The major component of t h i s  "leakage" i s  t h e  s o - c a l l e d  f o u n t a i n  

flow through t h e  c l ea rance  between t h e  impel le r  s h a f t  and t h e  t o p  of t h e  

v o l u t e .  Baffles are provided around t h e  s h a f t  t o  keep t h e  f o u n t a i n  flow 

4 
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'R. C .  Robertson, MSRE Design and Operat ions Report ,  Brt 1 - 
Desc r ip t ion  of Reac tor  Design, USAEX Report  ORNL-TM-728, Oak Ridge Nat iona l  
Laboratory,  January 1965. 
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from spraying  i n t o  t h e  gas space.  This  flow p a r t l y  f i l l s  t h e  annular  

spaces  between t h e  s h a f t  and t h e  two concen t r i c  c y l i n d e r s  t h a t  suppor t  

t h e  v o l u t e  t o p  and t h e  vo lu te  i t s e l f .  

d r a i n  ho le s  near  t h e  bottom of each cy l inde r ,  t h e  s a l t  flow (15 gpm a t  

des ign  cond i t ions )  exceeds t h e i r  c a p a b i l i t y  and most of t h e  f o u n t a i n  flow 

e n t e r s  t h e  main mr t  of t h e  pump bowl by overflowing a t  t h e  "windows." 

Other poss ib l e  sources  of "leakage" from the  vo lu te  are t h e  j o i n t  between 

t h e  vo lu te  o u t l e t  and t h e  d ischarge  l i n e  ( n o t  shown), and a r e c i r c u l a t i n g  

flow p a s t  t h e  l a b y r i n t h  seal a t  t h e  eye of t h e  impeller. 

Although t h e r e  i s  a row of 1 /8- in .  

The primary source of sa l t  flow i n t o  t h e  pump t a n k  i s  a d e l i b e r a t e  

bypass t h a t  i s  taken  from t h e  vo lu te  d ischarge  l i n e  i n t o  a t o r o i d a l  spray  

r i n g  i n  t h e  upper p a r t  of t h e  pump bowl, From t h e r e ,  t h e  sa l t  sprays  ou t  

through 2 rows of ho les  and impinges on t h e  salt  su r face  i n  t h e  t a n k  t o  

provide g a s - l i q u i d  c o n t a c t i n g  f o r  xenon s t r i p p i n g .  

t h a t  t h e  spray  r i n g  i s  no t  q u i t e  a complete t o r u s ;  a 15-degree segment i s  

omi t ted  t o  provide space f o r  t h e  sampler cage (see partial plan view and 

s e c t i o n  a t  f a r  l e f t  of F ig .  1). 

segment above t h e  s a l t  d i scharge  l i n e  from t h e  vo lu te .  

t h e  pump d ischarge  i n t o  t h e  spray  r i n g  was s i z e d  t o  l i m i t  t h e  sp ray  system 

flow t o  50 gpm. A t  t h i s  rate t h e  average v e l o c i t y  of t h e  streams emerging 

from t h e  d r i l l e d  ho le s  i n  t h e  r i n g  i s  7.5 f t / s e c .  

downward a t  40" from t h e  h o r i z o n t a l  through the lower r o w  of L/8-in.  d i -  

ameter holes .  

d r i l l e d  a t  30" below t h e  ho r i zon ta l .  

It should be noted 

Also t h e r e  are no holes  i n  a 60-degree 

The opening from 

About 40 gpn is  d i r e c t e d  

The o t h e r  10 gpm emerges from t h e  row of 1 p 6 - i ~  ho le s  

The s a l t  t h a t  f lows i n t o  t h e  pump bowl r e t u r n s  t o  t h e  main c i r c u l a t i n g  

s t ream through t h e  c learance  between t h e  pump t ank  and t h e  s u c t i o n  end of 

t h e  vo lu te .  

ou t s ide  t h e  main c i r c u l a t i n g  stream. 
reg ion  above and ou t s ide  t h e  s k i r t  t h a t  ex tends  o u t  from t h e  vo lu te .  This  

r eg ion  i s  a g i t a t e d  by  t h e  j e t s  and should be r a t h e r  well-mixed. S a l t  

e n t e r s  t h e  reg ion  under t h e  s k i r t  wi th  an average r a d i a l  ( inward) v e l o c i t y  

of only 0.11 f t / s e c ,  a c c e l e r a t i n g  t o  1.7 f t / s e c  through t h e  sca l loped  

opening i n t o  t h e  pump s u c t i o n .  

s a l t  after it passes  under t h e  s k i r t ,  t o g e t h e r  wi th  t h e  gas  from t h e  

Normally t h e  f u e l  pump con ta ins  about  2.9 f t 3  of s a l t  t h a t  i s  

Of t h i s ,  about  1.8 f t 3  is  i n  t h e  

Those gas  bubbles  which r ise  o u t  of t h e  

d 
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bubbler  l e v e l  tubes,  can move a long  t h e  bottom s u r f a c e  of t h e  vo lu te  and 

up  through ven t  ho le s  a t  t h e  junc tu re  of t h e  s k i r t  and the vo lu te .  

With t h e  f u e l  pump o f f ,  bo th  t h e  spray r i n g  and t h e  vo lu te  suppor t  

cy l inde r  are p r a c t i c a l l y  empty. These reg ions  f i l l  w i t h  sal t ,  a t  t h e  ex- 

pense of t h e  l e v e l  i n  t h e  pump bowl, when the pump i s  turned  on. Thus, 

even if there are no gas "pockets" i n  t h e  loop, some drop i n  fuel-pump 

l e v e l  occurs  each time t h e  pump i s  started.  The sa l t  volume a s s o c i a t e d  

wi th  these two reg ions  i s  0.27 ft3.  

The volume c a l i b r a t i o n  of t h e  f u e l  pump i s  of i n t e r e s t  i n  t r a n s l a t i n g  

l e v e l  changes t o  volume changes i n  the  res t  of t h e  loop.  

t h e  volume of s a l t  i n  t h e  sump reg ion  of t h e  f u e l  pump (ou t s ide  of t h e  

vo lu te )  as a f u n c t i o n  of s a l t  l e v e l .  

sa l t  i n s i d e  t h e  vo lu te  suppor t  cy l inde r  o r  sp ray  r i n g  s i n c e  the  amount of 

s a l t  i n  these  r eg ions  does not  vary w i t h  pump-bowl l e v e l  when t h e  pump i s  

on. 

F igure  2 shows 

This  c a l i b r a t i o n  does not  inc lude  

Another important  func t ion  of t h e  f u e l  pump i s  t o  provide t h e  gas- 

l i q u i d  i n t e r f a c e  and a compressible surge volume f o r  t h e  f u e l  loop. 

t h e  gas space i n  t h e  pump bowl (nominally 1.9 f t3)  was judged inadequate 

f o r  a major s a l t - l e v e l  excursion,  an  annular  5 .5-f t '  overflow t a n k  was pro- 

vided below t h e  pump bowl, around t h e  pump s u c t i o n  l i n e .  Communication 

between t h e  pump bowl and t h e  overflow t a n k  i s  through a l -1/2- inch IPS 

l i n e  t h a t  extends upward i n t o  t h e  pump bowl above t h e  normal s a l t  l e v e l .  

(See partial s e c t i o n  immediately t o  t he  l e f t  of t he  main drawing i n  Fig.  1.) 

To minimize the  i n t r u s i o n  of sa l t  spray  i n t o  t h e  t o p  of t h i s  open l i n e ,  

t he  baf f le  on t h e  spray  r i n g  has an ex tens ion  t h a t  forms a "roof"  over the 

l i n e .  

Since 

Four cover-gas streams normally flow i n t o  the  pump bowl. Two of 

these flow through sepa ra t e  i n t e r n a l  surge chambers t o  t h e  d i p  tubes  of 

t h e  bubbler  l e v e l  e lements .  The surge chambers prevent  expuls ion  of s a l t  
i n t o  unheated gas  supply l i n e s  dur ing  r a p i d  pressure  excurs ions .  

gas f low through each bubbler  tube  i s  0.37 j /min STP. 

flow (0.15 J/min STP) e n t e r s  through t h e  bubbler  r e fe rence  l i n e .  

t r a n c e  of t h i s  l i n e  i n t o  t h e  pump bowl i s  baffled,  as shown, t o  minimize 

the  i n t r u s i o n  of sa l t  spray .  

Normal 

Another minor gas 

The en- 
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Fig .  2. Salt Volume as a Funct ion  of Level i n  Fuel  fimp Sump 
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The p r i n c i p a l  f low of cover gas e n t e r s  t h e  pump bowl through the  an- 

nulus  between t h e  r o t a t i n g  impeller shaf t  and t h e  s h i e l d  plug.  

pose of t h i s  e n t r y  p o i n t  i s  t o  prevent  d i f f u s i o n  of r a d i o a c t i v e  gases  

(and poss ib ly  s a l t  m i s t )  u p  t h e  shaf t  annulus t o  t h e  v i c i n i t y  of t h e  o i l -  

l u b r i c a t e d  bear ings .  

and t h e  impel le r  and a small amount (- 0.1 j / m i n )  flows upward t o  keep o i l  

vapors from d i f f u s i n g  downward; the  remainder f lows down i n t o  t h e  pump bowl. 

The normal gas flow ra te  t o  t h e  s h a f t  annulus i s  2.4 R/min STP, b u t  va lues  

between 1.5 and 5 R/min have been used. 

The pur- 

The flow e n t e r s  t he  annulus between the  bea r ings  

Addi t iona l  cover  gas can be provided by flow down t h e  sampler l i n e  

b u t  t h i s  l i n e  i s  normally c losed  a t  t h e  sampler.  During r o u t i n e  sampling 

( o r  en r i ch ing )  opera t ions ,  a gas flow of 1 R/min STP down t h i s  l i n e  i s  
maintained.  

The cover gas normally l eaves  t h e  pump bowl through two 1 /2- in .  IPS 

l i n e s  wi th  baffled bottoms. 

a p a r t  and merge i n t o  a s i n g l e  1 /2- in .  pipe wi th in  8 i n .  The o f fgas  flow 

c a r r i e s  ou t  gaseous f i s s i o n  products  (and some s a l t  m i s t )  and provides  a 

means of r e g u l a t i n g  the  system overpressure .  

provided i n  t h e  pump-bowl gas space t o  minimize t h e  t r a n s p o r t  of s a l t  m i s t  
i n t o  t h e  o f fgas  l i n e s .  When t h e  main o f fgas  l i n e s  a r e  r e s t r i c t e d ,  p a r t  

o r  a l l  of t h e  pump-bowl cover  gas f lows down t h e  sa l t  overflow l i n e  and 

bubbles  through t h e  s a l t  i n  t h e  overflow tank.  It then  e n t e r s  t h e  main 

f u e l  o f fgas  l i n e  through t h e  ven t  l i n e  on t h a t  tank. 

The two l i n e s  pene t r a t e  the pump bowl 4-1/2 i n .  

Two c i r c u l a r  baffles are 

The last device i n  the  pump bowl i s  t h e  cage f o r  t h e  sampler-enricher .  

This  cage c o n s i s t s  of 5 v e r t i c a l  rods t o  conf ine  the  capsules  t h a t  are 

lowered i n t o  the  pump bowl. 

can r each  t o  t h e  bottom head of t h e  pump tank.  This  cage i s  surrounded 
by a s p i r a l  baffle whose purpose i s  t o  prevent  sa l t  spray from e n t e r i n g  
and o b s t r u c t i n g  t h e  opening i n t o  t h e  pump bowl. There i s  a narrow s l o t  

between t h e  bottom of t h e  baff le  and the bottom head of t h e  pump bowl t o  

permit  c i r c u l a t i n g  of l i q u i d  s a l t  through t h e  sampling chamber. 

However, t he  cage has no bottom s o  capsules  
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The gene ra l  conf igu ra t ion  of t h e  f u e l  c i r c u l a t i n g  l o o p  i s  shown sche- 

m a t i c a l l y  i n  F ig .  3. Although many de ta i l s  have been omitted,  some rela- 
t i v e l y  minor items are d e l i b e r a t e l y  included because of t h e i r  importance 

t o  the  d i scuss ion  i n  subsequent s e c t i o n s  of t h i s  r e p o r t .  

I n  genera l ,  t h e  components and connect ing p ip ing  are arranged and 

p i tched  s o  t h a t ,  under s t agnan t  condi t ions ,  gas bubbles wi th in  t h e  loop  

w i l l  t end  t o  migra te  toward the  g a s - l i q u i d  i n t e r f a c e  i n  t h e  pump. The 

most no tab le  except ions  t o  t h i s  a r e  t h e  t o p  of t h e  h e a t  exchanger where 

t h e  f u e l  s a l t  e n t e r s  t h e  s h e l l  and a small reg ion  a t  t h e  bottom of t h e  

l a r g e r  core  access  plug i n  t h e  r e a c t o r  neck. The e x t e n t  t o  which such 

bubble migra t ion  a c t u a l l y  proceeds depends on a number of r e l a t i v e l y  in -  

determinate  f a c t o r s  inc luding  t h e  tendency f o r  bubbles  t o  s l i d e  a long  

su r faces .  

An important  f a c t o r  i n  eva lua t ing  t h e  behavior  of c i r c u l a t i n g  bubbles  

i s  the  f l u i d  pressure  as a func t ion  of p o s i t i o n  i n  t h e  loop.  The table on 

F ig .  3 shows t h e  c a l c u l a t e d  abso lu te  pressure  a t  s e v e r a l  po in t s  when t h e  

pressure  i n  t h e  pump bowl i s  5 ps ig  and t h e  s a l t  flow rate i s  1200 gpn 

( R e f .  2 ) .  Other t a b u l a t e d  q u a n t i t i e s  of i n t e r e s t  are t h e  s a l t  volumes 

between po in t s  and t h e  t r a n s i t  times a t  1200 gpm. 

Thermocouple TE-R52 w i l l  be referred t o  la ter .  This  thermocouple 
i s  i n  a w e l l  t h a t  p ro t rudes  i n t o  t h e  s a l t  s t ream a t  t h e  lower end of t h e  

core  specimen access  plug ( j u s t  t o  t h e  r i g h t  of p o i n t  8 i n  F ig ,  3). There 

i s  good reason  t o  be l i eve ,  however, t h a t  t h e  thermocouple j u n c t i o n  was n o t  

a c t u a l l y  i n s e r t e d  t o  t h e  very  bottom of the  w e l l  b u t  remained up i n s i d e  

the  plug. A t  any ra te  i t s  reading  was s e v e r a l  hundred degrees  below t h e  

temperature  of t h e  sa l t  l eav ing  t h e  core  and seemed t o  be respons ive  t o  

changes i n  t h e  s a l t  l e v e l  i n  t h e  annulus around t h e  plug.  

I_ 

%. J. Kedl, i n t e r n a l  communication, June 17, 1964. 
- 
c 

. 
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ORNL-DWG 70-5192 

LOOP DATA AT 12OO0F, 5 psig, f200gpm 

POSITION VOLUME TIME PRESSURE 
DIFF. TRANSIT 

( f t 3 )  (sec )  ( psia) 

10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1.1 

0.76 
6.12 

2.18 

9.72 

12.24 

23.52 

11.39 

1.37 
0.73 

20.4 

73.3 0.41 

69.7 0.28 

44.4 2.29 

43.4 0.81 

3.63 ---- 
40.3 4.58 

35.5 8.79 

25.8 4.26 

0.51 ---- 
20.4 0.27 

! 

Fig .  3. Pressures ,  Volumes, and T r a n s i t  Times i n  f i e 1  C i r c u l a t i n g  Loop 
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3. SRAY AND MIST 

During ope ra t ion  of t h e  f u e l  pump t h e r e  i s  a m i s t ,  o r  suspension of 

mol t en - sa l t  d rop le t s ,  i n  t h e  gas space of t h e  pump bowl. 

evidence f o r  t h i s ,  b u t  none c l e a r e r  than  Fig.  4. 
a 1/2-inch-wide s t r i p  of s t a i n l e s s  s t e e l  t h a t  was exposed i n  t h e  sampler 

cage f o r  12  hours .  

end was a t  t h e  s a l t  pool su r face  (as ind ica t ed  by t h e  bubbler  l e v e l  e lements) .  

The upper end was near  t he  pene t r a t ion  of t h e  sampler tube  i n t o  t h e  t o p  of 

t h e  pump bowl. 

amount of sa l t  on t h e  specimen i n  F ig .  4 are unusual  (poss ib ly  because of 

t h e  long exposure o r  t h e  cond i t ion  of t h e  s t a i n l e s s  s t e e l  s u r f a c e ) ,  q u a l i -  

t a t i v e l y  similar depos i t i on  was observed on numerous o t h e r  sample capsules  

and a se t  of g r a p h i t e  specimens3 exposed i n  t h e  gas space.  

There i s  much 

This  i s  a photograph of 

The 4-inch-long s t r i p  was pos i t i oned  so  t h a t  t h e  lower 

(See F ig .  1.) Although t h e  s i z e  of t h e  d r o p l e t s  and t h e  

The o r i g i n  of most of t h e  m i s t  i n  t he  MSRE pump bowl i s  undoubtedly 

t h e  s p a t t e r i n g  and sp la sh ing  of t h e  streams from t h e  spray  r i n g .  In  some 

of t h e  pumps t h a t  were opera ted  dur ing  t h e  development program, t h e  leakage 

up around t h e  s h a f t  a l s o  emerged i n t o  t h e  gas space as a spray .  The m i s t  

may d r i f t  wi th  t h e  purge gas flow i n t o  t h e  gas l i n e s  a t t a c h e d  t o  t h e  t o p  

of t h e  pump bowl and f r e e z e  the re .  Frozen m i s t  has been a problem i n  some 

pumps, no t  i n  o t h e r s .  Spray o r  f a l l i n g  m i s t  has a l s o  been suggested as a 

poss ib l e  c o n t r i b u t o r  t o  t he  t r a n s f e r  t o  t he  overflow t a n k  on t h e  MSRE f u e l  

pump, but ,  as w i l l  be  expla ined  below, t h i s  can hard ly  be t h e  main cause.  

Observations i n  Develoment  F a c i l i t i e s  

One of t h e  f i r s t  moves a f t e r  t h e  MSRE was approved i n  1960 was t h e  

design and cons t ruc t ion  of a water loop  f o r  pump d e ~ e l o p n e n t . ~  

t ank  and i n l e t  pipe i n  t h i s  water loop  were made of P l e x i g l a s  t o  permit  

d i r e c t  observa t ion  of f lows.  "The hydrau l i c  design of t h e  t e s t  pump and 

The pump 

3% Program Semiann. Progr.  Rept. ,  Aug. 31, 1967, ORNL-4191, p. 131. 

%SR Program Semiann. FYogr. Rept.,  J u l y  31, 1960, ORNL-3014, p. 29. 
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t h a t  of t h e  r e a c t o r  f u e l  pump were iden t i ca l . "5  

v i s e d  t o  c o n t r o l  sp lash ,  spray,  and gas bubbles caused by t h e  ope ra t ion  

of t h e  bypass flows i n  t h e  pump tank."6 

flow from t h e  impel le r  upper l a b y r i n t h  r evea led  t h e  need t o  c o n t r o l  it; 

t h e  s l i n g e r  impel le r  was caus ing  a n  undes i r ab le  spray .  This  spray was 

conta ined  and c o n t r o l l e d  by use of a cover  enc los ing  the  l a b y r i n t h  and 

s l i n g e r  impel ler ,  and having d r a i n  p o r t s  l o c a t e d  a t  i t s  lower end.If7 

F ive  d i f f e r e n t  conf igu ra t ions  of xenon s t r i p p e r s  were t r i e d ;  t h e  l as t  was 

t h e  t o r o i d a l  spray r i n g  wi th  two rows of ho le s  and a flow of about  50 gpn. 

"Considerable s p l a t t e r  of l i q u i d  r e s u l t e d  from t h e  impingement of t h i s  flow 

onto  t h e  vo lu te  and vo lu te  support .  Con t ro l  of t h i s  s p l a t t e r  was obta ined  

through use  of b a f f l e s  i n s t a l l e d  on t h e  s t r i p p e r  and on t h e  v o l u t e  support."8 

"Various b a f f l e s  were de- 

"Observations of t h e  foun ta in  

The prototype f u e l  pump, which was t e s t e d  by c i r c u l a t i o n  of s a l t  f o r  

thousands of hours, was equipped wi th  t h e  same kind of s t r i p p e r  and b a f f l e s  

t h a t  had been i n  t h e  f i n a l  tes ts  wi th  water .  That  t h e  spray s i t u a t i o n  was 

adequately handled was i n d i c a t e d  by c i r c u l a t i o n  of s a l t  f o r  nea r ly  14,000 

hours .  

o f fgas ,  b u t  t h e  purge flow was q u i t e  low (<0.4 ,i?/min). After t h e  purge 

was increased  t o  t h e  MSRE design rate of 4 ,i?/min, some minor d i f f i c u l t y  

was encountered wi th  plugging i n  a needle  va lve  about  1-5 f t  downstream of 

t h e  pump tank .  After 2500 h r  a t  t h e  h igh  purge rate a "hot t r a p "  con- 

s i s t i n g  of an en larged  s e c t i o n  of pipe which could be hea ted  was i n s t a l l e d  

i n  t h e  of fgas  l i n e  near  t h e  pump tank.  After t h i s  mod i f i ca t ion  t h e  pump 

was opera ted  only 300 hr  longer  be fo re  it was s h u t  down t o  make way f o r  
t e s t i n g  t h e  Mark I1 pump, b u t  i n  t h a t  time t h e r e  was no i n d i c a t i o n  of 

plugging. 

During t h e  f i r s t  11,000 hr ,  t h e r e  was no t r o u b l e  a t  a l l  wi th  t h e  

9 

'MSR Program Semiann. Progr.  Rept., Feb. 28, 1969, ORNL-3122, p. 47. 
6P. G. Smith, Water T e s t  Developnent of t h e  Fuel  Pump f o r  t h e  MSRE, 

USAEC CXINL-TM-79, Oak Ridge Nat iona l  Laboratory,  March 1962, p. 1. 

-(Bid. ,  p. 22. 

' a i d . ,  p. 27. 

'A. G.  Gr inde l l ,  p r i v a t e  communication, December, 1968. 

. 



A similar s a l t  pump, t h e  PK-P pump, was opera ted  f o r  a long per iod  

of t i m e  without  t r o u b l e .  

" there  was no evidence of sa l t  c o l l e c t i n g  i n  t h e  o f fgas  l i n e  o r  spark-plug 

r isers  i n  t h e  pump tank." lo  This  pump even tua l ly  opera ted  a t o t a l  of 

23,500 h r  wi th  f l u o r i d e  salts  wi th  no plugging of t h e  o f fgas  system. 

gas  purge rate was only about  a t e n t h  of t h e  MSRE design rate,  however. 

During a shutdown a f t e r  5436 h of ope ra t ion  

The 

The pump i n  t h e  Engineer ing T e s t  Loop was a DANA pump l e f t  over from 

t h e  ANP. The hydrau l i c  performance of t h e  DANA pump i s  no t  t h e  same as 

the  MSRE pumps, b u t  t h e  two pump conf igu ra t ions  and t h e  foun ta in  flow 

which emerges i n t o  t h e  gas space are very similar. "Some d i f f i c u l t y  was 

experienced dur ing  t h e  ope ra t ion  of t he  loop  wi th  plugging of t h e  pump 
o f fgas  l i n e .  Examination after t h e  f i r s t  788 h r  of ope ra t ion  r evea led  a 

c o l l e c t i o n  of s a l t  a t  t h e  junc t ion  of t h e  unbaf f led  1/2-inch-pipe o f fgas  

connect ion wi th  t h e  DANA pump-bowl l id . ""  The bubbler  r e fe rence  l i n e  

through which gas en te red  t h e  pump bowl was covered wi th  an " i n t e r n a l  

s p l a s h  s h i e l d "  o r  b a f f l e  and al though t h e r e  was some s a l t  around t h e  pipe 

opening it was no t  obs t ruc t ed .  

some depos i t  6 i n .  above t h e  l i q u i d  l e v e l  a t  t h e  capsule  s t o p  area of t h e  

sampler-enricher  guide tube.  

pump bowl dur ing  89 h of s a l t  c i r c u l a t i o n  a t  1100°F accumulated a d e p o s i t  

of what appeared t o  be f rozen  d r o p l e t s .  No such d e p o s i t  appeared on a 

co ld  f i n g e r  i n  t h e  d r a i n  t a n k  and it was concluded t h a t  "the pump bowl 

d i f f i c u l t i e s  were caused by an ae roso l - type  d i s p e r s i o n  of s a l t  par t ic les ." '*  

A c y l i n d r i c a l  b a f f l e  of s h e e t  Inconel  i n s e r t e d  i n  t h e  sampler guide stopped 

t h e  s a l t  d e p o s i t  i n  t h e  capsule  s t o p  area. Af t e r  t h e  o f fgas  l i n e  and t h e  

bubbler  r e fe rence  l i n e  were switched ( s o  t h e  o f fgas  l i n e  w a s  b a f f l e d  and 

t h e  r e fe rence  l i n e  was no t )  t h e  pump was opera ted  f o r  s e v e r a l  thousand 

hours wi thout  evidence of f u r t h e r  plugging. *' 

There was however a p o t e n t i a l l y  t roub le -  

An a i r - coo led  copper tube  i n s e r t e d  i n  t h e  

* 

Program Semiann. Progr. Rept. ,  Aug. 31, 1961, ORm-3215, Po 46. 
1 1 ~ ~  hogram Semiann. Progr.  Rept. ,  Aug. 31, 1962, ORNL-3369, Po 56- 
l2Ib id . ,  p. 58. 
13J. L. Crowley, p r i v a t e  communication, December, 1968. 
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The Mark-I1 f u e l  pump was designed t o  provide a g r e a t e r  surge  volume 

f o r  f u e l  s a l t  e ~ p a n s i 0 n . l ~  

were a l s o  changed wi th  t h e  i n t e n t i o n  of improving the  xenon s t r i p p i n g .  

In  the  water tes ts  of t h e  pump t a n k  models " la rge  numbers of very  small 
bubbles were p resen t  i n  t h e  pump t a n k  l iqu id ."15  I n  t h e  e f f o r t  t o  reduce 

t h e  bubble product ion i n  the  l i q u i d ,  a b a f f l e  was added which i n t e r c e p t e d  

t h e  spray je t s .  This  c r e a t e d  another  problem: impingement of t he  j e t s  

on t h i s  b a f f l e  produced much spray  and m i s t .  Another b a f f l e  or cover over 

t h e  spray  area prevented d i r e c t  sp l a sh ing  a g a i n s t  t h e  t o p  of t h e  pump t a n k  

b u t  m i s t  could s t i l l  d r i f t  ou t  underneath t h e  impingement b a f f l e  i n t o  t h e  

r eg ion  from which t h e  o f fgas  i s  drawn. 

I n  t h e  new design t h e  spray  r i n g  and b a f f l e s  

The Mark-I1 pump was never i n s t a l l e d  a t  t h e  MSRE, b u t  it was opera- 

t e d  f o r  an extended per iod  i n  t h e  pump developnent f a c i l i t y .  During t h e  

f i r s t  4000 h r  of s a l t  t e s t i n g  of t h e  Mark 11, t h e r e  was far more accumu- 

l a t i o n  of f rozen  sa l t  d r o p l e t s  i n  t h e  o f fgas  l i n e  than  t h e r e  had been i n  

t h e  tes ts  of t h e  ear l ie r  model pump. A f i l t e r  about  1 5  f t  downstream from 

t h e  pump bowl t rapped  s a l t  p a r t i c l e s  ( a l l  lop o r  smaller) a t  a r a t e  of 

about  a cubic  inch per 100 hours of sa l t  c i r cu la t ion .16  

s t r i c t i o n  which b u i l t  u p  i n  t h e  o f fgas  l i n e  was repea ted ly  (about  once a 

week) r e l i e v e d  by apply ing  a t o r c h  t o  t h e  v e r t i c a l  s e c t i o n  of o f fgas  l i n e  

j u s t  above t h e  pump bowl o r  by rapping  a t  t h i s  l o c a t i o n .  Examination re- 

vea led  a b r i t t l e  d e p o s i t  which crumbled e a s i l y  and w a s  made up of s a l t  

beads u p  t o  l5p i n  diameter.17 
i n  t h e  pump bowl was r a i s e d  about  5 in . ,  submerging t h e  lower edge of t h e  

impingement b a f f l e  s o  t h a t  mis t - laden  gas  could  not  f low so f r e e l y  i n t o  

t h e  r eg ion  of t h e  o f fgas  l i n e .  This  d r a s t i c a l l y  reduced t h e  rate of accumu- 

l a t i o n  of sa l t  i n  t h e  o f fgas  l i n e ,  a l though it d i d  n o t  a l t o g e t h e r  e l i m i n a t e  

it. 

A n o t i c e a b l e  r e -  

After 4000 h r  of opera t ion ,  t h e  s a l t  l eve l  

'%TEE? Program Semiann. Frogr.  Rept.,  J u l y  31, 1963, ORNL-3529, P. 3. 
15MSR Program Semiann. Progr.  Rept.,  Jan .  31, 1964, ORNL-3626, P. 41. 
16A. G. Gr inde l l ,  p r i v a t e  communication, February,  1969. 
17MSR Program Semiann. Progr.  Rept.,  Feb. 28, 1969, ORNL-4396, PP. 

31 - 32. 
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S a l t  i n  MSRE Offgas System 

From t i m e  t o  t ime throughout the  opera t ion  of t h e  MSRE, s o l i d s  have 

been removed from f i l t e r s ,  valves ,  and l i n e s  i n  t h e  f u e l  and coo lan t  off-  

gas systems. Material from t h e  coo lan t  o f fgas  system has shown only t r a c e s  

of sa l t  c o n s t i t u e n t s ,  b u t  many of t h e  f u e l  o f fgas  s o l i d s  have included 

t i n y  beads of f rozen  sa l t ,  evidence of t h e  s a l t  m i s t  i n  t h e  f u e l  pump bowl. 

During t h e  p r e c r i t i c a l  opera t ion ,  s p e c i a l  s i d e - o u t l e t  i n s e r t s  were 
i n s t a l l e d  i n  t h e  o f fgas  f lange  n e a r e s t  t h e  f u e l  pump bowl: t h e  f i r s t  f o r  

a krypton-s t r ipp ing  experiment, t h e  second f o r  drawing o f f  gas  t o  a f l u o -  

r i d e  ana lyze r .  When t h e  f lange  was opened t o  i n s t a l l  and remove t h e s e  in-  

ser ts ,  t h e  l i n e  appeared gene ra l ly  c l ean  b u t  small amounts of s o l i d s  were 

found between the  f l ange  f aces .  These contained t i n y  g l a s sy  beads which 

were presumed t o  be f rozen  sal t  m i s t .  The behavior  of t h e  f l u o r i d e  ana- 

l y z e r  during s t a r t u p  and ope ra t ion  of t he  f u e l  pwnp a l s o  suggested t h e  

presence of p a r t i c u l a t e  f l u o r i d e s  i n  t h e  sample stream.18 

Frozen sa l t  beads were a l s o  found dur ing  the  prenuclear  ope ra t ion  

fa r  downstream a t  t h e  f u e l  pressure  c o n t r o l  va lve  i n  t h e  ven t  house. Near 

t h e  end of t h e  f i r s t  run w i t h  f l u s h  sal t ,  f u e l  pressure  c o n t r o l  became 

e r r a t i c  and after t h e  end of the  run (March, 1965) the  small c o n t r o l  va lve  

w a s  found t o  be p a r t i a l l y  plugged. 

(1 - 5p) beads of a g l a s sy  material. 

l a t i o n  i n  May 1965, t h e  small c o n t r o l  va lve  aga in  began t o  plug. 

it was removed and c u t  open f o r  examination. 
found t o  be about  20% amorphous carbon and the  remainder 1- t o  5-11 beads 

having the composition of t he  f l u s h  s a l t . l g  

than  c r y s t a l l i n e ,  implying r a p i d  coo l ing  of molten s a l t  m i s t .  
was presumably s o o t  from o i l  thermal ly  decomposed i n  t he  pump bowl. 

An ace tone  r i n s e  contained small 

After a week of c a r r i e r  s a l t  c i r c u -  

This  time 

A depos i t  on t h e  stem was 

The beads were g l a s sy  rather 

The carbon 

S a l t  w a s  no t  an  important  c o n s t i t u e n t  of t h e  material t h a t  caused 

the  severe  plugging of the f u e l  offgas  f i l t e r s  and va lves  when t h e  r e a c t o r  

t 

18J. G. Mi l l ion ,  Analysis  of t h e  Molten S a l t  Reac tor  Offgas f o r  
Hydrogen Fluor ide ,  K-L-2079, September 1, 1965. 

Program Semiann. Progr.  Rept.,  Aug. 31, 1965, ORNL-3872, P. 14. 
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was f i r s t  opera ted  a t  power (January - February 1966). 
offending material were nea r ly  a l l  rad ia t ion-polymer ized  organic ,  e i t h e r  

as a v iscous  l i q u i d  o r  a s t i c k y  s o l i d ,  wi th  t r a c e s  of s a l t  showing i n  only 

a f e w  of t h e  samples. In  September 1966, when t h e  f i r s t  p a r t i c l e  t r a p  was 

removed, t he  material plugging the  en t r ance  s t a i n l e s s  s t e e l  mesh was found 

t o  be organic  wi th  a very  high f r a c t i o n  of barium and s t ron t ium (20 w t %  Ba, 

1 5  w t %  S r ) .  There was only a minute amount of sa l t  (0.01 w t %  Be, 0.05 w t %  

ZJ?),~’ i n d i c a t i n g  t h a t  i f  f rozen  s a l t  m i s t  was s t i l l  l eav ing  t h e  pump bowl 

it was be ing  stopped somewhere s h o r t  of t h e  ven t  house where t h e  p a r t i c l e  

t r a p  was loca ted .  

Samples of t h e  

Material c h i s e l e d  and rodded from t h e  o f fgas  l i n e  near  t h e  pump bowl 

i n  November 1966 appeared t o  be mostly r e s i d u a l  f rozen  s a l t  from t h e  over- 

f i l l  wi th  f l u s h  s a l t  t h a t  had occurred i n  J u l y .  The inc rease  i n  p re s su re  

drop  dur ing  ope ra t ion  must have been caused by some material g radua l ly  f i l l -  

ing  t h e  small blow-hole through t h e  f rozen  salt ,  b u t  t h e  na tu re  of t h i s  

plugging material was no t  determined. 

The o f fgas  l i n e  a t  t h e  pump bowl was opened next  16 months later,  i n  

A p r i l  1968, t o  i n v e s t i g a t e  t h e  unusual  pressure  drop  t h a t  had showed up  i n  

i n t e r v a l s  of low-power opera t ion  during t h e  preceding 6-month run.  

b l e  c l ean ing  t o o l  pushed t o  t h e  pump bowl came ou t  wi th  material adher ing  

t o  it t h a t  appeared t o  be a t a r - l i k e  base  wi th  a f a i r  amount of s a l t  i n  it. 
The f l e x i b l e  jumper l i n e  and t h e  f l ange  j o i n t s  w e r e  found t o  con ta in  l i g h t  

depos i t s  of s o o t - l i k e  material wi th  a small amount of f rozen  s a l t  drople t s .z1  

A f l e x i -  

I n  December 1968, t h e  o f fgas  l i n e  was aga in  cleaned from t h e  n e a r e s t  

f l ange  t o  t h e  pump bowl t o  r e l i e v e  a r e s t r i c t i o n  t h a t  had appeared dur ing  

t h e  2800-h of high-temperature  ope ra t ion  i n  t h e  23% s t a r t u p .  

t i o n  was encountered about  where t h e  one had been a t  t h e  end of t h e  23% 

opera t ion :  j u s t  above t h e  pump bowl, where t h e  temperature  of t h e  gas  

s t ream would be decreas ing  r a p i d l y .  The material t h a t  came o u t  on t h e  

c l eanou t  t o o l  looked d i f f e r e n t ,  however. In s t ead  of adhering,  t a r r y  ma-  
t e r i a l  gene ra l ly  d i s t r i b u t e d ,  t h e r e  were a few b i t s  of material having t h e  

An obs t ruc-  

b 

2%SR Program Semiann. Progr.  Rept.  Feb. 28, 1967, ORNL-4119, p. 5 5 .  
“IMSR Program Monthly Report  f o r  June 1968, ORNL i n t e r n a l  memorandum 

MSR-68-98, p. 19. 



appearance of salt .  
h a u s t  pump through a f i l t e r .  

which appeared t o  con ta in  4 t o  7 mg of f u e l  s a l t  which had g o t t e n  t h e r e  

s i n c e  t h e  235 s t a r t u p .  

The c l eanou t  t o o l  was hollow and connected t o  an ex- 

The f i l t e r  paper c o l l e c t e d  a b l a c k i s h  powder 

22 

During t h e  f i r s t  5 months of 1969 a s i g n i f i c a n t  r e s t r i c t i o n  aga in  de- 

veloped near  t he  pump bowl. A s  was t h e  case  wi th  o the r  r e s t r i c t i o n s ,  t h i s  

d i v e r t e d  t h e  o f fgas  flow through t h e  overflow tank .  However, one week be- 

f o r e  a scheduled shutdown on June l, 1969, a r e s t r i c t i o n  a l s o  developed i n  

t h e  ven t  l i n e  from t h e  overflow tank. Since t h e  l a t t e r  r e s t r i c t i o n  was 

e s s e n t i a l l y  complete, the  of fgas  aga in  flowed through t h e  r e s t r i c t i o n  i n  

t h e  normal o f fgas  l i n e  which by t h a t  t i m e  had increased  t o  about  10 p s i  
a t  normal flow. Some adjustments  were made i n  ope ra t ing  parameters and 

t h i s  cond i t ion  persisted u n t i l  t h e  scheduled shutdown wi th  no s e r i o u s  e f -  

f e c t  on t h e  opera t ion .  This  t i m e ,  however, t h e  l i n e  was no t  opened t o  

determine t h e  na tu re  of t h e  plug. Ins tead ,  a heater was i n s t a l l e d  on the  

l i n e  s e c t i o n  n e a r e s t  t h e  f u e l  pump and t h e  r e s t r i c t i o n  was c l e a r e d  by 

h e a t i n g  and then  apply ing  a d i f f e r e n t i a l  p ressure  toward t h e  pump bowl. 

The h e a t e r  was l e f t  i n  p lace  and connected t o  a power supply f o r  poss ib l e  

f u t u r e  use .  Tests showed t h a t  t he  overflow t a n k  ven t  l i n e  was plugged i n  

a f l anged  s e c t i o n  con ta in ing  two va lves .  This  was rep laced  and t h e  plug 

was found t o  be organic  m a t e r i a h w i t h  very  l i t t l e ,  if any, sa l t ,  l o c a t e d  

i n  a l /4 - inch  p o r t  i n  one of t h e  va lves .  23 

A r e s t r i c t i o n  aga in  became d e t e c t a b l e  i n  the o f fgas  l i n e  near  t h e  f u e l  

pump after another  2200 hours of s a l t  c i r c u l a t i o n .  This  occurred on Decem- 

ber 8, 1969, only f o u r  days be fo re  the scheduled f i n a l  shutdown of t h e  MSRE. 
Since the  r e s t r i c t i o n  was no t  g r e a t  enough t o  i n t e r f e r e  wi th  ope ra t ion  and 

shutdown, no e f f o r t  was made t o  c l e a r  it. 

2%sR Program Semiann. Progr.  Rept.,  Feb. 28, 1969, ORNL-4396, 

'%Si? Program Monthly Repor t  f o r  J u l y  1969, ORNL i n t e r n a l  memorandum 

PP. 143 - 145. 

MSR-69-71, p. 10. 
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Poss ib le  E f f e c t s  on Transfer  t o  Overflow Tank 

The p o s s i b i l i t y  of s a l t  spraying  o r  sp l a sh ing  i n t o  t h e  t o p  of t h e  

overflow l i n e  was considered i n  t h e  pump design, and t h e  baffles and shed 

roof  over t h e  overflow l i n e  were l a i d  ou t  t o  prevent  t h i s .  Observations 

i n  t h e  t r a n s p a r e n t  t ank  of t h e  water t e s t  i nd ica t ed  t ha t  t h e  baffles were 

e f f e c t i v e ,  and t h e r e  i s  no reason  t o  b e l i e v e  t h a t  they  were no t  e f f e c t i v e  

i n  the  M B E  pump. 

tem, t h e r e  was only a very  slow accumulation i n  t h e  overflow t a n k  when t h e  

ind ica t ed  s a l t  l e v e l  was wi th in  2.8 i n .  of t h e  overflow po in t  and none a t  

lower l e v e l s .  Thus the  baffles were e v i d e n t l y  prevent ing heavy sp la sh ing  

i n t o  t h e  overflow l i n e .  

would have been no reason  f o r  it t o  s t o p  when t h e  l e v e l  reached a c e r t a i n  

po in t .  Therefore ,  t h e r e  i s  no reason  t o  a t t r i b u t e  any of the t r a n s f e r  i n  

t h i s  per iod  of opera t ion  t o  spray.  Nei ther  can la te r  response of t r a n s f e r  

rates t o  changing fuel-pump l e v e l ,  bery l l ium add i t ions ,  and o t h e r  v a r i a b l e s  

( inc lud ing  t h e  s t r i k i n g  d i f f e r e n c e  between f l u s h  s a l t  and f u e l  sa l t  t r a n s -  

fe r  rates) be expla ined  by any hypothesis  i n  which spray or m i s t  i s  t h e  

dominant me c han i s m .  

When the  s a l t  was f i r s t  c i r c u l a t e d  i n  t h e  MSRE f u e l  sys-  

If t h e  accumulation had been due t o  spray  t h e r e  

Although spray  o r  m i s t  can p r a c t i c a l l y  be r u l e d  out  as t h e  primary 

mechanism f o r  t r a n s f e r ,  it is i n t e r e s t i n g  t o  look a t  poss ib l e  rates, Since 

t h e  f i r s t  be ry l l i um a d d i t i o n  i n  t h e  235 s t a r t u p ,  t h e  ra te  of s a l t  t r a n s -  

f e r  t o  t h e  overflow t a n k  has normally averaged between 4 and 1-5 l b /h r .  

This  i s  50 t o  180 in?/hr.  

2.04 i n ?  So t h e  observed t r a n s f e r  rates would be equ iva len t  t o  a " ra in"  

of 25 t o  90 i n .  of l i q u i d  per hour, far  more than  t h e  hardest t o r r e n t i a l  

downpours. 

The c r o s s  s e c t i o n  of the overflow l i n e  i s  

How dense is  t h e  m i s t  i n  t h e  pump bowl? The a p p a r a n c e  of t h e  s a l t  

d r o p l e t s  on specimens exposed i n  t h e  sampler g ives  t h e  impression of a 

f a i r l y  l i g h t  m i s t  o r  heavy fog .  

around g/cm3. 

gram a month of s a l t  m i s t  ou t  of t h e  pump bowl wi th  t h e  of fgas ,  which i s  

not  i n c o n s i s t e n t  with t h e  amounts of f rozen  s a l t  beads found i n  t h e  o f f -  

gas l i n e .  

and 95Zr i n  t h e  pump bowl gas ind ica t ed  much h ighe r  m i s t  concen t r a t ions  

Fog and m i s t  concen t r a t ions  are t y p i c a l l y  

This  i s  c o n s i s t e n t  wi th  t h e  t r a n s p o r t  of roughly a 

On t h e  o the r  hand, a t tempts  t o  measure concen t r a t ions  of uranium 

c 



(where t h e  samples were taken) .  

attempts ranged u p  t o  10-4g/cm3 ( R e f .  24).  

o f fgas  l eav ing  t h e  pump bowl, about  500 g of s a l t  would be l o s t  each day. 

No such l o s s  a c t u a l l y  occurred.  I n  a n  e f f o r t  t o  e x p l a i n  t h i s  discrepancy,  

Nichols suggested t h a t  h igh  concen t r a t ions  might be s u s t a i n e d  i n  t h e  pump 

bowl by e l e c t r o k i n e t i c  phenomena and t h a t  i n  t h e  o f fgas  nozzle  a l a r g e  

f r a c t i o n  of t h e  sa l t  p a r t i c l e s  would l o s e  t h e i r  charge and f a l l  back  i n t o  

t h e  pump.zs 

l i n e ,  what t r a n s f e r  rate could r e s u l t ?  

from 80 l i t e r / m i n  of gas a t  a concen t r a t ion  of 
i s  a l r eady  unreasonably high, b u t  it would have t o  be even h igher  s i n c e  

later,  more r e p r e s e n t a t i v e  samples of pump bowl gas  taken i n  double-walled, 

evacuated, f reeze-va lve  capsules  gave much lower s a l t  m i s t  concent ra t ions ,  

on t h e  order  of 10-6g/cm3. Thus it is  ev iden t  t h a t  t h e  rate of gas t r a n s -  

p o r t  i n t o  and o u t  of t h e  overflow l i n e  t h a t  would be r e q u i r e d  t o  produce 

a s a l t  t r a n s f e r  of a few pounds per  hour from m i s t  f a l l o u t  i s  e n t i r e l y  t o o  

h igh  t o  be p l aus ib l e .  

Apparent concen t r a t ions  i n  e a r l y  sample 

If t h i s  were t y p i c a l  of t h e  

If a similar s i t u a t i o n  e x i s t e d  i n  t h e  mouth of t h e  overflow 

One pound per  hour i s  a l l  t h e  s a l t  

g/cm3. This  gas  volume 

Conclus ions 

We are reasonably conf iden t  of t h e  fo l lowing  conclusions.  

1. There i s  a m i s t  i n  t h e  pump bowl, produced l a r g e l y  by t h e  j e t s  

from the  xenon s t r i p p e r  r i n g .  

2. The concen t r a t ion  of s a l t  d r o p l e t s  i n  t h e  gas  l eav ing  the  pump 

bowl is i n  the range of o rd ina ry  mists. 

3. Frozen m i s t  p a r t i c l e s  i n  t h e  MSRE fuel-pump o f fgas  c o n t r i b u t e  t o  

g radua l  r e s t r i c t i o n  of t h e  o f fgas  l i n e  near  t h e  pump bowl, which r e q u i r e s  

c l eanou t  a t  i n t e r v a l s  of a f e w  months t o  a year  o r  so.  

4. Spray and m i s t  are n o t  s i g n i f i c a n t  c o n t r i b u t o r s  t o  t h e  t r a n s f e r  

i n t o  the overflow tank .  

2%EB Program Semiann. Progr.  Rept.,  Aug. 31, 1967, ORNL-4191, p. 131. 
25J. P. Nichols,  Poss ib le  E l e c t r o k i n e t i c  Phenomena i n  t h e  M S E  Pump 

Bowl, ORNL I n t e r n a l  Memorandum, MSR-68-10, January 3, 1968. 
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4. WBBUS AND FOAM IU THE HJMP BOWL 

The xenon s t r i p p e r  j e t s  descr ibed  i n  t h e  preceding chap te r s  d r i v e  

about  50 gpm of sa l t  i n t o  t h e  su r face  of t h e  s a l t  pool  i n  t h e  pump bowl. 

These streams c a r r y  under copious amounts of b l anke t  gas .  

t end  t o  coa lesce  and f l o a t  back u p  t o  t h e  sur face ,  b u t  t h e r e  i s  a reg ion  

i n  which t h e  d e n s i t y  of t h e  f l u i d  i s  s i g n i f i c a n t l y  reduced by t h e  presence 

of t h e  gas .  

s e r v a t i o n s  t h a t  can be made d i r e c t l y  t h a t  t he  depth of t h e  low-densi ty  

reg ion  and t h e  d e n s i t y  p r o f i l e  i n  it depend on s e v e r a l  v a r i a b l e s .  

The gas bubbles  

This  r eg ion  always e x i s t s ,  b u t  it appears  from t h e  few ob- 

The cond i t ion  i n  t h e  MSRE pump bowl has sometimes been referred t o  

loose ly  as "foam". 

t h e  s u r f a c e  i s  low enough t o  j u s t i f y  t h i s  a p p e l l a t i o n .  

however, t h a t  "foam" has a connotat ion of p e r s i s t e n c e  t h a t  i s  n e i t h e r  sup- 

por ted  by t h e  MSRE observa t ions  nor appears  l i k e l y  from l a b o r a t o r y  exper i -  

ments wi th  similar sal ts .  

It appears  t h a t  under some condi t ions ,  t h e  d e n s i t y  near 

It should be noted, 

The primary evidence f o r  t he  presence of bubbles  o r  ''foam" i n  t h e  pump 

bowl comes from a n a l y s i s  of t h e  s a l t  l e v e l  i n d i c a t i o n s .  The purpose of 

t h i s  chap te r  i s  t o  p re sen t  t h i s  evidence and t o  draw some in fe rences .  

Desc r ip t ion  of Bubbler Level Elements 

The pump-bowl l e v e l  i n d i c a t o r s ,  shown schemat ica l ly  i n  F ig .  5 ,  are 

based on t h e  p r i n c i p l e  of a pressure  d i f f e r e n t i a l  between a r e f e r e n c e  l i n e  

connected t o  t h e  gas space above t h e  s a l t  and a bubbler  tube  submerged i n  

t h e  salt .  There are two bubbler  tubes (596 and 593) extending t o  d i f f e r e n t  

depths .  

t i p s  up  t o  t h e  plane of t h e  v o l u t e  c e n t e r l i n e  were measured t o  be 3.510 i n .  

f o r  bubbler  596 and 1.636 i n .  f o r  bubbler  593. 
both  submerged i n  a pool of f l u i d  of uniform dens i ty ,  t h e  p re s su res  i n  t h e  

bubbler  tubes  (and t h e  d i f f e r e n t i a l s  between t h e  bubblers  and t h e  r e fe rence  

l i n e )  would d i f f e r  by 1.874 in .  times t h e  d e n s i t y  of t h e  f l u i d .  

f e r e n t i a l  p re s su res  are measured by e l e c t r i c  d/p c e l l s  having two ranges 

t h a t  can be s e l e c t e d  e l e c t r i c a l l y .  The span t h a t  i s  used when f u e l  salt 

i s  i n  t h e  system i s  22.4 i n .  H20; t h e  o t h e r  span, 19.4 i n .  H20, i s  used 

During cons t ruc t ion  of t h e  pump, t h e  d i s t a n c e s  from t h e  bubbler  

Thus if  t h e  bubblers  were 

The d i f -  
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when f l u s h  s a l t  
of f l u i d  having 

o u t  instruments  

two ins t ruments  

i s  i n  t h e  system. These spans are e q u i v a l e n t  t o  LO inches 

d e n s i t i e s  of 140 l b / f t 3  and 121  lb / f t ’  r e s p e c t i v e l y .  Read- 

are i n  percent  of span. To make t h e  l e v e l  i n d i c a t e d  by t h e  

agree,  a zero s h i f t  of 19% (nominally 1.9 in .  of f l u i d )  was 

added t o  t h e  instrument  on the  shal lower bubbler .  Thus i f  the  f l u i d  i n  t h e  

pump bowl i s  of uniform d e n s i t y  equa l  t o  t h a t  assumed i n  s e t t i n g  t h e  span, 

t h e  two instruments  would read t h e  same, namely t h e  d i s t a n c e  from the  t i p  

of t h e  lower bubbler  up  t o  t h e  sur face ,  on a s c a l e  of 10% per  inch .  

The i d e a l i z e d  s i t u a t i o n  described above does n o t  e x i s t  and t h e  l e v e l  

ins t ruments  consequent ly  do no t  g e n e r a l l y  i n d i c a t e  e x a c t l y  t h e  same l e v e l .  

One set  of reasons  i s  a s s o c i a t e d  wi th  the  ins t rumenta t ion .  Gas f lowing 

through t h e  t h r e e  l i n e s  produces apprec i ab le  pressure  drops between t h e  

d/p c e l l  connect ions and t h e  pump bowl. 

compensated i n  t h e  zero s e t t i n g s  of t h e  ins t ruments .  If t h e  zero s e t t i n g s  

should d r i f t  (as they  do over long  per iods  of t i m e )  by d i f f e r e n t  amounts 

o r  i f  t h e  p re s su re  drops should change by d i f f e r e n t  amounts (as they  some- 

times do because changes i n  pumpbowl pressure  a f f e c t  t he  three flows d i f -  

fe ren t ly) ,  then  a d i f f e r e n c e  w i l l  appear  i n  t h e  ind ica t ed  l e v e l s .  

reason f o r  d i f f e r e n c e  i n  t h e  two l e v e l  i n d i c a t i o n s  can be t h e  f l u i d  i n  t h e  

zone between t h e  bubblers  having a d e n s i t y  o t h e r  than  t h a t  used i n  s e t t i n g  

t h e  instrument  span,  The f l u s h  s a l t  d e n s i t y  was c l o s e  t o  t h e  121 l b / f t 3  

used i n  s e t t i n g  t h a t  span b u t  t h e  fuel sa l t  d e n s i t y  was above 140 l b / f t 3  

when t h e  235 - 23% mixture was i n  t h e  sal t ,  less  than  140 l b / f t 3  af ter  

t h e  23% was s u b s t i t u t e d .  

f e rence  between t h e  level  i n d i c a t i o n s  i s  the  average d e n s i t y  of t h e  f l u i d ,  

which i s  less than  t h a t  of s a l t  i f  t h e r e  are any gas bubbles  i n  the s a l t .  

The normal p re s su re  drops a r e  

Another 

Furthermore, the  d e n s i t y  t h a t  a f f e c t s  t h e  d i f -  

How t h e  va r ious  f a c t o r s  mentioned above a f f e c t  t h e  i n d i c a t e d  l e v e l s  

can b e s t  be understood by looking  a t  some simple r e l a t i o n s .  

. 



, 

where 

L i s  the  ind ica t ed  l e v e l ,  

Lo i s  t h e  ins t rument  zero, o r  t he  l e v e l  t h a t  would be ind ica t ed  i f  

t h e  sa l t  were below the bubbler  t i p ,  
i s  t h e  o f f s e t  between t h e  zeroes  of t h e  two instruments ,  

i s  t h e  depth of submergence of t he  bubbler  t i p  i n  t h e  f l u i d ,  

i s  the  average dens i ty  of t h e  f l u i d  between t h e  bubbler  t i p  

and t h e  sur face ,  

i s  t h e  d e n s i t y  used i n  s e t t i n g  t h e  instrument  span, and 

a 
h 

p 

p* 

Since there may be a non-uniform d i s t r i b u t i o n  of gas i n  t h e  sa l t  i n  
s u b s c r i p t s  6 and 3 refer  t o  l e v e l  elements 596 and 593 r e s p e c t i v e l y .  

t h e  bowl, z3 i s  no t  n e c e s s a r i l y  the same as p6. 
t h a t  d e n s i t y  p r o f i l e s  as a func t ion  of depth are t h e  same beside 593 and 

596 (a t  least  down t o  t h e  depth of t h e  593 t i p )  then  

I f ,  however, one assumes 

where 
- P z  i s  the  average dens i ty  of t h e  f l u i d  i n  t h e  zone between t h e  t i p s  

of 593 and 596. 
The d i f f e r e n c e  i n  l e v e l  i n d i c a t i o n s  i s  then  
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Measurement of Absolute Dens i t i e s  

It is  ev iden t  from t h e  l a s t  equat ion  t h a t  t h e  d i f f e r e n c e  i n  level  

i n d i c a t i o n s  could be used t o  measure t h e  d e n s i t y  of t he  f l u i d  between t h e  

two bubblers .  If t h e  instrument  f a c t o r s  a and P are known exac t ly ,  and 

t h e  l e v e l  r eadou t s  are prec ise ,  t h e  accuracy i n  the  c a l c u l a t e d  d e n s i t y  i s  

l i m i t e d  only by t h e  accuracy wi th  which h, - h, i s  known. ( D i s t o r t i o n  o r  

tilt of t h e  pump could make it d i f f e r e n t  from t h e  measured 1.874 in . )  I n  

f a c t ,  Level measurements made a t  times s h o r t l y  a f t e r  t h e  ins t rument  zeroes  

were checked, wi th  t h e  pump o f f  so  t h a t  t h e  s a l t  i n  t h e  pump bowl conta ined  

v i r t u a l l y  no gas ,  gave d e n s i t i e s  f o r  t he  f l u s h  s a l t  and f u e l  sa l t s  i n  r ea -  

sonably good agreement with those  p red ic t ed  o r  observed by o the r  methods 

(see Appendix B).  
qu ie scen t  s a l t  were encountered a t  o t h e r  times however, appa ren t ly  due t o  

d r i f t s  i n  t h e  d i f f e r e n t i a l  p ressure  ins t rument  f a c t o r s .  ( A  10% change i n  

c a l c u l a t e d  d e n s i t y  would r e s u l t  from a d r i f t  i n  A of 1.9% of s c a l e . )  

* 

Up t o  10% discrepancy i n  t h e  d e n s i t i e s  measured f o r  

Me a sur  erne n t of R e  l a t  i v e  Dens i t  i e  s 

Although t h e  measurement of abso lu te  d e n s i t y  i s  compromised by t h e  

long-term zero d r i f t s ,  t h e  bubblers  are a most u s e f u l  i n d i c a t i o n  of changes 

i n  d e n s i t y  wi th  ope ra t ing  condi t ions  over reasonable  per iods  of t i m e .  

The most s t r i k i n g  shor t - te rm changes i n  d e n s i t y  are produced by 

s t a r t i n g  and s topping  t h e  f u e l  pump. When t h e  pump i s  o f f  t h e  s a l t  i n  t h e  

bowl i s  v i r t u a l l y  free of gas bubbles  and the  d e n s i t y  i n  t h e  bubbler  zone 

is  t h a t  of pure s a l t .  When t h e  pump i s  tu rned  on, t h e  d i f f e r e n c e  between 

t h e  l e v e l s  i nd ica t ed  by t h e  bubblers  changes wi th in  a few minutes t o  a new 

value,  wi th  t h e  deeper bubbler  i n d i c a t i n g  a lower l e v e l  than  t h e  o the r .  

The i n d i c a t i o n  is  t h a t  t h e  zone between t h e  two bubblers  produces a smaller 

increment of pres su re  a t  t h e  lower bubbler  than  it d i d  when t h e  pump was 

o f f  and the  zone was f i l l e d  wi th  gas - f r ee  sa l t ;  t h a t  is, t h e  average den- 

s i t y  of t h e  f l u i d  i n  t h e  zone i s  reduced by s t a r t i n g  t h e  pump. 

Fur the r  changes occur as t h e  pump cont inues  t o  ope ra t e  and t h e  amount 

of s a l t  i n  t h e  bowl v a r i e s  due t o  t h e  slow t r a n s f e r  of sa l t  t o  t h e  over- 

flow t a n k  and pe r iod ic  recovery from t h e  overflow tank.  A s  t h e  amount of 
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s a l t  and t h e  a c t u a l  l e v e l  change, t h e  d i f f e r e n c e  between t h e  two bubbler  

level  i n d i c a t i o n s  v a r i e s  somewhat, wi th  g r e a t e r  d i f f e rences  observed a t  

lower l e v e l s .  

The behavior  descr ibed  above i s  e a s i l y  understood, q u a l i t a t i v e l y  a t  
least .  The je ts  from t h e  spray  r ing ,  impinging on t h e  s a l t  pool, c a r r y  

s u b s t a n t i a l  amounts of gas  below t h e  su r face .  The f r a c t i o n  of t h e  gas  i n  

t h e  s a l t  decreases wi th  depth u n t i l  only t h e  very small bubbles t h a t  can 

be dragged down wi th  t h e  sa l t  flow are p resen t .  

were e n t i r e l y  above t h e  t i p s  of bo th  bubblers ,  t h e  d i f f e r e n c e  between t h e  

l e v e l  i n d i c a t i o n s  would be t h e  same as wi th  t h e  pump o f f  (a l though both  

would i n d i c a t e  a l e v e l  lower than  t h e  a c t u a l  t o p  of t h e  gas - l iqu id  mix- 

t u r e . )  
f e r ence  between t h e  leve l  i n d i c a t i o n s  r e f l e c t s  t h e  d e n s i t y  r educ t ion  due 

t o  t h e  gas .  A s  t h e  amount of s a l t  i n  t h e  pump bowl decreases ,  t h e  gassy 

r eg ion  moves down and more gas  appears  i n  t h e  bubbler  zone. 

If t h e  low-density reg ion  

If t h e  low-densi ty  reg ion  extends i n t o  t h e  bubbler  zone, t h e  d i f -  

An impl i ca t ion  of t h i s  p i c t u r e  i s  t h a t  t h e  d e n s i t y  p r o f i l e  should 

change wi th  pump speed. 

of t h e  j e t s  and t h e  n e t  downward v e l o c i t y  i n  t h e  s a l t  pool are less,  s o  

t h e r e  should be less  gas  a t  a given depth.  

i n  experimental  ope ra t ion  of t h e  f u e l  pump a t  va r ious  r o t a t i o n a l  speeds 

i n  Runs 17 - 19 (February - September, 1969). 

That  is, a t  reduced speed and head t h e  v e l o c i t y  

This  was proved t o  be t h e  case  

F igure  6 shows t h e  e f f e c t  of pump speed on t h e  apparent  vo id  f r a c -  
(The e r r o r s  due t o  zero t i o n  i n  t h e  zone between t h e  two bubbler  t i p s .  

s h i f t s  a r e  cancelled i n  the c a l c u l a t i o n  of void f r a c t i o n  o r  d e n s i t y  r e l a -  

t i v e  t o  t h a t  of c l e a r  sa l t . )  The d a t a  f o r  t h i s  p l o t  were a l l  ob ta ined  

wi th  approximately t h e  same ind ica t ed  s a l t  l e v e l ,  The r e s u l t s  c l e a r l y  

show t h e  g r e a t e r  depth of t h e  low-density r eg ion  o r  "gassy zone" a t  higher  

pump speeds and h igher  s a l t  j e t  v e l o c i t i e s .  
The po in t s  i n  F ig .  6 a l s o  show t h a t  i n  t h i s  p a r t i c u l a r  parameter, any 

d i f f e r e n c e  due t o  changing from helium t o  argon cover gas i s  n o t  d i sce rn -  

ib le  and t h e  d i f f e rences  between f u e l  sa l t  and f l u s h  s a l t  have only a minor 

e f f e c t .  It w i l l  be shown l a t e r  (Chapter 6), however, t h a t  when t h e  gassy 

reg ion  extends s u f f i c i e n t l y  deep i n  the  pump bowl, very s m a l l  changes can 

produce pronounced e f f e c t s  i n  t h e  c i r c u l a t i n g  loop. 
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V a r i a t i o n  of Void F rac t ion  wi th  Depth 

It i s  q u i t e  c l e a r  t h a t  t h e r e  i s  a s u b s t a n t i a l  vo id  f r a c t i o n  i n  t h e  

I t s  v a r i a t i o n  wi th  s a l t  depth ( i . e .  t h e  d e n s i t y  p r o f i l e )  i s  pump bowl. 

of i n t e r e s t ,  b u t  i s  not  so  c l e a r l y  determinable .  

and o the r  observa t ions ,  however, w e  can use the  same data t o  develop a t  

least  a q u a l i t a t i v e  d e s c r i p t i o n .  Because of t h e  approximate na tu re  of 

t h i s  t rea tment ,  w e  w i l l  apply it only t o  t h e  normal flow condi t ion .  

With some approximations 

Figure 7 shows r e s u l t s  ob ta ined  i n  Runs S5 and 16 (October - December, 

1968) which ind ica t ed  t h e  c o r r e l a t i o n  between bubbler  d i f f e r e n c e  (void  

f r a c t i o n )  and pump-bowl l e v e l  a l r eady  a l l u d e d  t o .  

approximated by a s t r a i g h t  l i n e  obta ined  by l e a s t - s q u a r e s  t rea tment  of t h e  

da t a .  

free, s t a t i o n a r y  sa l t  (1.58% a t  t h e  t i m e  of these measurements) w e  o b t a i n  

t h e  ind ica t ed  sa l t  l e v e l  above which s u b s t a n t i a l  bubbles would n o t  appear  

i n  t h e  zone between t h e  bubblers .  

b l e r  

of t h i s  bubbler ,  

This  c o r r e l a t i o n  was 

If w e  e x t r a p o l a t e  t h i s  l i n e  t o  t h e  bubbler  d i f f e r e n c e  f o r  bubble- .. 

This  l e v e l  i s  77% on t h e  shallow bub- 

(U-593), which corresponds t o  5.3 i n .  of c l e a r  sa l t  above t h e  t i p  

If we then  assume t h a t  t h e  t o t a l  t h i ckness  of t he  bubble zone i s  in-  

dependent of pump level ,  t h i s  zone w i l l  r each  down t o  t h e  deeper bubbler  

t i p  when t h a t  bubbler  i n d i c a t e s  5.3 i n .  of s a l t  (56.1%). 
depth, t h e  c o r r e l a t i o n  from Fig.  7 g ives  a r ead ing  of 61.5% on t h e  shallow 

bubbler .  

would be 20%. 

A t  t h i s  s a l t  

A t  t h i s  l e v e l ,  t h e  average void  f r a c t i o n  between t h e  bubblers  

Data on t h e  ra te  of s a l t  t r a n s f e r  t o  t h e  overflow t a n k  dur ing  the  time 

of t h e  above l e v e l  observa t ions  showed a s u b s t a n t i a l  d rop  when t h e  ind ica-  

t ed  l e v e l  on LE-593 f e l l  below - 60%. 
a drop i n  t he  l e v e l  of t h e  t o p  of t he  foam t o  a p o i n t  j u s t  below t h e  over- 

flow pipe,  

t o  t h e  overflow po in t  (6.5 in . )  w e  ob ta in  an average void f r a c t i o n  of 46% 
i n  t h a t  zone. 

t h e  bubblers i s  25%. 

l e v e l s  between 60 and 69% on LE-593. 

rates p reva i l ed .  

T h i s  change may be a s s o c i a t e d  w i t h  

Using t h e  l e v e l  i n d i c a t i o n  and t h e  d i s t a n c e  from t h e  bubbler  

A t  t h e  same condi t ion ,  t h e  average void  f r a c t i o n  between 

Trans fe r  r a t e s  were r e l a t i v e l y  uniform a t  i n d i c a t e d  

However, above t h i s  range much h igher  

This  seems t o  sugges t  a reg ion  of very low d e n s i t y  
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m a t e r i a l  (foam) a t  t h e  t o p  of t h e  s a l t  wi th  a r eg ion  of h igher  dens i ty  

below it. 
overflow of s a l t  from t h e  in te rmedia te  reg ion .  

The very h igh  t r a n s f e r  rates would then  be a s s o c i a t e d  with 

The s e v e r a l  p ieces  of information presented  above were used t o  gen- 

The c h a r a c t e r i s t i c s  e r a t e  a vo id - f r ac t ion  p r o f i l e  i n  the  pump (Fig .  8 ) .  
of t h i s  p r o f i l e  s a t i s f y  t h e  behavior  descr ibed  above b u t  it must s t i l l  be 

regarded as only an educated guess,  i . e . ,  a p r o f i l e  of t h i s  gene ra l  shape 

must e x i s t  b u t  t h e  va lues  ass igned  t o  it are r e l a t i v e l y  crude. 

This  a n a l y s i s  was c a r r i e d  one s t e p  f u r t h e r  t o  i n d i c a t e  t h e  r e l a t i o n  

between t h e  a c t u a l  t o p  of t h e  sa l t  and t h e  i n t e r n a l  s t r u c t u r e  of t he  pump. 

F igure  9 shows t h e  " t rue"  l e v e l  as a func t ion  of t he  i n d i c a t i o n  on t h e  

deeper bubbler  (LE-596). 
zone i s  not  as g r e a t  as ind ica t ed  i n  Fig.  8, o r  a t  l eas t  n o t  uniformly 

t h i s  g r e a t .  

t h e  foam and s u b s t a n t i a l  s a l t  t r a n s p o r t  t o  t he  o f fgas  would occur.  

of course,  poss ib l e  t h a t  t he  hardware i n  t h e  gas  space could depress  t h e  

foam i n  some areas b u t  a more l i k e l y  explana t ion  i s  t h a t  t h e  th i ckness  i s  

overest imated.  Nevertheless ,  it seems c l e a r  t h a t  a s u b s t a n t i a l  bubble 

head does e x i s t  under normal pumping condi t ions  and t h a t  t h i s  l a y e r  could 

e a s i l y  reach  as high as t h e  overflow pipe.  

This  sugges ts  t h a t  t h e  th i ckness  of t h e  gassy 

If it were, t h e  o f fgas  l i n e  would normally be submerged i n  

It is, 

E f f e c t s  on Reac tor  Operat ion 

The ex i s t ence  of t h e  gassy reg ion  i n  the  pump bowl a f f e c t s  t h e  opera- 

t i o n  of t h e  MSRE i n  s e v e r a l  ways. The sometimes f a i r l y  r a p i d  t r a n s f e r  of 

s a l t  i n t o  t h e  overflow t ank  has as i t s  most l i k e l y  explana t ion  t h e  mount- 

ing  of t h e  foam l e v e l  t o  t h e  t o p  of t h e  pipe.  

t h e  exposure of materials i n  t h e  sampler cage were a f f e c t e d  by t h e  inc rease  

i n  l e v e l  due t o  t h e  gas.  Most impor tan t ly  t h e  gas i n  t h e  pump bowl i n t r o -  

duced gas i n t o  t h e  c i r c u l a t i n g  loop. 

l a t e r  chap te r s .  

The t ak ing  of samples and 

These e f f e c t s  w i l l  be  d iscussed  i n  
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5. TRANSFER T O  THE OVERFLOW TANK 

The more o r  less continuous t r a n s f e r  of s a l t  from t h e  pump bowl i n t o  

t h e  overflow t a n k  has  been a l luded  t o  i n  t h e  d i scuss ions  of m i s t  and foam 

i n  Chapters 3 and 4. 
The most s i g n i f i c a n t  po in t  about  t h e  t r a n s f e r  i s  t h a t  it occurs  a t  a l l  

when t h e  pump is operated,  as it u s u a l l y  is, wi th  t h e  i n d i c a t e d  s a l t  l e v e l  

from 2 t o  4 inches below t h e  open t o p  of t h e  overflow l i n e .  
f i r s t  drew a t t e n t i o n  t o  t h e  condi t ions  which are t h e  s u b j e c t  of t h i s  re- 

p o r t .  Other i n t r i g u i n g  f e a t u r e s  of t h e  t r a n s f e r  rate behavior  t h a t  w i l l  

be brought  o u t  are as fo l lows :  

This  chapter  p re sen t s  t h e  data on t r a n s f e r  ra tes .  

This  i s  what 

1. 

2.  

3 .  
4. 
5. 
6. 

t h e  dependence (or sometimes t h e  l a c k  t h e r e o f )  of t h e  t r a n s f e r  

rate on ind ica t ed  sa l t  level, 

t h e  s h i f t  i n  t r a n s f e r  rate from one i n t e r v a l  of accumulation 

t o  t h e  next, 

t h e  changes t h a t  have occurred very g radua l ly  o r  between runs,  

t h e  comparison of rates wi th  f l u s h  sa l t  and wi th  f u e l  sa l t ,  
t h e  e f f e c t  of bery l l ium add i t ions ,  and 

the e f f e c t  of s a l t  pump head (speed) .  

I n i t i a l  Observations 

Trans fe r  t o  t h e  overflow t ank  was f i r s t  observed dur ing  prenuclear  

t e s t i n g  wi th  f l u s h  s a l t  i n  February 1965 ( R e f .  26 ) .  

a del iberate  o v e r f i l l  had been observed t o  occur a t  an  i n d i c a t e d  l e v e l  of 

92% w i t h  t h e  p u m p  o f f  (as p red ic t ed ) ,  the  ope ra t ing  l e v e l  was s e t  a t  70%. 
A t  t h i s  i n d i c a t e d  l e v e l ,  however, s a l t  t r a n s f e r r e d  t o  t h e  overflow t a n k  

a t  a rate of about  0.7 l b / h r  dur ing  pump ope ra t ion .  

a t  a n  i n d i c a t e d  pump l e v e l  of 64% and i n  cont inued  ope ra t ion  a t  t h a t  l e v e l  

o r  below f o r  another  two weeks t h e r e  was no measurable t r a n s f e r .  Fue l  

sa l t  was c i r c u l a t e d  i n  May and June, 1965 f o r  a t o t a l  of 1000 hr ,  always 

After overflow dur ing  

The transfer s topped 

Y 

2%% Program Semiann. Progr.  Rept. ,  Feb. 28, 1965, ORNL-3812, P. 14. 
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w i t h  t h e  pump-bowl l e v e l  a t  o r  below the  " threshold"  of 64$, which was then  

prescr ibed  as t h e  maximum normal ope ra t ing  l e v e l .  Over t h e  1000 hours only 

86 l b  of s a l t  accumulated i n  the  overflow tank.27 

Experience wi th  Fuel  S a l t  

When opera t ion  resumed i n  December 1965, t h e  rate of f u e l  s a l t  t r a n s -  

fe r  was s t i l l  very low. A s  shown i n  Fig.  10, t h e  rates observed through 

February, 1966 are p r a c t i c a l l y  zero. 

continued, however, a measurable t r a n s f e r  ra te  developed, increased  gradu- 

a l l y ,  and appeared t o  l e v e l  ou t  near 1 lb /h r .  

range, the  t r a n s f e r  rates s h i f t e d  downward by about  a f a c t o r  of two and 

remained t h e r e  f o r  t he  f i n a l  s i x  months of 235U opera t ion .  Then, j u s t  

a f t e r  t h e  resumption of f u e l  c i r c u l a t i o n  fo l lowing  s a l t  processing and 

i n i t i a l  loading  of 23%J, t h e r e  was a d r a s t i c  change i n  behavior  involv ing  

much h igher  t r a n s f e r  rates than  eve r  seen be fo re .  

This  f i g u r e  shows t h a t  as ope ra t ion  

After about  a year  i n  t h i s  

The t r a n s f e r  rates t h a t  a r e  p l o t t e d  i n  F igs .  10 - 12 were computed 

from rates of r i s e  of overflow t ank  l e v e l .  Rates based on t h e  decrease 

i n  pump-bowl l e v e l  are i n  gene ra l  agreement, b u t  are less accura t e  because 

of e f f e c t s  of changes i n  loop  temperature  and gas  volume. 

The rates shown are averages measured from one overflow t ank  emptying 

t o  t h e  next ,  so  each  covers  a range of fuel-pump l e v e l s .  

f a c t  is t h a t  through Run 14  t h e  ra te  i n  any i n t e r v a l  of overflow accumu- 

l a t i o n  (usua l ly  1 t o  4 days) was p r a c t i c a l l y  independent of pump-bowl l e v e l  

between t h e  normal ope ra t ing  l i m i t s  of 64% and 50%. 

t ha t  a l though t h e  ra te  was p r a c t i c a l l y  cons t an t  between any two emptyings 
of the overflow tank, it r a r e l y  was the  same i n  any two success ive  i n t e r v a l s .  

A remarkable 

It i s  a l s o  remarkable 

There i s  no cause known f o r  the  very  no t i ceab le  s h i f t  i n  ra tes  be- 

tween Runs 12  and 1-3 shown c l e a r l y  i n  Fig.  ll. The rates i n  Run 12  were 

s l i g h t l y  over 1 l b / h r  and had been r e l a t i v e l y  s t eady  f o r  some time. 

Throughout t h e  3 days of f u e l  c i r c u l a t i o n  i n  Run 1.3 and t h e  6 months i n  

27MSR Program Semiann. Progr. Rept., Aug. 31, 1965, ORNL-3872, p. 16. 
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Run 14, however, t h e  observed f u e l  s a l t  t r a n s f e r  rates were c o n s i s t e n t l y  

lower by about  a f a c t o r  of two, Otherwise t h e  c h a r a c t e r i s t i c s  of t h e  

t r a n s f e r  were unchanged, t h a t  is, t h e r e  was v i r t u a l l y  no dependence on 

pump-bowl l e v e l  i n  t h e  ope ra t ing  range.  

The whole behavior  of t h e  f u e l  t r a n s f e r  changed d r a s t i c a l l y  on Sep- 

tember 15, 1968, dur ing  a bery l l ium exposure a f e w  hours a f te r  t h e  begin-  

ning of f u e l  c i r c u l a t i o n  fol lowing t h e  long shutdown f o r  s a l t  processing.  

A s  shown i n  Fig.  12, some very  high rates were measured i n  October and 

November. A s  w i l l  be descr ibed  i n  Chapter 7, t h e  h i g h e s t  rates occurred 

only j u s t  a f t e r  some a d d i t i o n s  of bery l l ium.  Because of t h e  apparent  cor-  

r e l a t i o n  wi th  bery l l ium a d d i t i o n s  subsequent t o  t h e  s a l t  processing and 

23% loading,  t h e  times and amounts ( i n  grams) of a l l  bery l l ium a d d i t i o n s  

through 1968 are i n d i c a t e d  on Figs .  10 - 12. Some of t h e  e f f e c t s  of t h e  

bery l l ium were only temporary, b u t  t h e  t r a n s f e r  r a t e  remained s i g n i f i c a n t l y  

h igher  after t h e  f i r s t  bery l l ium a d d i t i o n  i n  Run 15 than  it had been before .  

Another d i f f e r e n c e  was t h a t  t h e  r a t e  became s t r o n g l y  dependent on 

pump-bowl l e v e l .  The continuous v a r i a t i o n  of overflow r a t e  wi th  l e v e l  

makes a continuous ch rono log ica l  p l o t  of t h e  ra te  i n  Run 15 and t h e r e a f t e r  

imprac t i ca l .  The t r a n s f e r  r a t e s  p l o t t e d  i n  F ig .  12 f o r  t h i s  per iod  simply 

i n d i c a t e  t h e  range of rates t h a t  were encountered. Usual ly  the  ra te  de- 

c reased  from 10 - 14 l b / h r  t o  l - 2 l b / h r  on each cyc le  of s a l t  t r a n s f e r  

t o  t h e  overflow t ank  and r e t u r n  t o  t h e  pump bowl. This  l e v e l  dependence 

p e r s i s t e d  through t h e  remainder of t h e  MSRE opera t ion ,  b u t  it was found 

t o  vary  w i t h  t i m e .  F igure  1.3 shows t h e  e f f e c t  of i n d i c a t e d  fuel-pump 

l e v e l  on t r a n s f e r  ra te  f o r  two t i m e  per iods sepa ra t ed  by about  1 yea r .  

Small zero s h i f t s  i n  t h e  fuel-pump l e v e l  element (1 - 2%) cause some un- 

c e r t a i n t y  i n  t h e  r e l a t i v e  p o s i t i o n s  of t h e  two se t s  of data, b u t  t h e s e  do 

no t  a f f e c t  dependence of t he  overflow rate on l e v e l .  The slopes of t h e  

two sets  of d a t a  d i f f e r  by about  a f a c t o r  of 2. 

mined f o r  t h i s  change. 

No reason  has been de te r -  
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Experience w i t h  Flush S a l t  

During t h e  4-year per iod  from 1966 through 1969, t h e r e  were 9 occasions 

on which f l u s h  s a l t  was c i r c u l a t e d  f o r  s u f f i c i e n t  t i m e  t o  provide meaning- 

f u l  data on the rate of t r a n s f e r  of t h i s  s a l t  t o  t h e  overflow tank .  These 

data are summarized i n  Table 1, along w i t h  t h e  reason f o r  f l u s h i n g  and the  

major events  t h a t  preceded t h e  f l u s h .  

1967 are p r a c t i c a l l y  t h e  same as those  observed wi th  f u e l  s a l t .  

t h e  4 measurements over t h e  6 days of f l u s h - s a l t  c i r c u l a t i o n  i n  September- 

1967 gave va lues  t h a t  were s i g n i f i c a n t l y  h igher  than  the  previous va lues  

wi th  f u e l  sa l t .  Even more a s ton i sh ing  i s  t h e  comparison of t h e s e  high 

f l u s h - s a l t  rates wi th  subsequent f u e l  t r a n s f e r  ra tes  which were a f a c t o r  

of 2 lower than  those  before  the  f l u s h .  The l a t e r  f l u s h - s a l t  t r a n s f e r  

rates (wi th  t h e  poss ib l e  except ion  of t he  f i n a l  measurement) were aga in  

reasonable  c o n s i s t e n t  w i t h  t h e  e a r l y  f u e l - s a l t  data. 

never reached t h e  very high va lues  experienced w i t h  the  233i]. f u e l  s a l t .  

The p rec i s ion  f o r  t h e  f i n a l  f l u s h - s a l t  t r a n s f e r  measurement i s  poor, b u t  

t h e r e  i s  some sugges t ion  of an unusual ly  h igh  t r a n s f e r  rate. 

The t r a n s f e r  rates through June, 

However, 

The f lu sh -  s a l t  ra tes  

R e l a t i o n  t o  Other Operating Variables 

High t r a n s f e r  rates went w i t h  high bubble f r a c t i o n s  i n  the  pump bowl. 

I n  experiments i n  Runs 1-7 - 1-9 when the  f u e l  pump was opera ted  a t  lower 

speeds t o  reduce the  amount of gas churned i n t o  the  sa l t ,  t h e  overflow 

rate showed a s t r i k i n g  drop. For example i n  September, 1969, the  fuel 

sa l t  t r a n s f e r  rate went from 3.4 - 8.4 lb /h r  w i t h  the  pump a t  1189 r p  t o  
0.4 - 1.0 lb /hr  w i t h  the  pump a t  600 r p .  T h i s  is ,  of course,  c o n s i s t e n t  

w i t h  t h e  hypothesis ,  advanced i n  Chapter 4, t h a t  t h e  t r a n s f e r  i s  caused 

by "foam" r i s i n g  t o  t he  t o p  of t h e  overflow pipe.  

There was never any d e t e c t a b l e  t r a n s f e r  wi th  t h e  pump o f f  (except  

dur ing  deliberate overf lows) .  

t h e  overflow l i n e  below t h e  su r face  of t he  s a l t  pool. 

This  impl ies  t h a t  there was no l e a k  i n t o  

The s h i f t s  i n  t r a n s f e r  ra te  between success ive  i n t e r v a l s  of overflow 

accumulation cannot be c o r r e l a t e d  wi th  any o t h e r  observable  change. 
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Table 1 

Flush S a l t  Transfer t o  Overflow Tank 

Measured 
Prior  Transfer Rate 

Time In t e rva l  Occasion Act ivi ty  ( lb /hr )  

9/25/66 - 10/3/66 

11/2/66 - 11/5/66 
12/11/66- 12/12/66 

5/11/67 - 5/12/67 
6/16/67 - 6/17/67 

9/8/67 - 9/14/67 

8/14/68 - 8/16/68 

8/11/69 - 8/15/69 

12/13/69- 12/14/69 

S t a r t  Run 8 

End Run 8 
S t a r t  Run 10 

End Run 11 
S t a r t  Run 12 

S t a r t  Run 13 

Sample f l u s h  
s a l t  f o r  U 

S t a r t  Run 19, 
cover gas 
experiments 

End Run 20, 
F ina l  f l u s h  

Replace gore 0. 47,O .81 
sample assembly 

Reactor operation 0.78 
Rod out f u e l  pump 1.16 

offgas l i n e  

Reactor operation 1.20 
Replace core 1.50 

sample assembly 

l a t c h  3.20 
Retr ieve sampler 1.24,2.58,1.98, 

U-recovery from 0.46 
f l u s h  s a l t ,  replace 
core sample assembly 

Replace core 1.17,2.24,1.35 
sample assembly 

Reactor operation, 3.6* 
l eak  

* 
Low confidence i n  t h i s  value because of va r i a t ions  i n  system 

overpressure. 
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E f f e c t s  on Operation 

In  o rde r  t o  p lace  t h e  matter of sa l t  t r a n s f e r  i n  proper perspec t ive ,  

it should be noted t h a t  a l though t h e  t r a n s f e r  was an unexpected phenomenon, 

it caused f e w  problems i n  t h e  ope ra t ion  of the  r e a c t o r .  Normally, it was 

a simple matter t o  p r e s s u r i z e  t h e  overflow t a n k  and r e t u r n  sa l t  t o  t h e  

f u e l  pump t o  main ta in  t h e  pump-bowl Level i n  t h e  d e s i r e d  range.  The only 

per iod when t h i s  recovery ope ra t ion  was much t r o u b l e  was i n  Run 9 (November 

1966) while  t h e  main r e a c t o r  o f fgas  l i n e  (L-522) was completely plugged 

near  t h e  f u e l  pump. Since a l l  t h e  o f fgas  then flowed o u t  through t h e  over- 

f low tank, t h e  a c t  of p r e s s u r i z i n g  t h e  overflow t a n k  blocked t h e  r e a c t o r  

of fgas .  This  r equ i r ed  t h a t  t h e  r e a c t o r  be made s u b c r i t i c a l  and t h e  f u e l  

pump stopped so t h a t  t h e  helium f low i n t o  t h e  pump could be s topped while  

s a l t  was be ing  r e tu rned  from t h e  overflow tank.  This  r a t h e r  awkward mode 

of ope ra t ion  was adopted only as a temporary expedient  and t h e  system was 

soon s h u t  down t o  c l e a r  t h e  main o f fgas  l i n e .  
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6. GAS I N  THE CIRCULATING LOOP . 
From t h e  evidence descr ibed  i n  Chapter 4, it i s  c l e a r  t h a t  l a r g e  

q u a n t i t i e s  of gas are dr iven  i n t o  t h e  s a l t  i n  t h e  pump bowl. Some of t h i s  

gas  i s  drawn i n t o  t h e  c i r c u l a t i n g  loop  wi th  t h e  65 gpm of s a l t  t h a t  f lows 
from t h e  pump bowl i n t o  t h e  pump suc t ion .  This  was observed i n  t h e  pump 

development tes ts  and was t h e r e f o r e  expected i n  the  MEBE. This  chap te r  

desc r ibes  t h e  ways i n  which gas has been de tec t ed  and measured i n  t h e  de- 

velopment loops and i n  t h e  M S E ,  then  goes on t o  p re sen t  the  r e s u l t s  of 

t h e  observa t ions  over  t h e  yea r s  of MSRE ope ra t ion .  

I n d i c a t o r s  

There are s e v e r a l  independent i n d i c a t o r s  of gas  i n  t h e  MSRE f u e l  loop. 
One used only be fo re  t h e  beginning of power ope ra t ion  was a dens i tometer  

based on gamma-ray pene t r a t ion .  Changes i n  pump-bowl l e v e l  a t t e n d i n g  c i r -  
cu la t ion ,  behavior  dur ing  p res su re - r e l ease  experiments,  accumulation i n  

t h e  access  nozz le  annulus, d i r e c t  e f f e c t s  on r e a c t i v i t y ,  e f f e c t s  on xenon 

s t r i p p i n g ,  and e f f e c t s  on neutron noise  are i n d i c a t o r s  u s e f u l  dur ing  l a t e r  

opera t ion .  

Densitometer 

E a r l y  i n  t h e  pump developnent program it was recognized t h a t  some of 

t h e  gas churned i n t o  the s a l t  by t h e  xenon s t r i p p e r  spray  would e n t e r  t h e  

c i r c u l a t i n g  l o o p  and a program was started t o  measure t h e  d e n s i t y  of c i r -  

c u l a t i n g  f l u i d  by gamma-ray a t tenuat ion .28  Eventua l ly ,  a s e n s i t i v e ,  sta- 

b le  densi tometer  w a s  developed, u s ing  a 40-curie  137Cs source  and an e l e c -  

t r o n  m u l t i p l i e r  phototube pos i t ioned  on oppos i te  sides of t he  5-inch s a l t  

pipe.29 This  device of course could no t  be used i n  t h e  r e a c t o r  after t h e  

beginning of power ope ra t ion  because of t h e  very h igh  gamma r a d i a t i o n  from 

28Mm Program Semiann. Progr. Rept.,  J u l y  31, 1963, ORNL-3529, P. 50. 

2%sR Program Semiann. Progr.  Rept.,  Feb. 28, 1965, ORNL-3812, 
PP. 51  - 52. 
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. 

t h e  s a l t  i t s e l f .  R e s u l t s  ob ta ined  wi th  t h e  densi tometer  under va r ious  

condi t ions  i n  t h e  pump tes t  f a c i l i t y  and i n  the pre-power t e s t i n g  of the 

MSRE are descr ibed  l a t e r  i n  t h i s  chapter  under '73xperience". 

Pump Bowl Level Changes 

The ind ica t ed  s a l t  l e v e l  i n  t h e  pump t a n k  decreases  when t h e  pump i s  

s t a r t e d  and r ises  when t h e  pump i s  stopped. A s  expla ined  i n  Chapter 2, 

p a r t  of t h i s  d i f f e r e n c e  i s  because sa l t  f i l l s  some p a r t s  of t h e  pump above 

t h e  l e v e l  of t h e  main body of s a l t  only when t h e  pump i s  running. However, 

t h e  l e v e l  change on s t a r t i n g  o r  s topping  t h e  f u e l  pump has always been 

g r e a t e r  than  could be accounted f o r  by s a l t  holdup i n  t h e s e  r eg ions .  

least  part of t h i s  excess  volume change occurs  immediately upon a pump 

s ta r t  o r  s top ,  (even on t h e  f i r s t  s ta r t  a f t e r  f i l l i n g  t h e  l o o p  with sa l t  

t h a t  should be f ree  of bubbles) ,  ev iden t ly  as s a l t  moves i n t o  and ou t  of 

a t rapped  gas volume when the  pump head and t h e  p re s su res  around t h e  loop  
change. Poss ib l e  candida tes  f o r  such volumes are t h e  spQces between gra-  

p h i t e  s t r i n g e r s  and t h e  a n n u l i  a t  t h e  r e a c t o r  access  nozzle .  

A t  

When c i r c u l a t i n g  bubbles  a r e  in t roduced  by s t a r t i n g  t h e  pump, they  

d i s p l a c e  sa l t  from t h e  l o o p  i n t o  t h e  pump tank, causing a l e v e l  r ise .  

t h e r e  are bubbles when t h e  pump i s  stopped and t h e  l o o p  p res su res  decrease,  

t h e i r  expansion causes  more of an immediate l e v e l  r i se  fol lowed by a slow 

l e v e l  decrease as t h e  gas f i n d s  i t s  way from the loop  i n t o  t h e  pump. 

while  t h e  pump i s  running t h e r e  i s  a sudden change i n  t h e  rate a t  which 

gas is being drawn i n t o  the  loop, t h e r e  should fo l low a change i n  average 

l o o p  bubble f r a c t i o n  (and pump-bowl l e v e l )  w i t h  a t i m e  cons t an t  about  equa l  

t o  520 ga1/65 gpn = 8 min. 
have, i n  fact ,  been observed. 

If 

If 

Changes w i t h  t i m e  cons t an t s  almost t h i s  s h o r t  

Pressure-Release Experiments 

The l e v e l  change produced by a sudden change i n  pump-bowl p re s su re  

would seem t o  be  a simple,  d i r e c t  i n d i c a t i o n  of the amount of bubbles  i n  

t h e  loop. O f  course,  as i n d i c a t e d  above, compressible  t rapped pockets of 

gas would have t h e  same e f f e c t  as c i r c u l a t i n g  bubbles  and would be included 

i n  t h e  c a l c u l a t e d  volume of gas.  But what r e a l l y  complicates  i n t e r p r e t a t i o n  
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of p re s su re - s t ep  experiments i s  t h e  presence of gas  i n  the  pores of t he  

core  g raph i t e .  S a l t  i s  no t  moved i n t o  o r  ou t  of t h e s e  pores t o  any ap- 

p rec i ab le  e x t e n t  by pressure  changes of t h e  a t t a i n a b l e  magnitude; gas  is, 
b u t  t h e  ra te  v a r i e s  widely depending on t h e  na tu re  of t h e  p re s su re  change. 

On a sudden pressure  inc rease  the  pores would have very l i t t l e  immediate 

e f f e c t :  a l though gas would begin t o  flow i n t o  t h e  pores, t h e  ra te  would 

be l i m i t e d  by t h e  t r a n s p o r t  from t h e  s a l t  stream t o  t h e  g r a p h i t e  s u r f a c e s .  

In  add i t ion ,  t h e  t o t a l  amount of gas i n  t h e  g r a p h i t e  i s  l i m i t e d  by t h e  

p a r t i a l  p re s su re  i n  t h e  f lowing l i q u i d .  

i f  t h e  s a l t  i n  t h e  core  i s  not  s a t u r a t e d  with gas . )  

gas  pressure  i n  t h e  pores has e q u i l i b r a t e d  wi th  t h a t  i n  t h e  sa l t ,  a sudden 

decrease  i n  system pressure  t h a t  l eaves  t h e  t o t a l  p ressure  i n  t h e  core  

l i q u i d  below t h i s  gas pressure  w i l l  a l low gas t o  f i z z  from t h e  g r a p h i t e  

pores i n t o  t h e  sa l t .  This  would have t h e  same e f f e c t  on pump-bowl l e v e l  

as t h e  expansion of a l a r g e  volume of c i r c u l a t i n g  bubbles .  

can, i n  some cases ,  be f u r t h e r  magnified by gas coming out  of s o l u t i o n  i n  

the  sa l t .  

g r a p h i t e  pores have been charged wi th  ex t ra  gas be fo re  the  release. 

(This  can be an important  f a c t o r  

However, a f t e r  the  

The e f f e c t  

Thus a p res su re - r e l ease  t e s t  tends  t o  be mis leading  i f  the  

P res su re - r e l ease  tes ts ,  a l though no t  an  accu ra t e  measure of c i r c u l a -  

t i n g  void  f r a c t i o n ,  are be l i eved  t o  provide an i n d i c a t i o n  of whether t h e r e  

are some bubbles  c i r c u l a t i n g  through t h e  core  o r  none. In  a t y p i c a l  t e s t  

t h e  pressure  i s  brought  u p  by about 10 p s i  over a period of an  hour o r  so, 

then  i s  dropped back i n  a f e w  seconds t o  near  t h e  o r i g i n a l  p re s su re .  

Since gas t r a n s p o r t  between bubbles,  l i q u i d ,  and g r a p h i t e  i n  t h e  MEBE i s  

q u i t e  r ap id ,  it i s  l i k e l y  t h a t  near -equi l ibr ium cond i t ions  p r e v a i l  except  

dur ing  and j u s t  a f te r  t h e  r e l e a s e .  Thus t h e  important  f a c t o r  i n  a pressure  

release i s  t h e  gas  p a r t i a l  p ressure  i n  r e l a t i o n  t o  t h e  l i q u i d  s t a t i c  pres -  

s u r e  i n  t h e  core .  

When t h e r e  are c i r c u l a t i n g  voids  throughout  t h e  core ,  t h e  gas  p a r t i a l  

(The gas pressure  and t h e  l i q u i d  s t a t i c  pressure  are approximately equa l .  

p ressure  may even be g r e a t e r  if t h e  bubbles are small enough t o  be a f f e c t e d  

by t h e  su r face  t e n s i o n  of t h e  l i q u i d . )  

w i l l  cause gas t o  escape from t h e  g r a p h i t e  and t h e  amount t h a t  escapes i s  

p ropor t iona l  t o  t h e  pressure  change. 

In  t h i s  case,  any p res su re  r e l e a s e  
. 
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A t  t h e  oppos i te  extreme i s  t h e  case  where t h e  amount of a v a i l a b l e  gas 

i s  S O  low t h a t  it i s  completely d i s so lved  i n  the  l i q u i d  wi th  a partial 

pressure  much lower than  t h e  l i q u i d  s t a t i c  pressure .  

su re  i n  t h e  g r a p h i t e  w i l l  be near  t h e  gas p a r t i a l  p ressure  i n  t h e  l i q u i d .  

I n  t h i s  case  no gas w i l l  escape from t h e  g r a p h i t e  (and t h e r e  w i l l  be no 

a s s o c i a t e d  pump-level o r  r e a c t i v i t y  e f f e c t )  u n t i l  t he  s t a t i c  pressure  i s  

reduced below t h i s  gas p a r t i a l  p ressure .  

was only about  10 ps i ,  no excess  gas would be expected t o  appear i n  the  

c i r c u l a t i n g  s t ream under t h e  condi t ions  descr ibed  i n  t h i s  paragraph. 

ve r se ly ,  t h e  absence of such gas would i n d i c a t e  r a t h e r  conclus ive ly  t h a t  

t h e s e  cond i t ions  d i d  p r e v a i l .  

Again, t he  gas pres-  

Since t h e  u s u a l  pressure  release 

Con- 

Let u s  now cons ider  t he  in te rmedia te  case  where s u f f i c i e n t  gas i s  

a v a i l a b l e  s o  t h a t  t h e  l i q u i d  would be very nea r ly  s a t u r a t e d  a t  equi l ibr ium.  

The gas  pressure  i n  t h e  g r a p h i t e  would then  exceed t h e  l i q u i d  pressure  

after t h e  release and gas  bubbles could appear i n  c i r c u l a t i o n  even though 

none had been p resen t  be fo re .  However, t h e  MSRE i s  a dynamic system and, 

t o  reach  t h i s  condi t ion ,  gas in t roduced  a t  t h e  pump suc t ion  would have t o  
d i s s o l v e  before  t h e  l i q u i d  a r r i v e d  a t  t h e  core.  The ra te  of gas d i s s o l u t i o n  

tends  t o  decrease as s a t u r a t i o n  i s  approached, and it i s  s t rong ly  inf luenced  

by bubble diameter.30 

a v a i l a b l e  t i m e  i s  i n s u f f i c i e n t  f o r  complete d i s s o l u t i o n . )  

poss ib l e  t o  a t t a i n  t h e  no-void cond i t ion  i n  t h e  core  wi th  t h e  l i q u i d  nea r ly  

s a t u r a t e d .  However, t h e  void  f r a c t i o n  would be q u i t e  low. The response 

of t h e  system t o  a pressure  release would, thus ,  accu ra t e ly  r e f l e c t  t h e  

presence of vo ids .  

(For bubbles l a r g e r  than  - 2 m i l s  i n  diameter,  t h e  

Thus, it is  not  

The p r i n c i p a l  va lue  of t h e  pressure  r e l e a s e  i s  i n  d i s t i n g u i s h i n g  be- 

tween t h e  complete absence of voids  and t h e  presence of only a few. 

void  f r a c t i o n s  (>o.2$ o r  so)  are r e a d i l y  measured by t h e i r  l e v e l  and r eac -  

t i v i t y  e f f e c t s .  

Higher 
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Access Nozzle Annulus 

Var i a t ions  i n  temperatures  i n  t h e  r e a c t o r  access  nozzle  annulus a l s o  

a f f o r d  some information on t h e  presence or absence of c i r c u l a t i n g  gas bub- 

bles  i n  t h e  f u e l  loop. In  t h e  Engineer ing Test  Loop (where t h e r e  were no 

e n t r a i n e d  bubbles)  helium t rapped  i n  t h e  annulus was g radua l ly  removed by 

d i s s o l u t i o n  i n  t h e  s a l t  c i r c u l a t i n g  p a s t  t h e  lower end.31 Less-soluble  

argon was removed much more s lowly.  Therefore  provis ions  were made f o r  

f r e e z i n g  s a l t  i n  t h e  annulus t o  prevent  molten s a l t  from r i s i n g  t o  t h e  

f l a n g e  seal  a t  the  t o p  of t h e  annulus .  

ever ,  it proved d i f f i c u l t ,  i f  no t  impossible,  t o  freeze a dependable plug 

of s a l t  low i n  t h e  annulus.32 

i n d i c a t e  t h a t  molten s a l t  d i d  no t  r i s e  very  high i n  t h e  annulus,  sugges t ing  

t h a t  some mechanism was main ta in ing  the  amount of t rapped  helium. Subse- 

quent ly  it was observed t h a t  t h e  s a l t  l eve l  i n f e r r e d  from the temperatures  

v a r i e d  and t h a t  t h e  l e v e l  v a r i a t i o n s  were c o r r e l a t e d  wi th  v a r i a t i o n s  i n  

c i r c u l a t i n g  bubbles  i n d i c a t e d  by o ther ,  independent evidence e 33 

appeared t h a t  c o l l e c t i o n  of c i r c u l a t i n g  bubbles was d e l i v e r i n g  gas t o  t h e  

annulus,  d r i v i n g  t h e  l e v e l  down c l o s e r  t o  t h e  c i r c u l a t i n g  stream u n t i l  t h e  

removal by d i s s o l u t i o n  increased  t o  ba lance  t h e  i n p u t  by t h e  bubbles .  The 

equi l ibr ium l e v e l  then  a f forded  a semi -quan t i t a t ive  i n d i c a t i o n  of t h e  rate 

of s e p a r a t i o n  of bubbles  from t h e  c i r c u l a t i n g  stream. 

When t h e  MERE was s tar ted up, how- 

Nevertheless ,  t h e  thermocouple readings  d i d  

It c l e a r l y  

D i r e c t  e f f e c t  on R e a c t i v i t y  

Gas i n  t h e  core  reduces t h e  amount of f u e l  and thus  decreases  the  re- 

a c t i v i t y .  

i n  t h e  core  must be accompanied by a change i n  some o t h e r  v a r i a b l e  t o  keep 

t h e  r e a c t o r  j u s t  c r i t i c a l .  

23% f u e l  sa l t  was 0.18; f o r  t h e  23% f u e l  it i s  0.45. That  is ,  a 1% de- 

c rease  i n  f l u i d  d e n s i t y  (an  inc rease  of 1% i n  bubble f r a c t i o n  i n  t h e  s a l t  

Hence dur ing  nuc lear  ope ra t ion  a change i n  t h e  bubble f r a c t i o n  

The dens i ty  c o e f f i c i e n t  of r e a c t i v i t y  of t h e  

31M.sR Program Semiann. Progr. Rept.,  J u l y  31, 1963, ORNL-3529, p. 41. 
3?MSR Program Semiann. Progr. Rept.,  Feb. 28, 1965, ORNL-3812, p. 9. 
3%SR Program Semiann. Progr ,  Rept. ,  Feb. 29, 1968, ORNL-4254, pp. 7 - 9. 

. 
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i n  t h e  core)  produces a 0.45% decrease  i n  r e a c t i v i t y .  

f u l  and p r e c i s e  ind ica to r ,  b u t  it has i t s  l i m i t a t i o n s :  it can be used 
This  i s  a very use- 

only when t h e  r e a c t o r  i s  c r i t i c a l  and it may be confused by concurrent  

changes i n  r e a c t i v i t y  from o t h e r  causes .  

an  average vo id  f r a c t i o n  i n  the  core  r a t h e r  than  t h e  dens i ty  a t  a poin t ,  

as measured by t h e  densi tometer ,  o r  %he average i n  the whole loop  ind ica t ed  

by t h e  pump-bowl l e v e l  changes. 

A d i s t i n c t i o n  i s  t h a t  it measures 

Xenon S t r i p p i n g  

The presence of b l anke t  gas bubbles  c i r c u l a t i n g  with t h e  f u e l  s a l t  

s t rong ly  a f f e c t s  t h e  fa te  of t h e  135Xe produced dur ing  power opera t ion .  

A few bubbles  d i spe r sed  i n  t h e  c i r c u l a t i n g  sa l t  can con ta in  far more of 

the  low-so lub i l i t y  xenon than  a l l  t h e  sa l t ,  and provide an avenue by which 

t h e  xenon can escape from t h e  s a l t  i n t o  t h e  o f fgas  stream. On t h e  o t h e r  

hand, bubbles of xenon-laden gas churned i n t o  the  s a l t , i n  t h e  pump bowl 

r e in t roduce  xenon. The p a r t i a l  p re s su re  of t h e  xenon can inc rease  drast i -  

c a l l y  i n  a bubble if most of t he  d i l u e n t  gas goes i n t o  s o l u t i o n  af ter  com- 

pres s ion  i n  going through t h e  pump. 
i n  t h i s  r e s p e c t .  I n  summary, t h e  xenon poisoning i s  s e n s i t i v e  t o  t h e  bub- 

b l e  f r a c t i o n  i n  t h e  f u e l ,  b u t  t h e  complexity of i t s  dependence seve re ly  

l i m i t s  i t s  usefu lness  as a c l e a r  i n d i c a t o r .  

Helium and argon behave d i f f e r e n t l y  

Noise Analys is  

When t he  r e a c t o r  i s  c r i t i c a l  t h e  presence of compressible gas i n  t h e  

co re  a f f e c t s  the  observable  f l u c t u a t i o n s  i n  neutron f l u x .  Thus t h e r e  i s  

p o t e n t i a l  information on t h e  bubble f r a c t i o n  i n  the  neutron f l u x  noise ,  

and s o p h i s t i c a t e d  no i se  a n a l y s i s  techniques  have been developed t o  t ake  

advantage of t h i s  

"Noise Analys is , "  as used he re ,  refers t o  t h e  examination of t h e  

frequency spectrum of small s t a t i s t i c a l  v a r i a t i o n s  i n  t h e  neut ron  f l u x  ( o r  

power l e v e l )  of t h e  r e a c t o r .  The f l u x  v a r i a t i o n s  r e s u l t  from small r eac -  

t i v i t y  pe r tu rba t ions  which are, i n  t u r n ,  caused by small v a r i a t i o n s  i n  

o t h e r  system parameters.  For example, i f  t h e r e  are c i r c u l a t i n g  voids  i n  

the  MSRE, t he  e f f e c t i v e  f u e l - s a l t  d e n s i t y  and, hence, t h e  r e a c t i v i t y  w i l l  



be a f f e c t e d  by v a r i a t i o n s  i n  core  p re s su re .  A n a l y t i c a l  s tud ies3*  showed 

t h a t  t h e  abso lu te  ampli tude of t h e  no i se  spectrum should be p ropor t iona l  

t o  t h e  square of t h e  c i r c u l a t i n g  vo id  f r a c t i o n .  

nominally a p p l i e s  t o  t h e  e n t i r e  no i se  spectrum, t h e  spectrum i t s e l f  may be 

more s e n s i t i v e  t o  voids  a t  one or more f r equenc ie s  e i t h e r  because of t h e  

spectrum of t h e  inpu t  (p re s su re )  d i s tu rbance  o r  because of t h e  response 

(ga in)  of t h e  r e a c t o r  system as a f u n c t i o n  of frequency. 

t h e  inhe ren t  no ise  spectrum i n  t h e  MSRE show a peak near  1 Hz t h a t  appears  

t o  be c l o s e l y  re la ted t o  t h e  c i r c u l a t i n g  void  f r a c t i o n .  

void f r a c t i o n  have produced pronounced changes i n  t h e  no i se  spectrum, par- 
t i c u l a r l y  a t  1 Hz and, i n  f a c t ,  t h e  power s p e c t r a l  d e n s i t y  around t h i s  

frequency was shown t o  vary  approximately as t h e  square of t h e  vo id  f r a c -  

t i o n ,  as p red ic t ed  by t h e  a n a l y t i c a l  Based on t h e s e  r e s u l t s  an  

instrument  was b u i l t  t o  g ive  a d i r e c t  readout  p ropor t iona l  t o  t h e  r o o t -  

mean-square of t h e  neutron noise  around 1 Hz. This  instrument ,  l o c a t e d  

i n  t h e  r e a c t o r  c o n t r o l  room, i s  a convenient  and immediate i n d i c a t o r  of 

changes i n  t h e  f u e l  void f r a c t i o n ,  

i n  o t h e r  v a r i a b l e s ,  however, and must be c a l i b r a t e d  by some o t h e r  indepen- 

den t  measurement of vo id  f r a c t i o n .  

Although t h i s  r e l a t i o n s h i p  

Measurements of 

Changes i n  t h e  

It i s  a f f e c t e d  t o  some e x t e n t  by changes 

An exper imenta l  measurement of an a b s o l u t e  va lue  f o r  t h e  void  f r a c t i o n  

can be obta ined  by a method very  c l o s e l y  related t o  no i se  a n a l y s i s .  This  

i s  t h e  "sawtooth pressure" experiment.  36 

on a 40-sec pe r iod  by opening and c l o s i n g  a va lve  t o  ven t  gas t o  a d r a i n  

tank.  

lyzed  t o  o b t a i n  the  a c t u a l  neut ron- f lux- to-pressure  frequency-response 

func t ion .  The equ iva len t  frequency-response f u n c t i o n  of t h e  a n a l y t i c a l  

model i s  a d j u s t e d  t o  t h e  b e s t  f i t  by vary ing  t h e  vo id  f r a c t i o n  assumed i n  

t h e  model. 

The pump-bowl p re s su re  i s  cyc led  

Taped r eco rds  of the p res su re  and neutron f l u x  s i g n a l s  are then  ana- 

3%. N o  Fry, €?. C.  Kryter ,  and J. C .  Robinson, Measurement of Helium 
Void F rac t ion  i n  t h e  MSRE Fue l  S a l t  Using Neutron-Noise Analysis ,  ORNL- 
TM-2315 (August 1968). 

351bid. 

=Je C .  Robinson and D. H. Fry, Determinat ion of t h e  Void F r a c t i o n  i n  
t h e  MSRE Using Small Induced Pressure Pe r tu rba t ions ,  ORNL-TM-2318 
(February 1969). 



Experience 

The f i r s t  dependable measurements of c i r c u l a t i n g  void  f r a c t i o n  i n  t h e  

pump t e s t  f a c i l i t y  were obta ined  i n  1965. 
t i o n a b l e  because of inadequacies  i n  t h e  densi tometer  .) 
l e v e l  i n  t h e  pump bowl, t h e  densi tometer  showed 4.6 v o l  % voids i n  the  

loop;  when t h e  l e v e l  was raised t o  79% (submerging t h e  j e t s )  t h e  void  f r a c -  

t i o n  i n  t h e  loop  was reduced t o  l e 7 %  ( R e f .  37). 
t h e  pump had a 13-inch impeller which s e n t  1615 gpm through the l o o p  and 

85 g;pn through t h e  s t r i p p e r .  

peller (as i n  t h e  MSRE pump) showed only 0.1 v o l  ‘$ voids  i n  t h e  loop.38 

(Earlier measurements were ques- 

With a nominal 69% 

I n  these tes ts ,  however, 

Measurements i n  1966, wi th  an 11.5- inch i m -  

Flush sa l t  was f i r s t  c i r c u l a t e d  i n  t h e  MSRE f u e l  l o o p  i n  January 1965. 
On s e v e r a l  occasions i n  February and March t h e  pump-bowl l e v e l  r i s e  when 

the pump was s topped ind ica t ed  some compressible  gas i n  t h e  loop. There 

was more on some occasions than  on o the r s ,  i n d i c a t i n g  some bubbles .  

March 5 t h e  temperature  was reduced t o  1030°F t o  b r i n g  t h e  l e v e l  down from 

70 t o  50% and t h e r e  was c l e a r  evidence of bubble i n g e s t i o n  i n  t h e  lower 

range of l e v e l s  and temperatures .  

On 

The f u e l  c a r r i e r  salt ,  with 0.6 mole % dep le t ed  uranium i n  it, was 

c i r c u l a t e d  i n  May 1965. 
pump t e s t  f a c i l i t y  and i n s t a l l e d  on t h e  l i n e  between t h e  h e a t  exchanger 

and the  reactor vesse l ,  showed no d e t e c t a b l e  bubbles  ( ~ 0 . 0 7 6  ~01%) when 

t h e  pump was s tar ted and s topped under normal condi t ionse3’  

w a s  tu rned  o f f  and on a t  l150°F and reduced l e v e l ,  t h e r e  was some indica-  

t i o n  of bubbles .  

The densi tometer ,  which had been moved from t h e  

When the  pump 

Attempts t o  measure a c i r c u l a t i n g  void  f r a c t i o n  cont inued dur ing  t h e  

zero-power experiments i n  June and July.  After t h e  densi tometer  showed 
no d e t e c t a b l e  voids  i n  t h e  l o o p  dur ing  pump-stop experiments,  w e  t r i e d  t o  

d e t e c t  t h e  presence of vo ids  by vary ing  t h e  fuel-system overpressure  wi th  

37MSEl Program Semiann. Progr.  Rept.,  Aug. 31, 1965, ORNL-3872, 

38MsR Frogram Semiann. Progr.  Rept., Aug. 31, 1966, ORm-4037, Po 81. 
3 % ~  Frogram Semiann. Progr. Rept., Aug. 31, 1965, ORNL-3872, P. 65. 

pp. 62 - 65. 



t h e  s a l t  c i r c u l a t i n g .  

s u r e  was f i r s t  increased  t o  10 - 1 5  ps ig  and then  r a p i d l y  decreased t o  - 5 ps ig  ( R e f .  40). 
a l low any c i r c u l a t i n g  voids  t o  expand and produce an observable  change i n  

t h e  densi tometer  reading .  The f i r s t  two tes ts  were c a r r i e d  ou t  a t  normal 

fuel-system temperature  (- 1200'F) with  t h e  normal ope ra t ing  l e v e l  (- 60$) 

of sa l t  i n  t h e  fuel-pump bowl. 

e i t h e r  i n  t h e  dens i tometer  r ead ing  o r  i n  o t h e r  system parameters t h a t  

should have responded t o  a change i n  sa l t  d e n s i t y .  The t h i r d  t e s t  was 

performed a t  an  abnormally low pump-bowl l e v e l  (- 50%) 

by lowering t h e  s a l t  temperature  t o  1050'F. This  t i m e  t h e  densi tometer  

responded d rama t i ca l ly  t o  t h e  r a p i d  pressure  decrease,  i n d i c a t i n g  a de- 

c r e a s e  i n  s a l t  dens i ty  o r  an inc rease  i n  t h e  c i r c u l a t i n g  void f r a c t i o n .  

I n  a d d i t i o n  t h e  pump-bowl l e v e l  increased  and t h e  system r e a c t i v i t y  de- 

creased,  lending  f u r t h e r  support  t o  t h e  densi tometer  evidence.  

Three tests were performed i n  which the  overpres-  

We reasoned t h a t  t h e  r a p i d  p re s su re  decrease  would 

In  n e i t h e r  case  was any change observed, 

t h a t  was obta ined  

A t  f i r s t  we (er roneous ly)  ass igned  a l l  of t h e  observed e f f e c t s  t o  

simple expansion of gas  a l r eady  i n  c i r c u l a t i o n .  Evalua t ion  on t h i s  b a s i s  

i n d i c a t e d  t h a t  t h e  c i r c u l a t i n g  void  f r a c t i o n  was 2 - 3 v o l  %. 
evidence was accumulated, w e  concluded t h a t  much of t h e  gas t h a t  a p p a r e d  

i n  c i r c u l a t i o n  immediately a f t e r  a pressure  release came from a non- 

c i r c u l a t i n g  r e s e r v o i r  - probably t h e  pores of t h e  g r a p h i t e  - and t h a t  t h e  

steady-state c i r c u l a t i n g  void f r a c t i o n  was a c t u a l l y  much smaller. 

d i scuss ion  on pp. 43 - 45.) 

A s  o t h e r  

(See 

The densi tometer  was removed af ter  t h e  i n i t i a l  zero-power experiments 

as p a r t  of t h e  p repa ra t ion  f o r  r e a c t o r  opera t ion  a t  power. 

ope ra t ion  was based on a co l l imated  y- ray  beam and a h i g h - s e n s i t i v i t y  

de t ec to r ,  it could no t  be used i n  t h e  high r a d i a t i o n  f i e l d s  produced by 

power ope ra t ion  of t h e  r eac to r . )  

drawn from t h e  densi tometer  s t u d i e s  i s  t h a t ,  a t  normal loop  cond i t ions ,  

t h e  c i r c u l a t i n g  void  f r a c t i o n  i n  t h e  MSRE i n i t i a l l y  was near  zero.  

(Since i t s  

The most important  conclusion t o  be 

D i d ,  pp. 22 - 23. 40 



On t h e  basis of t h i s  information,  t h e  e a r l y  power ope ra t ion  was com- 

pared wi th  t h e  expected behavior  w i t h  no c i r c u l a t i n g  vo ids .  The most ob- 
v ious  disagreement between the  p red ic t ed  and observed behavior  was i n  t h e  

I3’Xe poisoning. A model used t o  desc r ibe  xenon behavior  wi th  no bubbles 

p red ic t ed  a xenon poisoning of 1.08% 6k/kak f u l l  power while  t h e  observed 

poisoning was only 0.3 t o  0.4%. 
ind ica t ed  t h a t  t h e  low poisoning va lues  could be expla ined  only if c i r c u -  

l a t i n g  voids  were p resen t  t o  g r e a t l y  enhance xenon removal t o  t h e  o f fgas  

system. In  add i t ion ,  each t i m e  t h e  overflow t a n k  was emptied, s m a l l  re-  
a c t i v i t y  pe r tu rba t ions  appeared t h a t  r a i s e d  some susp ic ions  about  c i r cu -  

l a t i n g  voids .  Detailed ana lyses41  showed t h a t  an average loop  void  f r a c -  

t i o n  of 0.1 t o  0.15 v o l  ’$ w i t h  a h igh  p r o b a b i l i t y  of  exchange i n  t h e  pump 

bowl (50 t o  100% per PQSS) was r equ i r ed  t o  e x p l a i n  bo th  t h e  s t e a d y - s t a t e  

and t r a n s i e n t  behavior  of xenon i n  t h e  r e a c t o r .  

A s  a r e s u l t  of t h e  above observa t ions ,  a series of p re s su re - r e l ease  

Reevalua t ion  of t h e  mathematical  model 

experiments was performed w i t h  f u e l  s a l t  i n  J u l y  1966 t o  see if  any d i r e c t  

evidence could be  found f o r  t h e  pos tu l a t ed  voids .42 

formed and s u b s t a n t i a l  vo ids  were observed i n  each. 

ta t ive eva lua t ions  t h a t  were made then  a r e  now be l i eved  t o  be i n c o r r e c t ,  

t h e r e  was no doubt t h a t  t h e  behavior  was markedly d i f f e r e n t  from t h a t  ob- 

se rved  i n  ear l ie r  tes ts .  (It may be of i n c i d e n t a l  i n t e r e s t  t o  note  t h a t  

t h e  change i n  c i r c u l a t i n g  vo id  f r a c t i o n  occurred dur ing  t h e  same gene ra l  

t i m e  per iod  i n  which s i g n i f i c a n t  s a l t  t r a n s f e r  t o  t h e  overflow t a n k  was 

developing; see Fig. 9.) 

Six  tests were per- 

Although the quan t i -  

Two a d d i t i o n a l  se t s  of p re s su re - r e l ease  experiments were performed 

i n  October 1966. 
6 tes t s  showed any evidence of c i r c u l a t i n g  voids .  

f u e l  sa l t ,  showed c i r c u l a t i n g  voids  i n  each  of 6 t e s t s .  

The f i rs t  s e t  w a s  performed w i t h  f l u s h  s a l t  and none of 

The second set ,  wi th  

Another experiment was a l s o  performed i n  an  e f f o r t  t o  o b t a i n  a quan t i -  

When the  r e a c t o r  was t a t i v e  i n d i c a t i o n  of t h e  c i r c u l a t i n g  void f r a c t i o n . 4 3  

41MsR Program Semiann. Progr.  Rept., Aug. 31, 1966, ORNL-4037, PP. 13-21. 
421bid, pp. 22 - 24” 
4 3 ~ s ~  Bogram Semiann. Progr.  Rept., Feb. 28, 1967, ORML-4119, Po 1.7- 
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f i l l e d  with f u e l  s a l t  f o r  t he  s tar t  of Run 8 (October 1966), t h e  s a l t  had 

been i n  t h e  d r a i n  tanks  f o r  11 weeks and should have been f ree  of a l l  voids .  

This  was v e r i f i e d  by observing t h e  l a c k  of compress ib i l i t y  of t h e  loop  con- 

t e n t s  immediately a f t e r  f i l l i n g  . We then  measured c r i t i c a l  con t ro l - rod  

conf igu ra t ions  wi th  t h e  f u e l  pump o f f  and after it had been on f o r  some 

t i m e .  The r e a c t i v i t y  loss  a s s o c i a t e d  wi th  pump ope ra t ion  was somewhat 

g r e a t e r  than  t h a t  expected (and previous ly  observed) from c i r c u l a t i o n  of 

t h e  delayed-neutron precursors  The discrepancy,  when a t t r i b u t e d  t o  c i r -  

c u l a t i n g  voids  i n d i c a t e d  a core  void  f r a c t i o n  of 0.1 t o  0.2 v o l  $ e  

though t h e  confidence i n  t h i s  va lue  was n o t  very  h igh  (because t h e  amount 

of r e a c t i v i t y  involved was only - 0.02% 6k/k), it was i n  a t  least g e n e r a l  

agreement wi th  t h e  vo id  f r a c t i o n  r e q u i r e d  t o  desc r ibe  t h e  xenon behavior .  

The c i r c u l a t i n g  void f r a c t i o n  remained e s s e n t i a l l y  unchanged f o r  t h e  

A l -  

remainder of t h e  r e a c t o r  opera t ion  wi th  235U f u e l .  

release experiments provided no new information.  

1967 and March 1968, an  ex tens ive  series of t e s t s  was performed t o  determine 

t h e  e f f e c t s  of small changes i n  r e a c t o r  ope ra t ing  parameters on t h e  c i r c u -  

l a t i n g  void  f r a c t i o n  and xenon poisoning.44 

system temperature,  overpressure,  and fuel-pump level  and s i g n i f i c a n t  

changes i n  t h e  core  void  f r a c t i o n  were de t ec t ed .  The minimum vo id  f r a c -  

t i o n ,  f o r  t h e  range of parameters s tud ied ,  occurred a t  t h e  h i g h e s t  core  

o u t l e t  temperature (l225"F) and the lowes t  helium overpressure  (3  p s i g ) ;  
there  was no d i s c e r n i b l e  l e v e l  e f f e c t  between 5.3 and 6.2 i n .  The abso- 

l u t e  change i n  vo id  f r a c t i o n  as cond i t ions  were changed t o  t h e  lowest  

temperature  (1180"~) and h i g h e s t  overpressure  (9  ps ig )  was 0.15 t o  0.2 

A few i s o l a t e d  pressure-  

However, between December 

The parameters v a r i e d  were 

v o l  %. 
The r e s u l t s  r e p o r t e d  i n  t h e  previous paragraph are based on r e a c t i v i t y  

measurements a t  zero power b u t  cons iderable  suppor t ing  evidence was ob- 

t a i n e d  from neutron-noise  measurements 45, 46 and r e l a t e d  p r e s s u r e - f l u c t u a t i o n  

4%SR Program Semiann. Progr.  Rept.,  Feb. 29, 1968, mNL-4254, pp. 4 - 5. 
45MSR Program Semiann. Progr. Rept.,  ORNL-4344, Aug. 31, 1968, pp. 18 - 19. 
46D. N. Fry, R .  C .  Ki-yter, and J. C .  Robinson, Measurement of Helium Void 

F rac t ion  i n  t h e  MSRE Fue l  S a l t  Using Neutron-Noise Analysis,  USMC Repor t  
ORNL-TM-2315, Oak Ridge Nat iona l  Laboratory,  Aug. 27, 1968 e 
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tests.47 
t h e  extreme cond i t ions  and t h a t  t h e  minimum core  void  f r a c t i o n  was around 

0.02 t o  0.04 v o l  %. Thus, t h e r e  is good agreement on t h e  change i n  void 

f r a c t i o n  with ope ra t ing  parameters and some apparent  disagreement on the  

minimum value .  However, t h e  vo id  f r a c t i o n  r e q u i r e d  t o  s a t i s f y  the  xenon 

behavior  (0.1 t o  0.15 v o l  5) i s  an average over  t h e  e n t i r e  l oop  while  t h e  

above measured minimum va lue  a p p l i e s  only t o  t h e  core .  Because of i t s  
s o l u b i l i t y  i n  f u e l  sa l t ,  helium cover gas can l e a d  t o  a void f r a c t i o n  t h a t  

v a r i e s  widely w i t h  pos i t i on  i n  t h e  f u e l  loop. So t h e s e  two va lues  a r e  no t  

n e c e s s a r i l y  incompatible .  

ment (0.1 t o  0.2 v o l  % i n  Run 8) was made a t  - 1180~~ which, again,  ref lects  

agreement wi th  t h e  no i se  measurements. 

These measurements showed a change by about  a f a c t o r  of 7 between 

The s i n g l e  r e a c t i v i t y - b a s e d  core  vo id  measure- 

A dramatic  change occurred i n  t h e  system behavior  s h o r t l y  af ter  t h e  

s ta r t  of r e a c t o r  ope ra t ion  wi th  23% f u e l  when t h e  normal c i r c u l a t i n g  void  

f r a c t i o n  increased  r a t h e r  ab rup t ly  by more than  a f a c t o r  of ten ,  i n t o  t h e  

range of 0.5 t o  0.7 v o l  $. (Details of t h i s  t r a n s i t i o n  and o the r  re la ted 

observa t ions  are descr ibed  i n  subsequent chap te r s  of t h i s  r e p o r t ;  w e  w i l l  

deal only wi th  measured void  f r a c t i o n s  here . )  

Following t h e  inc rease  i n  void f r a c t i o n ,  o t h e r  phenomena were observed, 

no tab ly  power b l i p s 4 8  and v a r i a t i o n s  i n  xenon poisoning, 49 which prompted 

a d d i t i o n a l  i n v e s t i g a t i o n s  i n t o  the  behavior  of vo ids  i n  t h e  f u e l  loop. O f  

primary i n t e r e s t  i n  these exper imenta l  s t u d i e s  were t h e  e f f e c t s  of f u e l -  

pump speed and cover-gas s o l u b i l i t y  on t h e  c i r c u l a t i n g  void  f r a c t i o n .  

S i n c e  a l l  c i r c u l a t i n g  gas  must o r i g i n a l l y  e n t e r  t h e  loop  from t h e  

fuel-pump bowl, it i s  c l e a r  that  cond i t ions  i n  t h e  pump bowl must have a 

s i g n i f i c a n t  e f f e c t  on the  c i r c u l a t i n g  void  f r a c t i o n .  

t a i l e d  t h e  e f f e c t s  of fuel-pump speed and cover  gas on condi t ions  i n  the 

pump bowl (Fig.  6). 
c u l a t i n g  void f r a c t i o n .  

W e  have a l r eady  de- 

F igure  14 shows the  corresponding e f f e c t s  on t h e  c i r -  

The data f o r  f l u s h  sa l t  are based on fuel-pump 

, 

47J. C. Robinson and D. N. Fry, Determination of t h e  Void F r a c t i o n  i n  
t h e  MSRE Using Small Induced Pressure  Per turba t ions ,  USAEC Report  O R n -  
TM-2318, Oak Ridge Nat iona l  Laboratory,  Feb. 6, 1969. 

48M,% Program Semiann. Progr. Rept.,  ORNL-4396, Feb. 28, 1969, pp. 16-21. 
49MS3 Program Semiann. F’rogr. Rept., ORNL-4449, Aug. 31, 1969, P. 10. 
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l e v e l  changes and, hence, r e p r e s e n t  average void f r a c t i o n s  f o r  t h e  e n t i r e  

f u e l  loop. A s  shown by t h e  e r r o r  f l a g s ,  t h e  u n c e r t a i n t i e s  i n  these va lues  

are r e l a t i v e l y  l a r g e .  However, it i s  important  t o  note  t h a t  t h e s e  data 

r e p r e s e n t  t h e  only times t h a t  c i r c u l a t i n g  voids  were observed i n  t h e  f l u s h  

s a l t .  The f a c t  t h a t  c i r c u l a t i n g  voids  could be produced i n  f l u s h  s a l t  w i t h  

helium cover gas by running t h e  pump a t  speeds only s l i g h t l y  h igher  than  

normal (1245 vs  1190 rpm) i n d i c a t e s  t h a t  t h e  normal cond i t ion  was very 

c l o s e  t o  t h e  bubble th re sho ld .  

wi th  t h i s  combination, t h e  r e s p e c t i v e  absence and presence of c i r c u l a t i n g  

voids  were confirmed by p res su re - r e l ease  tes ts .  The h igher  void  f r a c t i o n s  

wi th  argon cover gas i n  f l u s h  sa l t  r e s u l t  from t h e  f a c t  t h a t  argon i s  less  

s o l u b l e  than  helium by a f a c t o r  of 10. Thus, f o r  low rates of gas in-  

g e s t i o n  a t  t h e  pump, a l l  t he  helium d i s s o l v e s  while  t h e  argon remains as 

bubbles .  

The d a t a  f o r  f u e l  s a l t  are based on r e a c t i v i t y  e f f e c t s  which g ive  a 

Although only two data po in t s  were obta ined  

more p r e c i s e  measure of t h e  void  f r a c t i o n .  Consequently, t hese  data r ep re -  

s e n t  average core  ( r a t h e r  than  loop) void f r a c t i o n s .  

show t h e  lower speed th re sho ld  t h a t  would be expected from t h e  s l i g h t l y  

h igher  void  f r a c t i o n s  observed i n  t h e  pump bowl ( c f .  F ig .  6 ) .  
show t h e  same g a s - s o l u b i l i t y  e f f e c t  as the  f l u s h  s a l t .  

Experiments were a l s o  performed t o  s tudy  t h e  s e n s i t i v i t y  of the h igh  

The f u e l - s a l t  po in t s  

They a l s o  

void  f r a c t i o n  obta ined  wi th  helium a t  normal pump speed t o  changes i n  sys-  

tem temperature,  overpressure  and pump l e v e l .  A s  before ,  t he  most s i g n i f i -  

c a n t  parameter was temperature  b u t  t h e  effects were much l e s s  dramatic  than  

a t  low void  f r a c t i o n s ;  t h e  maximum change observed was less  than  a f a c t o r  

of two. 
Although t h e r e  appear t o  have been minor v a r i a t i o n s ,  under normal con- 

d i t i o n s  t h e  c i r c u l a t i n g  void f r a c t i o n  remained r e l a t i v e l y  stable a t  about  
0.5 v o l  % throughout t h e  remainder of t h e  ope ra t ion  w i t h  23% f u e l .  Sig- 

n i f i c a n t ,  shor t - te rm changes were observed during s p e c i a l  experiments t h a t  

changed t h e  oxida t ion- reduct ion  cond i t ion  of t h e  sal t .  

e f f e c t s  are descr ibed  la te r  i n  t h i s  r e p o r t .  

These temporary 



7. REMARKABLE BEHAVIOR OF GAS AFTER THE 1968 SHUTDOWN 

S i g n i f i c a n t  changes i n  t h e  behavior  of t h e  s a l t  and gas  i n  t h e  MSRE 

f u e l  system occurred s h o r t l y  a f t e r  ope ra t ion  was resumed i n  the  f a l l  of 

1968, fo l lowing  the  processing of t h e  sa l t  and t h e  loading  of t h e  f i r s t  

ba tches  of 23% enr i ch ing  s a l t .  The f i r s t ,  most conspicuous change was 

a r a t h e r  sudden, l a r g e  inc rease  i n  t h e  amount of gas bubbles  c i r c u l a t i n g  

wi th  t h e  f u e l  s a l t  which occurred s e v e r a l  hours a f t e r  t h e  beginning of 

f u e l  c i r c u l a t i o n .  The rea f t e r  t h e  void f r a c t i o n  remained gene ra l ly  h igh  

b u t  d i sp layed  a t  times some remarkable behavior .  This  behavior  c o n t r i -  

buted t o  t h e  understanding of t he  MSRE ope ra t ion  (al though it may seem t o  

have r a i s e d  more ques t ions  than  it answered).  

it focussed t h e  a t t e n t i o n  of r e a c t o r  chemists and des igners  upon t h e  i n t e r -  

r e l a t i o n  of t he  chemical s t a t e  of t h e  sal t ,  i t s  phys ica l  p r o p e r t i e s ,  and 

behavior  a t  g a s - s a l t - s o l i d  i n t e r f a c e s .  Our observa t ions  and c o r r e l a t i o n s  

dur ing  ope ra t ion  wi th  23% f u e l  are descr ibed  i n  t h i s  chap te r .  

Perhaps more impor tan t ly  

S a l t  Condi t ion a t  t h e  S t a r t  of Run 1 5  

A s  w i l l  be descr ibed  l a t e r  i n  d e t a i l ,  dur ing  Run 1-5 t h e  amount of 

gas c i r c u l a t i n g  i n  t h e  f u e l  l oop  was observed t o  change dur ing  and a f t e r  

exposure of beryllium o r  zirconium metal t o  t h e  s a l t .  No such response 

had been d e t e c t a b l e  when reducing agents  had been added dur ing  e a r l i e r  

opera t ion .  Thus cons ide ra t ion  of t he  changes i n  t h e  chemistry of t h e  f u e l  

s a l t  between previous ope ra t ion  and t h i s  run  may a f f o r d  a c l u e  t o  t h e  

causes  of t h e  phenomena. 

During August and September 1968, between Runs 14 and 1.5, bo th  t h e  

f l u s h  s a l t  and f u e l  s a l t  were processed.50 

s i s t e d  of f l u o r i n a t i o n  t o  remove uranium, fol lowed by r educ t ion  of cor -  

ro s ion  product f l u o r i d e s  t o  t h e  metals ,  and, f i n a l l y ,  f i l t r a t i o n  of t h e  

processed sal ts  as they were being r e tu rned  t o  t h e  r e a c t o r  t anks .  

changes i n  s a l t  composition were small, by  far  t h e  l a r g e s t  be ing  t h e  

This  o n - s i t e  process ing  con- 

The 

50MSR Program Semiann. Progr.  Rept., Aug. 31, 1968, ORNL-4344, pp. 4 - 11. 
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removal of 0.9 mole % UF4 from t h e  f u e l .  

t e l l u r i u m  and iodine)  were removed by t h e  f l u o r i n a t i o n ,  b u t  t h e s e  were 

p resen t  only t o  a f e w  p p  t o  begin with.  

t i o n ,  s a l t  samples showed con ta ine r  metal concen t r a t ions  no t  very d i f f e r e n t  

from what t hey  had been dur ing  earlier ope ra t ion  of t h e  r e a c t o r .  Although 

t h e r e  was no gross  change i n  c a t i o n  composition, it appears  t h a t  t h e  s t a t e  

of r educ t ion  of t h e  s a l t  a t  t h e  beginning of Run 1-5 was d i f f e r e n t  from 
what it had been e a r l i e r .  

Some f i s s i o n  products (such as 

Immediately af ter  t h e  f i l t r a -  

I n  d i scuss ing  the processing and later a d d i t i o n s  of beryl l ium, it 
w i l l  be necessary t o  refer t o  t h e  r e l a t i v e  reducing  power of t he  va r ious  

elements.  Table 2 l i s t s  the  s tandard  free ene rg ie s  of formations of 

f l u o r i d e s  a t  1340'F i n  molten Li2BeF4 (Ref .  51). 

from t h i s  table  i s  t h a t  exposure of an a c t i v e  metal t o  a mixture  conta in-  

i ng  these spec ie s  w i l l  r e s u l t  i n  t he  formation of i t s  f l u o r i d e  and the  re- 
duc t ion  of some spec ie s  below it on t h e  l i s t .  The lowest  spec ie s  p re sen t  

i n  t h e  mix tends  t o  be reduced f irst ,  b u t  i n  the v i c i n i t y  of a s t r o n g  re- 
ducing agen t  f r a c t i o n s  of several spec ie s  can be reduced. 
i s  t h a t  r e a c t i o n s  may be slow i n  reaching  equi l ibr ium.  

The p o i n t  t o  be made 

Another po in t  

P r i o r  t o  t h e  MSRE s a l t  processing,  experiments had shown t h a t  i n  

molten f l u o r i d e  mixtures ,  a hydrogen sparge w i l l  reduce NiF2 e a s i l y ,  FeF2 

wi th  d i f f i c u l t y ,  and CrF2 t o  a n e g l i g i b l e  e x t e n t  i n  a p r a c t i c a l  t i m e  

period.52 

f o r  r educ t ion  of FeF2 and CrF2 i n  s imula ted  MSRE c a r r i e r  s a l t  was a d d i t i o n  

of pressed s l u g s  of zirconium metal turn ings ,  fol lowed by hydrogen sparg ing  

After t h e  a d d i t i o n  of an amount of zirconium equa l  t o  2.8 times t h e  num- 
ber of equ iva len t s  of PeF2 and CrF2 o r i g i n a l l y  present ,  f i l t e r e d  samples 

showed 7% of t h e  o r i g i n a l  i r o n  and 6% of the o r i g i n a l  chromium concentra-  
t i o n s .  Although one i n t e r p r e t a t i o n  i s  t h a t  t h i s  was d i s so lved  i r o n  and 

chromium f l u o r i d e s  t h a t  had no t  been reduced, it was recognized tha t  a t  

l eas t  p a r t  was probably reduced metals t h a t  had go t t en  through t h e  sample 

f i l t e r  . 

Extension of t hese  experiments showed t h a t  a p r a c t i c a l  process  

"W. R .  G r i m e s ,  "Molten S a l t  Reac tor  Chemistry," Nucl. Appl. Tech., 

'3s Program Semiann. El-ogr. Rept., Feb. 29, 1968, ORlvL-4254, PP. 155-1.57- 
- - 8 ,  137 (197'0). 



Table 2 

Standard Free  Ene rg ie s  of Formation 
f o r  

Spec ies  i n  Molten Li2BeF4 a t  1 0 0 0 ° K  

Mater ia l"  
f -& (kcal/mole) 

L i F  

UF3 99 

UF4 97 
ZrF, 97 

CrF2 75 
FeF2 66 

55 NiF, 

a The s t anda rd  s t a t e  f o r  LiF and BeF2 

i s  t h e  Li2BeF4 l i q u i d .  That f o r  t h e  o t h e r  
s p e c i e s  i s  t h a t  h y p o t h e t i c a l  s o l u t i o n  wi th  
t h e  s o l u t e  a t  u n i t  mole f r a c t i o n  and wi th  
t h e  a c t i v i t y  c o e f f i c i e n t  it would have a t  
i n f i n i t e  d i l u t i o n .  

I n  t h e  MSRE process ing  campaign, t h e  f l u s h  s a l t  was processed b e f o r e  

t h e  f u e l  s a l t .  

of t h e  f l u s h  s a l t  t aken  dur ing  and a f t e r  t h e  process ing  are l i s t e d  i n  
Table 3. 
f l u o r i n a t i o n  took  longer  and more co r ros ion  products appeared i n  t h e  s a l t .  

Sample r e s u l t s  f o r  t h e  f u e l  are a l s o  shown i n  Table 3. 
The o b j e c t i v e  of t h e  hydrogen spa rg ing  be fo re  t h e  zirconium a d d i t i o n s  

was t o  reduce a l l  t h e  Ni*, and t h e  amounts of zirconium t u r n i n g s  dropped 

i n t o  t h e  process ing  t a n k  were i n  excess  of t h e  t o t a l  number of e q u i v a l e n t  

Corros ion  product concen t r a t ions  repor ted53 f o r  samples 

The f u e l  sa l t  process ing  followed a similar p a t t e r n ,  b u t  t h e  

5?R. B. Lindauer, Processing of t h e  MSRE Flush  and F u e l  S a l t s ,  USAEC 
Repor t  ORNL-TM-2578, Oak Ridge Na t iona l  Laboratory, August 1969. 



59 

Table 3 

Flush  S a l t a  

S t r u c t u r a l  Metal Concentrat ions i n  

MSRE F lush  and Fuel  S a l t  

Concentrat ion ( ppm) 

C r  2 10 Fe +_ 40 N i  k 1 5  

In  r e a c t o r  system dur ing  Run 14 (averages)  

Before f l u o r i n a t i o n  

After f l u o r i n a t i o n  (6.6 hr )  

After 10.8 h r  of H2 sparg ing  

After 604 g of Z r  and 9 h r  of H2 sparg ing  

After 1074 g of Z r  and 25 h r  of H2 sparg ing  

I n  d r a i n  t a n k  a f t e r  f i l t r a t i o n  

Fuel  S a l t a  

I n  r e a c t o r  system dur ing  Run 1 4  (averages)  

Before f l u o r i n a t i o n  

After f l u o r i n a t i o n  (46.8 h r )  

After 17.1 h r  of H2 sparg ing  

After 33.5 h r  of H2 sparg ing  

After 51.1 h r  of H2 sparg ing  

After 5000 g of Z r  and 24 h r  of H2 sparg ing  

After 51-00 g of Zr and 32 hr of H2 sparg ing  

I n  d r a i n  t a n k  after f i l t r a t i o n  

133 210 

No sample taken 

loob 17bb 5Ob 
No sample taken 

7Gb 141b 26 

85 1.30 60 
170 131 36 
420 400 8 40 

420b 400b 5 20b 

420b &?Ob C 

loob n o b  d o b  
460b 380b 180b 

No sample taken 

34 110 60 

a 

b F i l t e r e d  sample. 
Z r  a d d i t i o n s  and H2 sparg ing  times a r e  cumulative.  

Contaminated sample. C 
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of C r 2 +  and Fe2+ i n  t h e  salts .  So it might be expected t h a t  t h e  chromium, 

i r o n  and n i c k e l  i n  t h e  f u e l  s a l t  when it re tu rned  t o  t h e  f u e l  c i r c u i t  were 

p resen t  most ly  or e n t i r e l y  as reduced metals. 
and N i  i n  t h e  d r a i n  t ank  samples were presumably very f i n e l y  d iv ided  par- 

t i c l e s  t h a t  had passed through t h e  process  f i l t e r  and t h e  f i l t e r  on the  

sample capsule .  If so, t h i s  cond i t ion  d i d  no t  persist, f o r  very  soon af- 

t e r  t h e  beginning of f u e l  c i r c u l a t i o n  it became c l e a r  t h a t  t h e r e  was a 

s u b s t a n t i a l  amount of Fes i n  t h e  sal t .  

I n  t h i s  case  t h e  C r ,  Fe, 

The f i rs t  evidence of Fe2+ i n  t h e  s a l t  came on t h e  second day of f u e l  

c i r c u l a t i o n  when a rod  of bery l l ium exposed t o  the  f u e l  sa l t  came ou t  w i t h  

an i r o n - r i c h  coa t ing ,  ev iden t ly  t h e  r e s u l t  of r educ t ion  of Fe2+ by t h e  Beo. 

This  was i n  c o n t r a s t  with ear l ie r  ope ra t ion  (wi th  235), when e,xposure of 

bery l l ium metal had r e s u l t e d  mainly i n  r educ t ion  of U4+ t o  UX (both  so lu-  

b l e ) ,  wi th  only a small amount of C r 2 +  r educ t ion  a l s o  occurr ing.54 But on 

t h i s  f i r s t  bery l l ium a d d i t i o n  i n  Run 15 (desc r ibed  later i n  t h i s  chap te r  

and i n  Appendix A )  t h e r e  was a heavy coa t ing  i n  which t h e  Fe:Cr r a t i o  was 

113:l. 

A f u r t h e r  i n d i c a t i o n  of t h e  sa l t  cond i t ion  came from t h e  co r ros ion  

ra te .  During the f i r s t  t h r e e  months of f u e l  s a l t  c i r c u l a t i b n  i t s  chromium 

concen t r a t ion  r o s e  from 34 ppn t o  about  70 ppn, i n d i c a t i n g  co r ros ion  of 

t h e  Hastelloy-N f u e l  l o o p  su r faces  by some ox id iz ing  agen t .  

t h a t  might be advanced t o  exp la in  this cor ros ion  would be t h a t  t h e  f u e l  
sa l t  came back from t h e  processing con ta in ing  some 3 g-atoms (168 g)  of 

i r o n  as Fe2+. 

t h e  chromium was reduced i n  the  f i n a l  s t a g e s  of the  s a l t  process ing  seems 
t o  preclude t h e  l i k e l i h o o d  t h a t  s i g n i f i c a n t  q u a n t i t i e s  of Fe2+ were de- 

l i v e r e d  t o  t h e  f u e l  c i r c u i t .  

as Fe 

oxygen) i n  t h e  f u e l  c i r c u i t . 5 5  

t o  l each  t h e  chromium. 

One hypothes is  

A d i f f i c u l t y  wi th  t h i s  i s  t h a t  t h e  e f f e c t i v e n e s s  w i t h  which 

It has been suggested t h a t  t h e  i r o n  came back 
0 a l l  r i g h t ,  b u t  was oxid ized  t o  Fez+ by some contaminant (probably 

The Fez+ then  r e a c t e d  wi th  t h e  Has te l loy  

5%sR Program Semiann. Progr.  Rept. ,  Aug. 31, 1-967, ORNL-4191, 

55M/IsR Program Semiann. Progr.  Rept., Feb. 28, 1970, ORNL-4548, 
pp. 110 - 115, 

Sec t ion  10.1. 
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. 

I n  any case  it i s  c l e a r  t h a t  very e a r l y  i n  Run 1.5 an  unprecedented 

cond i t ion  e x i s t e d  i n  which exposure of bery l l ium served  most ly  t o  produce 

reduced metal. 
capsules  showed s i g n i f i c a n t  amounts of f i n e l y  d iv ided  metal t h a t  seemed 

t o  c o l l e c t  on t h e  su r face  of t h e  sa l t .  Magnets lowered i n t o  the  pump bowl 

r evea led  t h a t  some of t h e s e  materials p e r s i s t e d  i n  t h e  pump bowl a f t e r  t h e  

reduct ion .  The amount of i r o n  powder t h a t  could have been involved i s  

s u b s t a n t i a l ,  poss ib ly  on t h e  o rde r  of 1OOg. 

amount of co r ros ion  and a l s o  on t h e  amount of bery l l ium t h a t  was added be- 

f o r e  t h e  Fe:Cr r a t i o  i n  t h e  depos i t s  on t h e  cages reached a low l e v e l . )  

A s  de ta i led  i n  Appendix A, examination of t h e  a d d i t i o n  

(This f i g u r e  i s  based on t h e  

Another s i g n i f i c a n t  observa t ion  i n  Run 1-5 was t h a t  each of t h e  be ry l -  

lium a d d i t i o n  assemblies  removed from t h e  pump bowl showed evidence t h a t  

f u e l  sa l t  had wet ted  t h e  n i c k e l  cage and had adhered t o  it.56 

t h e  bery l l ium a d d i t i o n s  dur ing  ear l ie r  ope ra t ion  had showed such wet t ing . )  

Sample capsules  taken between bery l l ium a d d i t i o n s  showed t h e  normal non- 

we t t ing  behavior ,  so  t h e  conclusion was t h a t  a l though major changes i n  t h e  

salt-metal i n t e r f a c i a l  t ens ions  were induced by t h e  exposure of t h e  be ry l -  

lium, they  were t r a n s i e n t  i n  na tu re .  

(None of 

I n  a d d i t i o n  t o  t h e  foregoing d i f f e rences ,  t h e  f u e l  sa l t  dens i ty  was 

reduced roughly 5 percent  by t h e  s u b s t i t u t i o n  of 38 kg of uranium (85% 
235) f o r  t h e  221 kg of uranium formerly i n  t h e  f u e l .  

when ope ra t ion  was resumed a t  t he  beginning of Run 15, I n  summary: 

t he  f u e l  sa l t  was somewhat l e s s  dense and, f o r  t h e  f i r s t  time, was i n  a 

s ta te  such t h a t  exposure of s t r o n g  reducing agents  could produce sub- 

s t a n t i a l  q u a n t i t i e s  of i n so lub le  s o l i d s  and also a f f e c t  (a t  l e a s t  tempo- 
r a r i l y )  t h e  g a s - l i q u i d - s o l i d  i n t e r f a c i a l  behavior .  

Behavior During Flush  S a l t  C i r c u l a t i o n  

On August 14, 1968, a f t e r  samples of f l u s h  s a l t  from t h e  d r a i n  t a n k  
showed t h a t  t h e  chromium was acceptab ly  low, t h e  s a l t  was t r a n s f e r r e d  in-  

t o  t h e  f u e l  l o o p  and c i r c u l a t e d  f o r  a 40-hour t r i a l .  

c e p t i b l e  d i f f e rence  i n  behavior  of t h e  sa l t  between t h i s  and ear l ie r  per iods  

There was no per- 

56MSR Program Semiann. Progr.  Rept.,  Feb. 28, 1969, ORNL-4396, p. 1-35. 
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of ope ra t ion .  The two pump-bowl bubblers  i nd ica t ed  p r a c t i c a l l y  no gas 

between t h e  bubblers  o r  i n  t h e  loop. The r a t e  of t r a n s f e r  t o  t h e  over- 

f low tank  was s t eady  a t  0 .4  lb /hr ,  very  c l o s e  t o  t h a t  which had e x i s t e d  

i n  t h e  f u e l  sa l t  ope ra t ion  i n  the  preceding run.  (The ra te  was s u b s t a n t i -  

a l l y  less  than  i n  t h e  l as t  lengthy  per iod  of f l u s h  s a l t  c i r c u l a t i o n ,  which 

was be fo re  Run 13 a ) 

Behavior During F i r s t  Per iod of C i r c u l a t i o n  of Fuel  S a l t  

Af t e r  t h e  f u e l  s a l t  was processed, LiF-UF, (73-27 mole %) enr i ch ing  

sa l t  con ta in ing  21 kg of uranium was loaded i n  through FD-2. Then, on 

September 14, t he  f u e l  l o o p  was f i l l e d  and c i r c u l a t i o n  s tar ted.  

pose of t he  c i r c u l a t i o n  was twofold:  t o  o b t a i n  a sample of t h e  thoroughly 

mixed s a l t  and t o  R r m i t  t h e  exposure of a bery l l ium rod  t o  reduce p a r t  

o f  t h e  U4+ t o  U3+, (The product ion process  f o r  t h e  en r i ch ing  s a l t  had 

l e f t  p r a c t i c a l l y  a l l  t h e  uranium as U4+ and it was d e s i r a b l e  t o  reduce 

some s o  as t o  a t t a i n  a reducing  environment t h a t  would prevent  cor ros ion . )  

When f u e l  c i r c u l a t i o n  was s t a r t e d ,  c h a r t  r eco rds  showed no abnor- 

The pur- 

ma l i ty .  A s  shown i n  Fig.  15, when t h e  .pump f i r s t  s t a r t e d ,  t h e  bowl l e v e l  

dropped 0.8 inch, then very slowly increased ,  A s  expla ined  i n  Chapter 2, 

t h i s  drop  was due t o  f i l l i n g  t h e  spray r i n g  and v o l u t e  suppor t  c y l i n d e r  

and  compressing t h e  normal gas pockets i n  the  loop. The slow i nc rease  

could be expla ined  e n t i r e l y  by a s l i g h t  r i se  i n  loop  temperature  t h a t  was 

observed during t h i s  2-hour per iod.  Proof t h a t  t h e  r ise  was not  due t o  

gas b u i l d i n g  u p  i n  t h e  loop  came when the  f u e l  pump was stopped a t  0846: 
t h e  amount t h a t  t h e  bowl l e v e l  r o s e  was t h e  same by which it had dropped 

on t h e  i n i t i a l  s ta r t .  The same behavior  was seen e leven  hours l a te r  when 

the  pump was aga in  s topped and s t a r t e d .  By t h e  t i m e  t h e  be ry l l i um rod  i n  

i t s  n i c k e l  cage was lowered i n t o  t h e  pump bowl a t  2037 on September 14, 
t h e  f u e l  had been c i r c u l a t i n g  f o r  14 hours,  wi th  no anomalous behavior  

and wi th  a ve ry  low rate of t r a n s f e r  t o  t h e  overflow tank .  

For some two hours after the  bery l l ium e n t e r e d  t h e  pump bowl, every-  

t h i n g  appa ren t ly  cont inued normally. Then t h e  i n d i c a t e d  s a l t  l e v e l  began 

t o  r i se .  A t  t h e  same t i m e  t he  trace on t h e  r eco rde r  c h a r t  became much 
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more noisy,  as shown i n  F ig .  16. After g radua l ly  r i s i n g  about  0.4 inch, 

t h e  ind ica t ed  l e v e l  curved over and began t o  decrease a t  t h e  r e l a t i v e l y  

high ra te  of 0.08 in./hr,  implying an abnormally h igh  rate of s a l t  t r a n s -  

f e r  t o  t h e  overflow tank.  

t i v e  dur ing  t h i s  per iod  of c i r c u l a t i o n ,  s o  a d e t a i l e d  r eco rd  of t h e  over- 

f low t a n k  level  does n o t  e x i s t . )  

(The computer was unfo r tuna te ly  n o t  f u l l y  opera- 

When t h e  remains of t h e  bery l l ium rod  were removed a f t e r  a 12-hour * 
exposure, t h e r e  was no immediate e f f e c t  on t h e  apparent  amount of gas  i n  

t h e  loop  o r  i n  t h e  overflow ra te .  Both cont inued high f o r  t h e  remaining 

10 h r  t h a t  t h e  f u e l  was c i r c u l a t e d .  Qui te  c l e a r  evidence of t h e  h igh  gas  

f r a c t i o n  s h o r t l y  before  t h e  f u e l  was d ra ined  i s  shown i n  F ig ,  1.7. When 

t h e  f u e l  pump was stopped, t h e  ind ica t ed  l e v e l  r o s e  1 .3  in . ,  compared t o  

t h e  0.8- in .  change t h e  f i r s t  t i m e  it was stopped.  The d i f f e r e n c e  was t h e  

e f f e c t  of expansion of more gas i n  t h e  l o o p  as t h e  p re s su re  f e l l  wi th  t h e  

s topping  of t h e  pump. Immediately afterwards, t h e  l e v e l  began t o  subs ide  

as some of t h e  gas  found i t s  way ou t  of t h e  loop. When t h e  pump was re- 

s t a r t e d  af ter  about  13  min., t h e  l e v e l  dropped about  1.6 in . ,  i n d i c a t i n g  

a remarkably l a r g e  amount of gas s t i l l  i n  t h e  loop  where it could be com- 

pressed .  After t h e  s tar t ,  more gas appa ren t ly  was inges ted ,  caus ing  t h e  

l e v e l  t o  r i s e  g radua l ly .  

of a h igh  gas f r a c t i o n  was t h e  response t o  a p res su re  decrease  shown i n  

F ig .  1-7. Before the  s a l t  was dra ined  t h e  d r a i n  t a n k  ven t s  w e r e  opened, 

dropping t h e  f u e l  l o o p  p res su re  ( t h e  lower t r a c e  on F ig ,  17) quickly  by 

1 p s i .  Expansion of t h e  gas i n  t he  loop  caused t h e  s h a r p  l eve l  r i s e  of 

about  0.15 i n ,  When t h e  d r a i n  va lve  was thawed, t h e  pump was al lowed t o  

run u n t i l  t h e  droQping l e v e l  c u t  it of f  through a c o n t r o l  i n t e r l o c k ,  which 

exp la ins  t h e  ab rup t  drop  a t  t h e  end. 

(Cont ras t  F igs .  17 and 15.)  Add i t iona l  evidence 

Although it was n o t  n o t i c e d  a t  t h e  t i m e ,  t h e  behavior  of thermocouple 

TE-R52 changed sha rp ly  7 h r  a f t e r  t h e  be ry l l i um went i n .  

d e s c r i p t i o n  of t h i s  thermocouple l o c a t i o n . )  

c h a r t  shows it was q u i t e  s t eady .  Then it began t o  f l u c t u a t e  i n  t h e  manner 

(See p. 8 f o r  a 

Up u n t i l  then  t h e  r eco rde r  

++ 
Later examination showed t h a t  t h e  rod  weight had diminished by 

10.1 g dur ing  i t s  exposure,  
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F i g ,  16. Fue l -hmp Level Trace During I n i t i a l  Buildup of 
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t y p i c a l l y  observed la ter  dur ing  power b l ips .57  
through the  remainder of the  c i r c u l a t i o n  per iod.  

This  f l u c t u a t i o n  p e r s i s t e d  

In  summary, noteworthy po in t s  about  t h e  f i r s t  per iod  of c i r c u l a t i o n  

of t h e  f u e l  a f t e r  processing are as fo l lows .  

1. 

2. 

There was p r a c t i c a l l y  no gas i n  the  l o o p  f o r  t h e  f i r s t  16 hours.  

Then, af ter  a bery l l ium rod had been i n  t h e  pump bowl f o r  two 

hours, gas began t o  b u i l d  up  i n  t h e  loop.  

30 In less  than  an hour t h e  loop gas had l e v e l l e d  a t  about  

0.5 v o l  $, where it s t ayed  f o r  t h e  remaining 18 hours of c i r c u l a t i o n .  

The pump-bowl l e v e l  t r a c e  became rough a t  t h e  same t i m e  t h e  4. 
l o o p  gas increased .  

5. TE-R52 began t o  show f l u c t u a t i o n s  i n  the  s a l t  l e v e l  a t  t h e  bot -  

tom of t h e  core  sample access  plug about  5 hours a f te r  t h e  loop  gas 

s ta r ted  t o  inc rease .  

6. The t r a n s f e r  rate,  which had been low before ,  r o s e  t o  roughly 

4 l b / h r  while t h e  bery l l ium was i n  and remained a t  about  t h a t  rate after 

t h e  bery l l ium was removed. 

Behavior During Subsequent Beryll ium Exposures i n  Run 1 5  

Beryll ium was exposed t o  t h e  f u e l  s a l t  i n  t h e  pump bowl on t h r e e  

subsequent occasions i n  Run 1.5. Some e f f e c t  on t h e  gas i n  t h e  f u e l  1 . 0 0 ~  

was ev iden t  i n  each case,  b u t  t h e r e  were some s i g n i f i c a n t  d i f f e rences  i n  

t h e  behavior  e 

Second Beryll ium Exposure 

The second bery l l ium exposure i n  Run l 5  was on October 13, 1968. By 
t h i s  time enough 23% had been added t o  make t h e  r e a c t o r  c r i t i c a l  and while  

the bery l l ium was i n  t h e  pump bowl, t h e  r e a c t o r  was on se rvo  c o n t r o l  a t  

low power. 

of r e a c t i v i t y  e f f e c t s .  

Thus t h e  r e g u l a t i n g  rod  p o s i t i o n  was a v a i l a b l e  as an i n d i c a t o r  
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Figure  18 i s  a reproduct ion  of t h e  fuel-pump l e v e l  r eco rd  spanning 

t h e  lO.5-hr exposure of t h e  bery l l ium (dur ing  which t i m e  t h e  rod  l o s t  

8.3-g Be) .  

t h e  f i r s t  bery l l ium a d d i t i o n ,  

lium went in ,  t h e  l e v e l  began t o  decrease and t h e  r e a c t i v i t y  t o  increase ,  

i n d i c a t i n g  a decrease i n  t h e  amount of gas  i n  t he  loop  and i n  t he  co re .  

This  t r e n d  was soon r eve r sed  and from then  u n t i l  the be ry l l i um was removed, 

t h e  void f r a c t i o n  went through t h e  gy ra t ions  i n d i c a t e d  by t h e  l e v e l  c h a r t .  

The con t ro l - rod  movements a s s o c i a t e d  wi th  each l e v e l  change were c o n s i s t e n t  

wi th  changes i n  t h e  core  f u e l  dens i ty  expected from t h e  suggested void- 

f r a c t i o n  v a r i a t i o n s .  Except  f o r  t h e  r e t u r n  of s a l t  from t h e  overflow tank,  

no ope ra to r  a c t i o n s  were performed t h a t  should have inf luenced  t h e  behavior  

i n  t h e  loop. 

g e s t i v e  of major changes i n  t h e  c i r c u l a t i n g  vo id  f r a c t i o n .  

rates observed j u s t  be fo re  t h e  Be exposure and i n  t h e  i n t e r v a l s  dur ing  t h e  

exposure when t h e  pump l e v e l  and c i r c u l a t i n g  void  f r a c t i o n  were low were 

between 2.5 and 4 l b / h r .  

and j u s t  after t h e  exposure, rates as h igh  as 30 l b / h r  were observed,  

very h igh  rates were n e a r l y  independent of i n d i c a t e d  sa l t  l e v e l  between 

6.1 and 6.9 inches (on IB-593). Unusually h igh  t r a n s f e r  rates p e r s i s t e d  

f o r  some 100 t o  120 hr  of s a l t  c i r c u l a t i m  t i m e  and then  r e t u r n e d  t o  t h e  

3 - 5 l b / h r  range.  

A t  t h e  o u t s e t  t h e  void f r a c t i o n  was high, as it had been s i n c e  

In  less  than  a h a l f  hour af ter  t h e  b e r y l -  

Thus, t h e  observed l e v e l  changes were spontaneous and sug- 

The t r a n s f e r  

However as shown i n  F ig .  1.9, a t  h ighe r  l e v e l s  

The 

Comparison of t h e  t r a n s f e r  rates with t h e  d e n s i t i e s  i n d i c a t e d  by the  

d i f f e r e n c e s  between t h e  two bubblers  r evea led  what seemed t o  be paradoxica l  

behavior  b u t  which may a c t u a l l y  be a c l u e  as t o  what was happening i n  t h e  

pump bowl dur ing  t h i s  bery l l ium exposure.  The comparison of t he  two bub- 

b l e r  readings  while  t he  bery l l ium was i n  t h e  bowl showed less vo ids  i n  t h e  

bubbler  zone than  u s u a l  a t  t h a t  i n d i c a t e d  level ,  

course,  wi th  t h e  c l e a r  evidence t h a t  less  gas was be ing  drawn i n t o  t h e  

loop. It c l a shes ,  however, with t h e  in fe rence  from t h e  unusual ly  h igh  

t r a n s f e r  rate t h a t  more than  t h e  u s u a l  amount of gas was caus ing  f r o t h  t o  

s p i l l  i n t o  t h e  overflow l i n e  a t  a high rate. These i n d i c a t i o n s  could  be 

r econc i l ed  by p o s t u l a t i n g  t h a t ,  while  t h e  be ry l l i um was in ,  t h e r e  was t h e  

unusual  cond i t ion  of a t h i c k  b l a n k e t  of p e r s i s t e n t  foam t h a t  produced t h e  

T h i s  i s  c o n s i s t e n t ,  of 
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. high t r a n s f e r  rate and a t  t h e  same time prevented t h e  j e t s  from d r i v i n g  

gas deep enough i n t o  the  under ly ing  pool t o  reach  the  bubbler  zone and t h e  

c i r c u l a t i n g  stream. 

Third Beryll ium Exposure 

The t h i r d  bery l l ium exposure was made on November 15, 1968. The t o t a l  

immersion t i m e  was 11 h r  w i t h  9.4 g of Be d i s so lv ing .  

below, t h e  exposure was no t  cont inuous.  

However, as descr ibed  

T h i s  exposure was s ta r ted  wi th  a lower ind ica t ed  s a l t  l e v e l  i n  the  

pump bowl t o  reduce the  r i s k  of s a l t  t r a n s p o r t  i n t o  the  of fgas  l i n e .  

evidence of a r e s t r i c t i o n  i n  l i n e  522 had a l r eady  been observed.) 

t ras t  t o  t h e  previous exposure,  t h i s  capsule  spen t  some 2-1/2 h r  i n  t h e  

pump be fo re  any e f f e c t s  were d e t e c t a b l e ;  then  t h e  l e v e l  began t o  decrease  

and the  r e g u l a t i n g  rod  began t o  i n s e r t  as bubbles  disappeared from c i r c u -  

l a t i o n .  

s t i l l  dropping because t h e  l e v e l  had gone below the  s p e c i f i e d  ope ra t ing  

range f o r  t h e  pump. A s  soon as t h e  bery l l ium was withdrawn, t he  s a l t  l e v e l  

and c o n t r o l  rod  began t o  recover  and t h e  i n i t i a l  cond i t ions  were r e s t o r e d  

i n  only 15 min. The bery l l ium was immersed aga in  and decreases  i n  pump 

l e v e l  and rod  p o s i t i o n  began immediately. The exposure was i n t e r r u p t e d  

aga in  because of t h e  low s a l t  l e v e l  and, again,  t h e  e f f e c t s  were qu ick ly  

reversed. A t  t h i s  po in t  some sa l t  was t r a n s f e r r e d  from t h e  overflow t a n k  

t o  a l l e v i a t e  t h e  concern about  t h e  low l e v e l .  

(Some 

I n  con- 

The bery l l ium was withdrawn wi th  t h e  l e v e l  down by 0.64 in .  and 

When t h e  bery l l ium was immersed again,  a 40-min wait ensued i n  which 

only minor e f f e c t s  were observed. The pump l e v e l  then  dropped r a p i d l y  t o  

produce a t o t a l  change of 0.85 i n .  The remaining 8 h r  of t h e  exposure were 

un in te r rup ted  w i t h  t he  s a l t  l e v e l  remaining r e l a t i v e l y  low. However, there 

were v a r i a t i o n s  (2 0.1 i n . )  around t h i s  low l e v e l .  

period, t h e  pump l e v e l  had r i s e n  0.3 i n .  and the  d i f f e r e n c e  between the 

two bubblers  had r e tu rned  t o  p r a c t i c a l l y  the  same va lue  t h a t  was observed 

wi th  t h e  bery l l ium ou t .  

By the  end of t h e  8-hr 

While the pump l e v e l  was low w i t h  bery l l ium metal i n  t h e  s a l t  t he  

t r a n s f e r  t o  the  overflow t a n k  proceeded a t  only 1 - 2 l b / h r .  

per iods wi th  t h e  bery l l ium out ,  t h e  rate was - 4 l b /h r .  

In  t h e  in t e r im  

However, s h o r t l y  



a f t e r  t h e  end of t h e  exposure, t h e  t r a n s f e r  ra te  jumped t o  72 l b / h r .  

least  p a r t  of t h i s  high rate was due t o  an unusual ly  h igh  (70%) fuel-pump 

l e v e l .  However, even a t  more moderate l e v e l s ,  t r a n s f e r  rates were i n  t h e  

range of 5 - 10 lb /h r .  

back t o  5 l b / h r  o r  less a t  normal l e v e l s .  

A t  

After about  48 hr more, t he  t r a n s f e r  rates were 

Fourth Beryll ium Exposure 

A f o u r t h  assembly con ta in ing  bery l l ium was exposed t o  s a l t  i n  t h e  pump 
bowl on November 21, 1968. The previous t h r e e  exposures had r e s u l t e d  i n  

t h e  depos i t i on  of  cons iderable  "crud" on the  pe r fo ra t ed  n i c k e l  c o n t a i n e r  

f o r  t he  bery l l ium rod.  Since it appeared t h a t  t h i s  was reduced co r ros ion  

products,  t h e  f o u r t h  assembly contained s e v e r a l  high-temperature  permanent 

magnets t o  c o l l e c t  any magnetic material t h a t  might form as t h e  bery l l ium 

d i s so lved .  The presence of the  magnets s u b s t a n t i a l l y  decreased t h e  be ry l -  

lium s u r f a c e  area i n  t h i s  assembly so t h a t  only about  1 g of bery l l ium d i s -  

so lved  i n  t h e  7-hr exposure.  The c i r c u l a t i n g  void  f r a c t i o n  decreased some- 

what dur ing  the exposure b u t  the  e f f e c t  was much less  pronounced than  i n  

ear l ier  exposures.  There was no d e t e c t a b l e  e f f e c t  on t h e  s a l t  t r a n s f e r  

rate, e i t h e r  dur ing  o r  a f t e r  the  exposure.  

was a t t racted t o  t h e  magnets. 

Only a small amount of material 

C om par i s on s 

I n  a l l  f o u r  bery l l ium exposures descr ibed  above, t h e r e  was some ef-  

f e c t  on the c i r c u l a t i n g  void f r a c t i o n  as i n d i c a t e d  by l e v e l  changes and/or 

r e a c t i v i t y  e f f e c t s .  However, t h e  e f f e c t s  were n o t  e n t i r e l y  reproducib le ,  

even q u a l i t a t i v e l y .  

t o  t he  es tab l i shment  of a high void  f r a c t i o n .  

appear,  some 2 hours a f t e r  t h e  s t a r t  of t h e  exposure, t h e r e  was no e v i -  

dence of a decrease  i n  t h e  vo id  f r a c t i o n ,  e i t h e r  dur ing  o r  a f t e r  t h e  ex- 

posure.  

f r a c t i o n  t o  decrease  while  bery l l ium was i n  c o n t a c t  wi th  t h e  s a l t  and t o  

r e t u r n  t o  t h e  h igher  va lue  a f te r  t h e  bery l l ium had been removed. During 

t h e  second exposure,  t h e  void  f r a c t i o n  was q u i t e  uns tab le ,  e x h i b i t i n g  

both  decreases  and  inc reases  while t h e  bery l l ium was present .  The 

The f i rs t  bery l l ium exposure appa ren t ly  con t r ibu ted  

Once these voids  began t o  

In  a l l  o t h e r  cases ,  t h e r e  was a t  l ea s t  a tendency f o r  the  void  
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i n s t a b i l i t y  appeared almost  immediately 
and stopped as soon as it was removed. 

upon i n s e r t i o n  of t h e  bery l l ium 

On t h e  t h i r d  exposure, t h e r e  was 

a 2-1/2-hr de lay  be fo re  t he  void  f r a c t i o n  s tar ted t o  decrease .  

no a d d i t i o n a l  i n s t a b i l i t i e s  were observed while  t he  bery l l ium was present .  

I n  add i t ion ,  t h e  response of t h e  void f r a c t i o n  t o  removal and t h e  r e i n s e r -  

t i o n  of t h e  bery l l ium rod  was immediate. The f o u r t h  exposure was appar- 

e n t l y  similar t o  t h e  t h i r d  b u t  t h e  e f f e c t s  were much smaller. 

However, 

We a l s o  observed t h a t  t h e  rate of s a l t  t r a n s f e r  t o  t h e  overflow t ank  

was abnormally h igh  f o r  as long as 100 h r  a f te r  some bery l l ium exposures,  

implying t h a t  t h e  bery l l ium produced some kind of abnormal cond i t ion  from 

which the  system recovered only very  s lowly.  

Power B l ips  i n  Run 17 

The observa t ions  descr ibed  so  far  i n  t h i s  chapter  were a l l  made i n  

Run 1.5 w i t h  t he  r e a c t o r  s u b c r i t i c a l  o r  a t  very low power. 

wi th  235 f u e l  was s tar ted w i t h  Run 17 i n  January,  1969. One of t he  more 

unusual  a s p e c t s  of t h e  e a r l y  power ope ra t ion  was the  appearance of small, 

p o s i t i v e  d i s tu rbances  i n  t he  nuc lear  power ( b l i p s ) .  The b l i p s  w i l l  be 

treated a t  l eng th  i n  another  repor t58  b u t  some d i scuss ion  i s  presented  

here  because of t h e  i n t e r r e l a t i o n  between b l i p s ,  c i r c u l a t i n g  voids  and 

bery l l ium exposures e 

Power ope ra t ion  

When f i r s t  observed, t h e  b l i p s  were occur r ing  wi th  an i r r e g u l a r  fre- 

quency of 10 t o  20 per hour.  
of 0.01 t o  0.02% Sk/k f o r  1 t o  40 seconds, r e s u l t i n g  i n  a temporary power 

inc rease  of 10 t o  15%. 
t i m e  and, by t h e  end of March 1969, they  could no longer  be d i s t i n g u i s h e d  

from t h e  continuous no i se  i n  t h e  neutron f l u x .  Although t h e  b l i p s  were 

no t  recognized u n t i l  January, when the  r e a c t o r  power ascens ion  had reached 

5 MW,  a d e t a i l e d  sea rch  of data r eco rds  r evea led  t h a t  d i s tu rbances  i n  o t h e r  

system parameters a s s o c i a t e d  wi th  t h e  b l i p s  began occurr ing  i n  September 

A t y p i c a l  b l i p  involved a r e a c t i v i t y  inc rease  

The s i z e  and frequency of t h e  b l i p s  decreased wi th  

58P. N. Haubenreich and J R e Engel,  R e a c t i v i t y  Disturbances ( "Blips") 
i n  the  MSRE, USAEC Report  ORNL-TM, Oak Ridge Nat iona l  Laboratory ( i n  
p repa ra t ion )  
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when t h e  high c i r c u l a t i n g  void f r a c t i o n  f i r s t  developed. 

t h e  t y p i c a l ,  small d i s tu rbances  i n  fuel-pump pressure  and l e v e l  and i n  t h e  

temperature  ind ica t ed  by TE-R52 t h a t  accompanied t h e  b l i p s .  

Since t h e  b l i p s  were a s s o c i a t e d  with c i r c u l a t i n g  voids  ( t h i s  was 

Figure  20 shows 

proved la ter  by running t h e  f u e l  pump a t  reduced speed t o  e l i m i n a t e  voids  

and b l i p s )  and t h e  voids  were a f f e c t e d  by t h e  presence of beryl l ium, the  

b l i p  behavior  was c a r e f u l l y  observed dur ing  a bery l l ium exposure made on 

January 24, 1969. The bery l l ium had t h e  expected e f f e c t  i n  reducing  t h e  

c i r c u l a t i n g  void f r a c t i o n  and, f o r  2-hr 20-min while  t h e  vo id  f r a c t i o n  was 

low, t h e r e  were no blips., A s  soon as t h e  bery l l ium was removed, t h e  void  

f r a c t i o n  increased  and t h e  b l i p s  r e tu rned .  F igure  2 1  shows two segments 

from t h e  r eco rd  of l i n e a r  nuc lear  power (as ind ica t ed  by a compensated ion  

chamber) be fo re  and dur ing  t h e  bery l l ium exposure.  

used t o  suppor t  l a t e r  conclusions about  bubbles  and b l i p s  

These observa t ions  were 

Other Redox Experiments 

Although t h e  power b l i p s  g radua l ly  disappeared dur ing  Run 17 and t h e  

void f r a c t i o n  became s t a b l e ,  a number of o t h e r  reduct ion-oxida t ion  e x p r i -  

ments were performed. 

inc luding  t h e  f i v e  bery l l ium exposures a l r e a d y  d iscussed .  These expe r i -  

ments had a v a r i e t y  of o b j e c t i v e s  which included the  e f f e c t s  of m i l d e r  re- 

ducing agents  ( C r  and Z r ) ,  observa t ion  of changes i n  i n t e r f a c i a l  t e n s i o n  
of the s a l t  w i t h  bery l l ium present ,  and the  e f f e c t  of t h e  s a l t  redox s ta te  

on f i s s ion -p roduc t  behavior  Since t h i s  r e p o r t  i s  concerned p r imar i ly  wi th  

spray,  m i s t ,  bubbles,  and foam, only those  a s p e c t s  of t h e  experiments w i l l  

be d iscussed ,  

t h e  amount of r educ t ion  o r  ox ida t ion ,  i n  gram-equivalents,  accomplished by 

each exposure.  The chemical e f f e c t s  of t h e s e  a c t i o n s  have been eva lua ted  

elsewhere e 59 

Table 3 summarizes a l l  t h e  t es t s  w i t h  23?J f u e l ,  

To provide a uniform basis f o r  comparison, Table 3 a l s o  l i s t s  

5~~ Program Semiannual Progr. Rept., ORNL-4396, Feb. 28, 1969, 
PP. 1-33 - 135. 
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ORNL-DWG 69-5373 

T 

Fig. 20. Recorder Chart Showing Nuclear Power, Fuel-Pump Pressure,  
Indicated Fuel-Pump Level and Thermocouple a t  Bottom of 
Access Plug During Blips 
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Table 3 

MSRE Redox Experiments wi th  23% Fuel  

Incremental  
Act ive Reduction 

Date Agent At ta ined  Nominal Purpose 

9/14/68 
10113- 14/68 
11/15 168 
11 /21/68 

1/29/69 
4/15,17/69 

5/8/69 
5/15/69 
5120169 

10/2/69 

10 /7- 8/69 
10 /21/69 
11/29/69 
12/9/69 
12/9/69 

1/24/69 

4/24-25/69 

9112- 26/69 

Be 

Be 

Be 
Be (4 
Be 
C r  

Z r  

Z r  

FeF2 

Be 
Be (b) 

Z r  (4 
Be (b) 

Be 
Nb 

Be 

Be 
Be (b) 

( gram 
equ iva len t s )  

2.24 
1.85 
2.08 
0.22 

1.90 
0.18 
0.89 
1.05 

1.26 

0.08 
0.56 

1.09 
<o .01 
1.55 
2.20 
0.67 

-0.64 

0.70 

Reduce some U4+ t o  U3 

Reduce some U* t o  U3 
Reduce some U4+ t o  U% 

Recover magnetic r educ t ion  products  

Reduce some U4+ t o  Us 

Observe e f f e c t s  of m i l d  r e d u c t a n t  

Observe e f f e c t s  of m i l d  r educ tan t  

Observe e f f e c t s  of m i l d  r educ tan t  

Oxidize some U3+ t o  U4+ 

Reduce some UM t o  U3 

Measure i n t e r f a c i a l  t ens ion  of f u e l  

S ix  Pu a d d i t i o n s  t o  f u e l  s a l t  

Measure i n t e r f a c i a l  t ens ion  of f u e l  

Reduce some Uet t o  Us 
Observe sa l t  wet t ing  c h a r a c t e r i s t i c s  

Reduce some U* t o  U* 

Reduce some U4+ t o  Us 

Measure i n t e r f a c i a l  t e n s i o n  of f u e l  

s a l t  wi th  Beo present  

s a l t  wi th  Beo present  

(a)Assembly conta ined  s e v e r a l  magnets f o r  purpose ind ica t ed .  

(b)Assenbly conta ined  a g r a p h i t e  body f o r  purpose ind ica t ed .  

(‘)F’resent as window covers  on N i  capsules .  
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With t h e  except ion  of t h e  two major zirconium exposures,  t h e r e  was 

no d i s c e r n i b l e  e f f e c t  on the  void behavior  i n  any of t h e  l as t  experiments.  

There may have been some decrease i n  t h e  void  f r a c t i o n  i n  t h e  pump bowl 

b u t  t h e  e f f e c t  d i d  not  c a r r y  over i n t o  t h e  c i r c u l a t i n g  loop. 

Within two hours a f te r  t h e  s t a r t  of t h e  f i r s t  zirconium exposure 

(4/15/69) t h e  c i r c u l a t i n g  void f r a c t i o n  began t o  decrease s i g n i f i c a n t l y  

and then  recovered t o  i t s  o r i g i n a l  va lue .  The e n t i r e  t r a n s i e n t  r e q u i r e d  

less than  1 h r  f o r  a decrease and recovery of 0 . 4  v o l  

Within 30 min af ter  t h i s  t r a n s i e n t ,  t h e  exposure was i n t e r r u p t e d  by an  

unscheduled d r a i n  of t h e  f u e l  sa l t  Pue t o  a l o c a l  e l e c t r i c  power outage) .  

The exposure was cont inued after t h e  l o o p  had been r e f i l l e d  b u t  t h i s  time 
t h e r e  was no d i s c e r n i b l e  e f f e c t .  The second zirconium exposure (4/24/69) 

began t o  a f f e c t  t h e  c i r c u l a t i n g  vo id  f r a c t i o n  wi th in  35 min; a decrease  of 

0.4 v o l  % occurred  and remained as long as t h e  zirconium was i n  t h e  sa l t .  

This  zirconium assembly was withdrawn once and r e i n s e r t e d  dur ing  t h e  ex- 

posure.  The c i r c u l a t i n g  void f r a c t i o n  responded promptly t o  both  ac t ions ,  

i n c r e a s i n g  when t h e  zirconium was removed and decreas ing  when it was r e i n -  

serted.  This  behavior  was similar t o  t h a t  observed i n  t h e  t h i r d  bery l l ium 

exposure desc r ibed  e a r l i e r .  

i n  vo id  f r a c t i o n .  

. 
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8. HYPOTHESES AND CONCIUSIONS 

Although t h e  primary purpose of t h i s  r e p o r t  i s  t o  record,  under one 

cover, t h e  observa t ions  and experience related t o  a p a r t i c u l a r  a s p e c t  of 

t h e  M S R E  opera t ion ,  some conclusions can be drawn about  t h e  mechanisms t h a t  

con t r ibu ted  t o  t h i s  experience 

f i r m  while  o t h e r s  must be regarded as hypotheses.  

Some of t h e s e  conclusions are r e l a t i v e l y  

It i s  c l e a r  from the  appearance of o b j e c t s  exposed i n  the  gas space 

i n  t h e  f u e l  pump t h a t  t h e r e  was a f a i r l y  high concent ra t ion  of m i s t  i n s i d e  

t h e  s h i e l d  around t h e  sampler cage., 

pump bowl, a l though it could hard ly  have been h igh  enough t o  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  observed t r a n s f e r  t o  the  overflow tank .  A small 

(perhaps s u r p r i s i n g l y  small) amount of t h e  m i s t  was drawn i n t o  t h e  of fgas  

l i n e  where it con t r ibu ted  t o  t h e  plugging near  t he  pump bowl. The problems 

engendered by t h e  m i s t  i n  t h e  MSRE pump were n o t  i n t o l e r a b l e ,  b u t  they  d i d  

i l l u s t r a t e  t h e  need f o r  e f f e c t i v e  m i s t  p r o t e c t i o n  i n  mol t en - sa l t  systems. 

It must have been h igher  ou t  i n  t h e  

The pump-bowl bubblers  i n d i c a t e d  r a t h e r  conclus ive ly  t h a t ,  whenever 

t h e  pump was running, f o r  s e v e r a l  inches below t h e  s u r f a c e  t h e r e  was a 

r eg ion  t h a t  conta ined  a high (up  t o  50 v o l  %) void  f r a c t i o n .  

void f r a c t i o n  appa ren t ly  r a i s e d  t h e  a c t u a l  s a l t  l e v e l  i n  t h e  pump bowl 

h igh  enough t o  cause some s p i l l - o v e r  i n t o  t h e  overflow l i n e ,  which probably 

accounted f o r  most of  t he  s a l t  t r a n s f e r  t o  t h e  overflow tank.  That only 

a small f r a c t i o n  of t h e  pump-bowl gas appeared i n  t h e  c i r c u l a t i n g  l o o p  as 

bubbles i s  due t o  t h e  f a c t  t h a t  t h e  normal pump speed was j u s t  below a 

s h a r p  th re sho ld  f o r  bubble inges t ion .  The gas i n g e s t i o n  and t h e  gene ra l  

behavior  of t h e  c i r c u l a t i n g  voids  are a l l  r e a d i l y  expla ined  by o rd ina ry  

hydrodynamic p r i n c i p l e s  provided t h a t  gas s o l u b i l i t y  e f f e c t s  are included.  

This  high 

The exp lana t ion  f o r  t h e  s h i f t  i n  t h e  c i r c u l a t i n g  void  f r a c t i o n  from 

a very small va lue  wi th  23% f u e l  t o  a h igher  va lue  wi th  23% f u e l  i s  

most l i k e l y  small d i f f e r e n c e s  i n  t h e  phys ica l  p r o p e r t i e s  of t he  two sal ts .  

We know t h a t  t h e  s a l t  d e n s i t i e s  were d i f f e r e n t ,  and small d i f f e r e n c e s  i n  

v i s c o s i t y  and s u r f a c e  t ens ion  would not  be s u r p r i s i n g .  Since t h e  t h r e s -  

hold f o r  bubble i n g e s t i o n  was very  s teep ,  only small d i f f e r e n c e s  would be 

r equ i r ed  t o  produce a pronounced e f f e c t  on t h e  void f r a c t i o n .  However, 
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i n  t h e  absence of p r e c i s e  phys ica l -proper ty  da ta ,  we can only specu la t e  

about  t he  s i g n i f i c a n c e  of such e f f e c t s .  

It appears  from the  va r ious  c o r r e l a t i o n s  t h a t  the  redox cond i t ion  

of t h e  s a l t  may have been a s i g n i f i c a n t  f a c t o r  i n  t h e  bubble behavior ,  

presumably through changes i n  su r face  t e n s i o n  and/or v i s c o s i t y .  

r ecogn i t ion  of t h e  p o s s i b i l i t y  of such a c o r r e l a t i o n  has l e d  t o  some 
s t u d i e s ,  a thorough understanding of t h i s  area has y e t  t o  be gained.  

Although 
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MATERIALS RECOVERED FROM FUEL RSMP BOWL 

Many of t h e  capsules  used f o r  special exposures i n  the  pump bowl were 
examined i n  d e t a i l  i n  ho t  c e l l s  a f t e r  t h e i r  recovery.  The p r i n c i p a l  f i n d -  

ings  of t h e s e  examinations have been r epor t ed  elsewhere 

t h e  wet t ing  of t h e  capsules  by t h e  l i q u i d ,  t h e  presence of f l o a t i n g  s o l i d s ,  

and i n d i c a t i o n s  on t h e  capsules  of s a l t  l e v e l  and foam a r e  c lues  t o  t h e  

cond i t ions  i n  t h e  pump bowl which a r e  t h e  s u b j e c t  of t h i s  r e p o r t ,  some 

p e r t i n e n t  information which i s  no t  f u l l y  descr ibed  elsewhere i s  presented  

i n  t h i s  s e c t i o n ,  

Inasmuch as 

During t h e  yea r s  of opera t ion  wi th  "5 f u e l ,  p r a c t i c a l l y  a l l  of t h e  

o b j e c t s  exposed i n  t h e  f u e l  pump came ou t  r e l a t i v e l y  c l ean  except  f o r  very 

l i g h t  depos i t s  of what appeared t o  be d r o p l e t s  of sa l t .  
capsules  used t o  expose bery l l ium were unusual ly  r a d i o a c t i v e  due t o  f i s s i o n  

product  depos i t i on  and some contained d e p o s i t s  h igh  i n  chromium b u t  t he  

ou t s ides  were r e l a t i v e l y  c l ean  i n  appearance.  

and 23% loading,  t h e  experience w i t h  ord inary  sample capsules  was similar, 

i n  t h a t  no unusual  d e p o s i t s  were observed, b u t  t h e  appearances of t h e  cap- 

s u l e s  used t o  expose reducing  agents  were markedly d i f f e r e n t .  

The pe r fo ra t ed  

After t h e  f u e l  process ing  

Figures  A - 1  through A-5  a r e  r e p r e s e n t a t i v e  of t h e  appearance of cages 

used f o r  bery l l ium exposures af ter  the  f u e l  processing and the  23% load-  

ing.  
and f o u r t h  exposures ( O c t .  13 and Nov. 21, 1968). 
depos i t s  on the ou t s ide  and Fig .  A-2 shows t h e  presence of a cons iderable  

amount of white  sa l t .  

w i t h  a covering of dark scum. 
r e l a t i v e l y  c lean ,  sugges t ing  t h a t  t h e y  were n o t  t o t a l l y  immersed i n  t h e  

s a l t .  

s a l t - g a s  i n t e r f a c e  was no t  s h a r p  and cons tan t ,  even i n s i d e  t h e  sampler 

s h r  oud . 

The f i rs t  two show o v e r a l l  views of t he  cages used f o r  t h e  second 

Both show very heavy 

I n  genera l ,  t h e  depos i t s  were predominantly s a l t  

The tops  of both of t h e s e  capsules  were 

However, t h e  absence of a d i s t i n c t  "water mark" i n d i c a t e s  t h a t  t h e  

'MSR Program Semiann. Progr. Rept.,  Feb. 28, 1969, ORNL-4396, pp. 133-135. 
%SR Program Semiann. Progr. Rept.,  Aug. 31, 1969, ORNL-4449, pp. 109-112. 

?MSR Program Semiann. Progr.  Rept.,  Aug. 31, 1967, ORNL-4191, pp. 110-115. 

. 
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The next  t h r e e  f i g u r e s  a r e  c loseup  views of t h r e e  bery l l ium cages.  

F igure  A - 3  shows the  i n s i d e  of t he  cage used i n  t h e  second be ry l l i um ex- 

posure. 

F ig .  A-4 was used f o r  t h e  t h i r d  bery l l ium exposure.  

shows t h e  white  s a l t  d e p o s i t  and the  over ly ing  scum. 

d i spe r s ion  of t he  s a l t  phase sugges ts  we t t ing  of t h e  n i c k e l  s u r f a c e  - a 

cond i t ion  t h a t  d i d  not  normally p r e v a i l .  

f o u r t h  bery l l ium exposure i s  shown i n  F ig .  A - 5 ,  The d e p o s i t s  on t h e  c a p  

sugges t  r e s i d u e s  from cruddy bubbles  t h a t  b u r s t  on t h e  s u r f a c e .  

The d e p o s i t  i s  a t  l eas t  as heavy as on the  o u t s i d e .  The cage i n  

This  view c l e a r l y  

The r e l a t i v e l y  smooth 

The t o p  of t h e  cage used f o r  t h e  

The d e p o s i t s  on t h e  cages were leached o f f  and analyzed chemical ly .  

Such ana lyses  confirmed t h a t  the  bulk of t h e  depos i t s  was f u e l  s a l t ,  b u t  

l a r g e  amounts of s t r u c t u r a l  metals were a l s o  found. 

p o s i t  on t h e  cage used f o r  t h e  f i r s t  bery l l ium exposure conta ined  8% N i ,  

0.1% C r ,  and 12% Fe. The r e l a t i v e  abundances tended t o  e l i m i n a t e  f o r e i g n  

materials (e.g.  s t a i n l e s s  s t ee l )  as sources  of t h e  metals. 

t h e  h igh  concen t r a t ions  of Fe and N i  suggested e i the r  t h a t  t h e  s a l t  was 

i n  an o f f - equ i l ib r ium redox s ta te  o r  t h a t  s i g n i f i c a n t  amounts of t h e  f ree  

metals were p resen t  i n  t h e  sal t .  

For example, t h e  de- 

I n  add i t ion ,  

Some c h a r a c t e r i s t i c  r e s u l t s  of a t tempts  t o  recover  f ree  m e t a l l i c  par- 

F igure  A-6  t i c l e s  from t h e  f u e l  s a l t  are shown i n  F igs .  A-6 through A-10. 

i s  t h e  r e s u l t  of t h e  f i rs t  a t tempt  us ing  a 1/2-in.-diam x &-in.  l ong  Alnico-V 

magnet i n  a copper capsule .  Although some magnetic material was t rapped  i n  

the  5-min exposure,  t h e  amount was no t  impressive,  probably less than  1 

gram. F igures  A-7 and A-8 are two views of another  a t t empt  s h o r t l y  a f t e r  

a bery l l ium exposure.  This  t i m e ,  somewhat more material was c o l l e c t e d  b u t  

t he  d i f f e r e n c e  was n o t  enough t o  be s i g n i f i c a n t .  

bo th  magnets and some bery l l ium was a l s o  exposed. 

was much l i k e  any o t h e r  bery l l ium exposure b u t  l i t t l e  magnetic material 
was c o l l e c t e d .  Another s t a c k  of s h o r t  magnets was exposed a t  t h e  s t a r t  

of Run 16, j u s t  a f t e r  t h e  loop  had been f i l l e d  b u t  p r i o r  t o  any s a l t  c i r -  

c u l a t i o n .  The presence of some magnetic p a r t i c l e s  (F ig .  A - 1 0 )  suggested 

t h a t  a t  least  some of t h i s  material was f l o a t i n g  on the  s a l t  su r face .  

A capsule  con ta in ing  

The r e s u l t  (Fig.  A-9) 

A s  i nd ica t ed  i n  the body of t h i s  r e p o r t ,  some r e l a t i v e l y  m i l d  re- 

ducing agen t s  were exposed t o  f u e l  salt  i n  t h e  pump bowl. F igures  A - 1 1  
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and A - 1 2  show a chromium rod  a f t e r  about 6 hour s '  exposure t o  t h e  s a l t .  

There was l i t t l e  a t t a c k  on t h e  C r  b u t  bo th  kinds o f  depos i t ,  s a l t  and crud, 

appeared. I n  t h i s  case ,  however, t h e  s a l t  appeared t o  be non-wetting. The 

f r a c t u r e d  s u r f a c e  i n  Fig.  A - 1 2  (broken as p a r t  of t h e  post-exposure exami- 

na t ion )  shows a b l a c k  d e p o s i t  on t h e  l a t e ra l  s u r f a c e s .  
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Fig. A-1. Nickel Cage from Second Beryllium Exposure i n  233tr Fuel S a l t  
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Fig.  A-2.  Nickel  Cage from Fourth Beryll ium Exposure i n  23?J Fuel  Salt 
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Fig.  A-3 .  I n s ide  of Nickel Cage from Second Beryll ium Exposure i n  23% Fue l  S a l t  
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Fig. A - 4 .  Side of Nickel  Cage from Third Beryllium Exposure i n  23% Fuel Salt  

8 
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Fig .  A-5.  Top of Nickel  Cage from Fourth Beryll ium Exposure i n  23% Fuel S a l t  
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Fig.  A-6.  M e t a l l i c  P a r t i c l e s  on Copper Capsule Used t o  Expose a Magnet i n  
235 me1 S a l t  

. 
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Fig. A-7.  Upper End of Magnet Capsule 



Fig. A-8. Upper End of Magnet Capsule Showing Collected Mater ia l  



92 

Fig. A-9.  Capsule Used t o  Expose Beryll ium and Magnets Simultaneously 
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Fig.  A-10. Capsule Containing Severa l  Short Magnets 
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Fig. A-11. Chromium Rod Exposed t o  23% Fuel Salt 
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Fig. A - 1 2 .  Cross Sec t ion  of Chromium Rod Showing Surface Deposi t  
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MSRE SALT DENSITIES 
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‘I 

A s  was expla ined  i n  Chapter 4, t h e  fuel-pump bubblers  could be used 

when the  pump was n o t  running t o  measure abso lu te  s a l t  d e n s i t i e s  and re- 

s u l t s  were obta ined  t h a t  compared favorably  wi th  those  produced by o t h e r  

methods. Table B-1  summarizes t h e  d e n s i t i e s  f o r  t h e  va r ious  salts  used 

i n  the  MSRE as determined by s e v e r a l  d i f f e r e n t  methods. Since only t h e  

bubbler -d i f fe rence  technique i s  descr ibed  i n  d e t a i l  i n  t h i s  r e p o r t ,  a 

b r i e f  d i scuss ion  i s  given below f o r  each of t h e  o the r  methods. 

S a l t  Charging 

The amounts of f l u s h  s a l t  and f u e l  c a r r i e r  s a l t  i n i t i a l l y  loaded i n t o  

t h e  MSRE were c a r e f u l l y  weighed dur ing  t h e  charg ing  opera t ion .  Since bo th  

sa l t s  were loaded i n t o  FD-2, it was poss ib l e  t o  use  t h e  two l e v e l  probes 

i n  t h a t  t a n k  as a volume measurement. The weight of s a l t  r equ i r ed  t o  f i l l  

t h e  space between t h e  probes (62.38 f t 3  a t  1200’F) was used t o  c a l c u l a t e  

t h e  s a l t  d e n s i t i e s .  
, 

F i l l  of Primary LOOP 

Afte r  t he  primary loop  was f i l l e d ,  t he  pressures  i n  the  f u e l  pump and 

d r a i n  t a n k  were balanced t o  hold a cons t an t  s a l t  l e v e l  while t h e  l o o p  d r a i n  

va lve  (FV-103) was f rozen .  
column of s a l t  - 25 f t  high  then  gave a measure of s a l t  dens i ty .  

The pressure  d i f f e r e n c e  r equ i r ed  t o  suppor t  a 

Addi t ion  of Molar Volumes’ 

E f f e c t i v e  molar volumes have been developed f o r  t h e  va r ious  pure com- 

ponents of molten f l u o r i d e  mixtures .  

component mol f r a c t i o n  and added t o  o b t a i n  mixture  d e n s i t i e s  a t  temperature .  

These volumes are weighted wi th  t h e  

b 

IS. Cantor,  Reac tor  Chem. Div. Ann. Progr.  Rept.,  December 31, 1965, 
USAEC Report  ORNL-3913, pp. 27 - 29. 
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Table B-1 

Dens i t i e s  of MSRE S a l t s  

Fue l  235u 233u 
S a l t  Mixture Carrier Flush Fuel  Fuel 

Method Densi ty  a t  1200°F ( l b / f t 3 )  

S a l t  Charging 140 e 5 124a 

F i l l  of Primary Loop 121  - 123 140 1-35 - 136 
Fuel  Pump Bubblers 126 - 128 145 - 1.47 141 - 143 
Molar Volumes 121  - 122 142 - 146' b 

Method of Mixtures 1 2 1  145 135 
Laboratory Measurement 124 146 5 

a This  method was a l s o  app l i ed  t o  t h e  coo lan t  sa l t  which has the  same 

bDens i t ies  ob ta ined  by t h i s  method are gene ra l ly  regarded  as the  most 

composition; a d e n s i t y  of 121.8 l b / f t 3  was obta ined  a t  1239°F. 

accura te ,  a t  l e a s t  i n  t h e  absence of d i r e c t  measurements. 

c 

A more r e c e n t  (2/25/69) c a l c u l a t i o n  us ing  b e t t e r  data gave C 

140 l b / f t 3 .  

. 
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Method of Mixtures 

This  method i s  based on an  e m p i r i c a l  c o r r e l a t i o n  between measured 

d e n s i t i e s  of l i q u i d  f l u o r i d e  mixtures  and c a l c u l a t e d  room-temperature 

d e n s i t i e s .  The room-temperature d e n s i t i e s  are obta ined  by a d d i t i o n  of 

a c t u a l  d e n s i t i e s  of t h e  pure s o l i d  components, weighted by t h e i r  mol 

f r a c t i o n s .  

Laboratory Measurements 

These are r e s u l t s  of d i r e c t  measurements made i n  t h e  l abora to ry3  

under c a r e f u l l y  c o n t r o l l e d  cond i t ions .  

Discussion 

Each of t h e  above approaches t o  dens i ty  eva lua t ion  has l i m i t a t i o n s  

which become apparent  when t h e  de ta i l s  of t h e  method are examined. 

ever ,  it i s  no t  our  purpose t o  eva lua te  o r  c r i t i c i z e  the  va r ious  methods. 

Nevertheless ,  t h e  table i l l u s t r a t e s  t h a t  t h e  h ighly  p rec i se  va lues  needed 

f o r  accu ra t e  inventory  c o n t r o l  were no t  r e a d i l y  a v a i l a b l e  dur ing  t h e  opera- 

t i o n  of t h e  MEBE. 

How- 

2S. I. Cohen and T. N. Jones,  A Summary of Densi ty  Measurements on 
Molten F luor ide  Mixtures and a C o r r e l a t i o n  f o r  P red ic t ing  Dens i t i e s  of 
F luo r ide  Mixtures,  USAEC Report  ORNL-1702, Oak Ridge Nat iona l  Laboratory,  
J u l y  1.9, 1954. 

Oak Ridge Nat iona l  Laboratory,  Dec. 31, 1965, pp. 50 - 51. 
3B. J. Sturm and R .  E .  Thoma, RCD AW, USAEC Report  ORNL-3913, 



. 
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