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EXPERIENCE W I T H  SODIUM F'LUOROBORATE CIRCULATION I N  AN 

MSRE-SCALE FACILITY 

A. N .  Smith 

ABSTRACT 

A e u t e c t i c  mixture of sodium f luoroborate  and sodium f luo r ide  w a s  
c i r cu la t ed  isothermally at a rate of about 800 gpm f o r  11,567 h r  i n  a 
4-in.-IFS Inconel t es t  loop as pa r t  of t h e  program t o  evaluate  t h e  
f luoroborate  sa l t  f o r  use as a secondary coolant f o r  t h e  Molten-Salt 
Breeder Reactor. Except f o r  b r i e f  periods a t  900, 1150, and 1275OF, 
t h e  bulk sal t  temperature w a s  cont ro l led  a t  1025°F. 
t h e  experiment w a s  t o  obta in  general  experience i n  t h e  handling and 
c i r c u l a t i o n  of t h e  f luoroborate  salts, with emphasis on t h e  pumping 
c h a r a c t e r i s t i c s  and on t h e  design and operat ion of t h e  gas system as 
it r e l a t e d  t o  handling BFs and cont ro l l ing  t h e  sa l t  composition. 

The objec t ive  of 

The tes t  r e s u l t s  indicat.ed (1) t h a t  water t e s t  da t a  may be used 
t o  p red ic t  t h e  performance of molten-sal t  pumps with t h e  f luoroborate  
salt, ( 2 )  t h a t  reliable performance may be obtained from systems 
handling BF3 gas i f  precautions are taken t o  exclude water and water- 
related impur i t ies ,  ( 3 )  t h a t  con t ro l  of t h e  salt  composition should 
not be a problem, and ( 4 )  t h a t  t h e  thermal conduct ivi ty  of t h e  gas 
phase above t h e  salt  sur face  may be used as an ind ica to r  f o r  monitoring 
t h e  salt composition. Preliminary tests w e r e  made t o  examine t h e  fea- 
s i b i l i t y  of pro tec t ing  r eac to r  heat  - t ransfer  sur faces  by p r e f e r e n t i a l  
deposi t ion of corrosion products i n  a cold t r a p .  
recommended i n  t h i s  a r ea .  The tes t  work ind ica ted  t h a t  flow r e s t r i c -  
t i o n s  i n  t h e  off-gas l i n e  can be el imicated by pretreatment of t h e  
salt t o  remove v o l a t i l e  impur i t ies  and by t h e  use of a hot-mist t r a p  
and a cold f i l t e r  i n  t h e  off-gas l i n e  a t  t h e  pump bowl o u t l e t .  

Further  work i s  

Additional work i s  needed t o  improve our understanding of t h e  ef-  
f e c t s  of cross-mixing between t h e  f luoroborate  salt and t h e  r eac to r  
f u e l  salt  and t h e  nature  and p rope r t i e s  of t h e  a c i d  impur i t ies  i n  t h e  
f luoroborate  sa l t .  

Key words: r eac to r s ,  secondary coolants ,  sodium f luoroborate ,  
fused salts, boron t r i f l u o r i d e ,  coolant loops,  Molten-Salt Reactor 
Experiment, molten-sal t  pumps. 
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1. INTRODLCTION 

A s  cur ren t ly  conceived, molten-salt  breeder  r e a c t o r  (MSBR) systems 

requi re  t h e  c i r cu la t ion  of a secondary coolant salt t o  t r a n s f e r  t h e  nu- 

c l e a r  heat  from t h e  f u e l  salt  t o  t h e  steam generator  i n  t h e  power con- 

vers ion (Rankine cycle)  system (see Fig.  1). A mixture of l i th ium and 

beryll ium f luo r ides  w a s  used as t h e  secondary coolant i n  t h e  Molten-Salt 

Reactor Experiment (MSRE), and t h e  performance of t h i s  salt  ind ica t e s  

t h a t  it i s  s u i t a b l e  f o r  bISBR use.  me main disadvantages of i t s  use are 

high cost  (about $12/lb) and r e l a t i v e l y  high melting point  (850°F). 
Another material, a sodium fluoroborate-sodium f luo r ide  e u t e c t i c  mixture 

[ NaBF, -NaF (92-8 mole $)I, has evoked i n t e r e s t  because it cos t s  less 

(about 4% of t h e  cos t  of t h e  Li-Be sa l t )  and because i t s  melting point  

(725’F) i s  low enough t o  minimize t h e  p robab i l i t y  of salt f reez ing  i n  

the steam generat0rs . l  

A n  extensive program has been under way a t  ORNL t o  qua l i fy  t h e  f luo-  

roborate  salt  f o r  use as t h e  secondary coolant for MSBR serv ice .  I n  

addi t ion  t o  s tud ie s  of bas i c  phjrsical p roper t ies ,  engineering proper t ies ,  

and materials compatibi l i ty ,  t h e  program o r i g i n a l l y  c a l l e d  f o r  t e s t i n g  

t h e  f luoroborate  sa l t  mixture i n  t h e  FSRE coolant system under r eac to r  

opera5ing condi t ions.  To he lp  us determine design and opera t iona l  changes 

t h a t  would be needed at t h e  bERE f o r  t h e  coolant tes t ,  it w a s  decided t o  

make a preliminary tes t  i n  an e x i s t i n g  isothermal pump tes t  stand, which 

w a s  capable of operat ing a t  t h e  flow rate (850 gpm) and temperature (1000 

t o  1200°F) of t h e  EERE. 

Conceptual work s t a r t e d  i n  June 1967; i n i t i a l  loop operat ion s t a r t e d  i n  

Mach 1968, and t h e  t es t  work extended through June 1970. 
preliminary tes t  w a s  under way, a program change r e s u l t e d  i n  t h e  cancel-  

l a t i o n  of p l a m  t o  use t h e  f luoroborate  salt  i n  t h e  MSRE coolant system. 

Consequently, t h e  work reported here  represents  t h e  cur ren t  t o t a l  expe- 

r ience  with t h e  c i r c u l a t i o n  of fluoro-Porate salt  i n  an MSRE-scale fa- 

c i l i t y .  

This r epor t  descr ikes  t h i s  preliminary t e s t .  

After t h e  
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2 .  TEST OBJECTIVES 

When t h e  fluoroborate* sal t  i s  heated above i t s  melting poin t ,  it 
-.t 

d i s soc ia t e s  i n  accordance with t h e  equat ion NaBF4 + NaF + BF,. The de- 

gree of d i s soc ia t ion  and t h e  r e s u l t i n g  p a r t i a l  pressure of BF, over t h e  

melt i s  a funct ion of t h e  temperature (see Appendix A, Sect .  A.2). 
1025°F t h e  equi l ibr ium BF, decomposition pressure i s  1 . 4  ps ia ;  at  l150°F, 

which i s  t h e  design temperature a t  t h e  coolant pump i n l e t  f o r  t h e  MSBR, 

t h e  BF3 decomposition pressure i s  4.9 p s i a  o r  one-third of atmosphere. 

By way of con t r a s t  t h e  Li-Be coolant salt  at  1025°F has a vapor pressure 

of about 4 x 
which operated a t  a t o t a l  overpressure of 20 ps i a ,  t h e  pump bowl gas 

space and t h e  assoc ia ted  off-gas  stream would Tontain from 7 t o  25% BF, , 
depending on t h e  temperature a t  t h e  sa l t -gas  i n t e r f a c e .  

s i g n i f i c a n t  partial  pressure of BF, suggested the  p o s s i b i l i t y  of problems 

i n  t h e  con t ro l  of sa l t  composit,ion, i n  pump operat ion,  and i n  t h e  opera- 

t i o n  of t h e  cover-gas system. 

t h e  f irst  attempt t o  c i r c u l a t e  molten f luoroborate  salt  i n  la rge-sca le  

equipment, and it appeared l i k e l y  t h a t  some unforeseen problem might arise. 

Therefore, t h e  o r i g i n a l  ob jec t ives  of t h e  sodium f luorobora te  c i r c u l a t i n g  

tes t  loop can be summarized as i'ollows: 

A t  

p s i a .  I n  a system such as t h e  MSRE coolant system, 

This r a t h e r  

I n  addi t ion ,  so f a r  as we know, t h i s  w a s  

1. Examine t h e  pumping c h a r a c t e r i s t i c s .  Compare head-flow da ta  

with similar d a t a  f o r  t h e  Li-Se sa l t .  Determine minimum overpressures 

necessary t o  suppress cav i t a t ion .  

2 .  Determine what problems might be involved i n  monitoring and con- 

t r o l l i n g  t h e  composition of t'ne sa l t .  

3. Accumulate experience i n  t h e  operat ion of a f luorobora te  c i rcu-  

l a t i o n  system. 

t i o n ,  salt  sampling, and t h e  handling and con t ro l  of gases containing 

BF,. I n  general ,  make note of anything t h a t  might be use fu l  i n  t h e  de- 

s ign  or operat ion of a f luoroborate  system. 

I n  p a r t i c u l a r ,  make observations on freeze valve opera- 

*Unless otherwise ind ica ted ,  t h e  terms f luorobora te  or sodium 
f luorobora te  w i l l  be used he re in  t o  designate  t h e  NaBF4-NaF (92-8 
mole $) e u t e c t i c  mixture. 

c 
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W After  t h e  t es t  work w a s  under way, two o ther  items assumed s u f f i c i e n t  

importance t o  warrant designat ion as a major ob jec t ive .  

4. Examine t h e  p o s s i b i l i t y  of preventing undesirable  accumulations 

of corrosion products (such as on hea t  exchanger sur faces)  by providing 

f o r  p r e f e r e n t i a l  deposi t ion i n  a cold t r a p .  

5. Determine t h e  nature  of m i s t s  and vapors discharged from t h e  

pump bowl vapor space i n t o  t h e  off-gas l i n e .  

f i l t e r s ,  or other  devices t h a t  w i l l  manage these  materials s o  as t o  mini- 

mize flow r e s t r i c t i o n s  and foul ing  of con t ro l  valve t r i m  i n  t h e  off-gas 

system. 

Develop separa tors ,  t r a p s ,  

3 .  SUMJMARY OF TEST RESULTS 

3.1 General 

The test  work produced no evidence of any engineering problem t h a t  

would preclude t h e  use of NaBF,-NaF e u t e c t i c  as a secondary coolant f o r  

molten-salt  r eac to r  systems. 

3.2 Pumping Charac te r i s t i c s  

The r e s u l t s  of hydraul ic  performance and c a v i t a t i o n  tests ind ica t e  

t h a t  head-flow and c a v i t a t i o n  c h a r a c t e r i s t i c s  using f luoroborate  s a l t  

should be predic tab le  from water t e s t  data taken with s i m i l a r  pumps. 

Cavi ta t ion incept ion  pressures  f o r  a f lush ing  batch of salt were 7 t o  

16% higher  than  s i m i l a r  data f o r  a clean ba tch  of sa l t .  

a t t r i b u t e d  t o  an increase  i n  BF, p a r t i a l  pressure r e s u l t i n g  from contami- 

na t ion  of t h e  f lush ing  salt by t h e  r e s i d u a l  MSRE-type (Li-Be-U-Th) salt  

remaining i n  t h e  loop from p r i o r  t e s t  work. 

This e f f e c t  was  

3.3 Control of t h e  S a l t  Composition 

E f f o r t s  t o  eva lua te  methods for composition con t ro l  w e r e  hampered 

by our i n a b i l i t y  t o  determine t h e  composition of t h e  sal t  with s u f f i -  

c i en t  accuracy and prec is ion .  However, a f t e r  due considerat ion of t h e  



6 - t es t  data, we be l ieve  t h a t  t h e  composition of +,he salt  remained e s s e n t i a l l y  

constant over t h e  11,000-hr per iod of c i r cu la t ion ,  and we f u r t h e r  conclude 

from t h i s  t h a t  t h e  use of a BF, overpressure system w a s  successful  as a 

composition cont ro i  method. O f  techniques considered f o r  monitoring t h e  

salt composition, t h e  t es t  work ind ica ted  t h a t  t h e  off-gas  thermal conduc- 

t i v i t y  method i s  f e a s i b l e  and t h a t  chemical ana lys i s  of salt samples by 

use of c w r e n t l y  ava i l ab le  techniques i s  unsa t i s fac tory .  

3.4 Ccntrolled Deposition of Corrosion Products 

Data w e r e  obtained on t h e  r e l a t i v e  s i z e  and chemical composition of 

deposi ts  formed on a "cold fir,ger" which w a s  i n s e r t e d  beneath t h e  surface 

of t h e  salt  pool i n  t h e  pump bowl. The u l t imate  objec t ive  w a s  t o  de te r -  

mine i f  cold t rapping  could be used i r ? _  r e ac to r  secondary coolant systems 

t o  con t ro l  corrosion p r o d x t  cozcentrat ions and thus t o  i n h i b i t  t he  f o r -  

mation o f ' ha rxPd  deposi5s o ~ :  C,ke steam generator  hea t  t r a n s f e r  sur faces .  

However, t h e  t e s t  r e s u l t s  were t o o  meager t o  permit any meaningful con- 

c 1 ~ s  ions . 

3.5 Analysis acd Correction of' Res t r i c t ions  on t h e  
Gff-Gas System 

Ir_itial operations w e r e  character ized by flow r e s t r i c t i o n s  i n  t h e  

off-gas l ice .  %-e t r o - i d e  w a s  t r a c e d  t o  a mixture of materiais (sal t  

xists,  ac:ds, metal ror ros icn  products) c a r r i e d  from t h e  pump bowl by 

a purge-gas stream and deposited i n  ucdesirable  places  by condensation 

and/or g rav i ty .  

a properly designed system of t r a p s  acd f i l t e rs  i n  t h e  off-gas l i n e  a t  

t h e  pm1p bowl outle', . Also t h e  problem may be ameliorated by p r e t r e a t -  

ment of t h e  salt  t o  minimize i n p u r i t i s s  and by designing t h e  pump s o  as 

t o  minimize formation of salt  m i s t  i n  t h e  p m p  bowl gas space. 

Test resf i ts  Cndicate t h e  problem can be cont ro l led  by 

3.6 Miscellaneous Observations 

Handling and c i rcu la . t ion  of t h e  f luorokorate  salt, were accomplished 

without d i f f i c u l t y  using rout ine  molten-salt  handling techniques.  An 
I 
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inc ident  involving leakage of salt  t o  t h e  atmosphere dramatized t h e  

e s s e n t i a l  l ack  of secondary e f f e c t s .  

l eak - t igh t  system f o r  handling BF, was confirmed. The performance of t h e  

salt  freeze valve and of var ious instruments f o r  measuring pressure and 

flow i n  both t h e  salt  and gas systems appeared t o  be r e l i a b l e  and adequate. 

The importance of providing a clean, 

4 .  DESCRIPTION OF TEST FACILITY 

4 .1  General 

The tes t  work w a s  done i n  an e x i s t i n g  f a c i l i t y  t h a t  w a s  modified t o  

meet t h e  requirements of t h e  f luoroborate  t es t .  The f a c i l i t y  w a s  con- 

s t r u c t e d  i n  1956 and w a s  operated f o r  many thousands of hours c i r c u l a t i n g  

NaK i n  order t o  obtain performance da ta  on model PKP pumps f o r  t h e  A i r -  

c r a f t  Reactor T e s t  (ART). 

Molten-Salt Reactor Program and between 1962 and 1966 w a s  operated f o r  

more than  17,000 h r  i n  t h e  c i r c u l a t i o n  of molten-fluoride salts  of t h e  

type (Li-Be-U-Th) used i n  t h e  MSRE. Changes made p r i o r  t o  t h e  s tar t  of 

t h e  f luoroborate  t e s t  included provis ions t o  obta in  salt  samples, r e v i -  

s ions  t o  t h e  purge- and off-gas systems t o  provide proper equipment f o r  

handling BF, gas, r ev i s ion  t o  t h e  d ra in  l i n e  f r eeze  valve t o  b e t t e r  

simulate t h e  MSRE i n s t a l l a t i o n ,  and rev is ions  t o  t h e  containment and 

v e n t i l a t i o n  systems t o  insure  proper containment and d isposa l  of any 

vapors t h a t  might acc iden ta l ly  l eak  from t h e  loop. 

l e m s  t h a t  arose during t h e  course of t h e  f luoroborate  t es t  work, t h e  

BF3 feed system w a s  modified, and miscellaneous rev is ions  were made i n  

t h e  purge- and off-gas systems pr imari ly  t o  cope with flow r e s t r i c t i o n  

problems. For design d e t a i l s  of t h e  complete f a c i l i t y  see t h e  drawings 

l i s t e d  i n  Appendix B.  

I n  1962 t h e  f a c i l i t y  w a s  reassigned t o  t h e  

As a r e s u l t  of prob- 

4.2 S a l t  Piping and Components 

The sal t  piping i s  shown i n  s impl i f i ed  o u t l i n e  i n  Fig.  2 .  The pump 

and piping w e r e  f ab r i ca t ed  from Inconel.  

except f o r  about 4 f t  of 3 1/2- in .  IPS at t h e  pump discharge.  

The pipe s i z e  w a s  4 i n .  IPS 

The pump 
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?ig. 2. Sirnplifieci schematic of  f luoroborate  c i r c u l a t i o n  loop. 
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w a s  loca ted  a t  t h e  point  of m a x i m u m  e leva t ion .  From t h e  pump discharge 

t h e  salt  flowed i n  order through an upper hor izonta l  sec t ion ,  a v e r t i -  

c a l l y  or ien ted  180" r e t u r n  bend, a lower ho r i zon ta l  sec t ion ,  a ven tu r i  

element, and a t h r o t t l e  valve.  From t h e  valve,  which w a s  a t  t h e  poin t  

of minimum e leva t ion ,  t h e  flow proceeded d i r e c t l y  upward about 3 f t  t o  

t h e  pump suc t ion .  Each hor izonta l  s ec t ion  w a s  about 16 f t  long and w a s  

pi tched s l i g h t l y  t o  f a c i l i t a t e  draining of t h e  loop. An 8-ft3 Inconel 

d ra in  tank served as s torage  space f o r  t h e  sa l t  inventory when t h e  fa- 

c i l i t y  w a s  not i n  operat ion.  

d ip  l e g  i n  t h e  d ra in  tank t o  t h e  bottom of t h e  t h r o t t l e  valve housing 

i n  t h e  loop.  Transfer  of salt  w a s  accomplished by means of gas pressure,  

and a freeze valve (see Sect ion 6 .4)  w a s  provided t o  i s o l a t e  t h e  d ra in  

tank from t h e  loop.  

t r y .  

A 3/4-in.-IPS d ra in  l i n e  connected t h e  

Table 1 l i s t s  p r inc ipa l  d a t a  r e l a t i n g  t o  loop geome- 

The pump, designated as model PKP, i s  a forerunner of t h e  pumps used 

i n  t h e  MSRE f u e l  and coolant systems. It i s  a cen t r i fuga l  sump pump with 

i n t e g r a l  pump tank and v e r t i c a l  s h a f t  (F ig .  3 ) .  
t e s t  work t h e  pump speed w a s  1800 rpm. The upper e x t e r i o r  surface of t h e  

impel ler  i s  equipped with r i b s  which func t ion  t o  con t ro l  t h e  rate of leak- 

age ( founta in  flow) from t h e  volu te  i n t o  t h e  pump tank by way of t h e  upper 

s h a f t  seal.2 

cav i ty  from excess temperature.  A forced-c i rcu la t ion  o i l  system l u b r i c a t e s  

t h e  bear ings and cools t h e  thermal s h i e l d .  

During t h e  f luoroborate  

Baffles and a thermal s h i e l d  serve t o  p ro tec t  t h e  bear ing 

The shaft o i l  seal i s  a metal-graphite r o t a t i n g  mechanical seal. Of1 

A t o p  h a t  o r  t h a t  l eaks  pas t  t h e  seal dra ins  i n t o  a catch bas in  (F ig .  4 ) .  
dam i s  provided t o  minimize t h e  tendency f o r  leakage o i l  t o  flow down t h e  

pump s h a f t  t o  t h e  pump bowl. 

argon) serves as a s h a f t  purge. 

i n t o  two streams. 

t h e  s h a f t  i n t o  t h e  pump bowl vapor space, serving t o  i n h i b i t  back d i f fus ion  

of pump bowl vapors. The remaining por t ion  of t h e  purge gas flows up t h e  

sha f t  over t h e  r o t a t i n g  seal and through t h e  o i l  catch bas in .  The piping 

i s  arranged s o  t h a t  most of t h e  accumulated o i l  i s  forced out of t h e  catch 

bas in  with t h e  gas stream and i n t o  an o i l  catch tank f u r t h e r  downstream. 

A continuous flow of i n e r t  gas (helium or 

A t  t h e  s h a f t  annulus t h e  flow i s  s p l i t  

One stream, equal t o  about 90% of t h e  t o t a l ,  flows down 
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F i g .  4. Schematic diagram of shaft purge system on PKP pump. 
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The gas pressure i n  t h e  bear ing cav i ty  is  cont ro l led  a t  1.150 2 p s i  above 

t h e  pump bowl pressure s o  t h a t  o i l  seal leakage flows i n t o  t h e  catch 

bas in .  

Table 1. Descript ive d a t a  on f luoroborate  c i r c u l a t i o n  loop 

Ci rcu la t ing  Pump Total 
loop tank 

_ ~ _ _ ~  ~ ~ 

S a l t  volume, f t3 

S a l t  mass, l b  

Gas volume," ft3 

Surface area of wetted metal, f t 2 .  

Free sur face  of sa l t ,  f t 2  

Length of piping, f t  

Linear ve loc i ty  of s a l t  at  800 gpm, fps  

Typical Reynolds number a t  1025 "F 

4.1 0.5 4.6 

476 58 5 34 

50 4 54 
0 3 3 
40 40 
20 

0 1 . 2  1 . 2  

7.7 x io5 
~~~~ ~ 

Assuming salt l e v e l  a t  2 i n .  above volu te  midplane. a 

4.3 S a l t  Sampling Device 

S a l t  samples were obtained by dipping a copper bucket i n t o  t h e  salt  

ir, t h e  pump bowl. Although t h e  pump bowl inventory w a s  not i n  t h e  main 

c i r c u l a t i n g  stream, t h e  leakage through t h e  pump s h a f t  l aby r in th  (foun- 

t a i n  flow) w a s  es t imated t o  be enough t o  cause a complete interchange 

with t h e  c i r c u l a t i n g  inventory every 2 min, and s o  t h e  salt  samples were 

assumed t o  be representa t ive  of t h e  material i n  t h e  c i r c u l a t i n g  stream. 

The sample tubes were hydrogen f i r e d  before use t o  remove oxide sca l e ,  

and a s p e c i a l  pipe housing w a s  provided t o  prevent contact  with air  be- 

f o r e  and during t h e  sampling process.  The sampling procedure w a s  as 

foll.ows: 

on t h e  pump bowl sample access p ipe .  The sample u n i t  b a l l  valve w a s  

opened, and t h e  sample u n i t  and nipple  were purged and evacuated t o  re- 

move w e t  a i r  and then were pressur ized  t o  about 2 p s i  above t h e  pump 

The sample device (F ig .  5 )  was screwed onto t h e  pipe nipple  

I 

I 



. 

ORNL DWG 72-?076 

7 
SAMPLE STICK, -- 

\ 

ENDS OF PI I 

V4-in - O D  Cu TUBE 
_---- 

ENDS OF 
TUBES 
SEALED 

g3? X 1/2-m SLOT 4'n. 
2'/2 in 

TUBES 
SEALED 3/8-1n -OD Cu TUBE 
OFF -. 

SAMPLE VOLUME 3 cm3 

SAMPLE WEIGHT 5 G g  

.-.- ?EFLON SLIDING SEAL 

% PROTECTIVE HOUSING 

PURGE 

PUMP TANK BALL VALVE Yf 
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bowl pressure.  

tube in se r t ed  u n t i l  t h e  bucket bottomed i n  t h e  pump tank .  

s e r t i o n  per iod of 10 t o  15  sec,  t h e  sample bucket w a s  withdrawn i n t o  t h e  

p ro tec t ive  housing, and t h e  pump tank b a l l  valve w a s  c losed.  

cooldown period of a t  least 1.5 min, t h e  sample bucket w a s  removed from 

i t s  pro tec t ive  pipe housing, cu t  loose  from t h e  1/4- in .  copper tube  ex- 
tens ion  rod, and placed i n  a sample jar t h a t  had been f lushed  with argon 

t o  remove excess w e t  air .  

The pump bowl b a l l  valve was then  opened and t h e  sample 

Af te r  an i n -  

After a 

4 .4  Heating and Controlled Vent i la t ion  

The loop w a s  heated with Calrod hea ters  appl ied  t o  bare  pipe and 

ceramic hea te r s  i n s t a l l e d  on t h e  pump tank,  d ra in  tank,  and a i r  cool ing 

shrouds. The hea te r  input  w a s  cont ro l led  by manually ad jus ted  Variacs.  

The c i r c u l a t i n g  salt was cooled by using t h e  suc t ion  of t h e  v e n t i l a t i o n  

blower t o  d r a w  a cont ro l led  flow of a i r  through annul i  formed on por t ions  

of each ho r i zon ta l  s ec t ion  of t h e  piping (F ig .  6 ) .  
por t ion  of  t h e  pump, t h e  loop proper w a s  completely enclosed i n  shee t  

metal. The blower w a s  used t o  maintain a s l i g h t  negat ive pressure i n  

t h e  enclosure,  s o  t h a t  any gas leakage from t h e  loop would be d i l u t e d  

with a i r  and discharged from t h e  s t ack  on t h e  roo f .  

temperature w a s  maintained by balancing t h e  power suppl ied by t h e  pump 

and by t h e  r e s i s t ance  hea te r s  aga ins t  t h e  power removed by loss t o  t h e  

sur rowdings  and by t h e  cooling a i r .  

Except for t h e  t o p  

The loop operat ing 

4.5 Gas System Design 

Gas input  w a s  constant  and w a s  made up of t h r e e  separa te  streams 

(1) t h e  s h a f t  purge, normally about 950 c$/min of helium, (F ig .  7 ) :  
whose funct ion w a s  t o  i n h i b i t  d i f fus ion  of pump bowl vapors i n t o  t h e  

bear ing cavi ty;  ( 2 )  t h e  instrument l i n e  purge, about 230 c$/min of 

helium, which maintained a continuous sweep of purge gas through t h e  

l i n e  t h a t  w a s  used t o  sense pump bowl pressure and a l s o  served as t h e  

vapor phase t a p  f o r  t h e  salt  l e v e l  ind ica tor ;  and (3 )  t h e  mixed-gas 
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Fig .  6. Loop v e n t i l a t i o n  and temperature  c o n t r o l .  
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feed,  about 370 cn?/min of helium plus  BF, , which provided t h e  necessary 

BF, feed t o  t h e  pump bowl and a l s o  served as t h e  high s ide  t a p  f o r  t h e  

salt l e v e l  i nd ica to r .  

cn? /min. 

flow w a s  var ied  accordingly,  and t h e  helium was adjus ted  t o  keep t h e  

t o t a l  mixed-gas flow at  370 crr?/min. 

The BF, flow requi red  f o r  1025°F operat ion w a s  50 

When t h e  loop w a s  operated at o ther  sa l t  temperatures,  t h e  BF, 

There were two e f f l u e n t  gas streams from t h e  system. One w a s  a 

s m a l l  f r a c t i o n  of t h e  s h a f t  purge, about 100 c$/min, which flowed up 

t h e  s h a f t  and served t o  keep o i l  leakage swept out of t h e  pump. This 

f l o w  w a s  con t ro l l ed  a t  a constant  value.  The o ther  e f f l u e n t ,  t h e  main 

off-gas stream, cons is ted  of  t h e  remainder of t h e  s h a f t  purge and t h e  

other  gas flows t h a t  en tered  t h e  pump bowl vapor space.  The flow rate 

i n  t h e  main off-gas stream w a s  dependent on t h e  pump bowl pressure con- 

trol .  valve,  which operated t o  keep t h e  pump bowl gas overpressure at t h e  

des i red  set po in t .  Since t h e  other  gas flows were constant ,  when t h e  

system w a s  at s teady state t h e  off-gas  flow w a s  constant  and equal t o  

t h e  t o t a l  input  minus t h e  lower seal purge f l o w .  

B a l l  valves  with packed s t e m  seals were used i n  t h e  sal t  sample 

access l i n e  t o  permit passage of t h e  sample tubes and t h e  cold-f inger  

assembly. The experimental t r a p s  and f i l t e r s  i n  t h e  off-gas l i n e  a l s o  

were equipped with ba l l - type  i s o l a t i o n  valves  because t h e  s t r a i g h t -  

through flow path minimized t h e  tendency for salt  p a r t i c l e s  and o ther  

contaminants t o  c o l l e c t  i n  t h e  va lves .  Otherwise, t h e  gas system w a s  

equipped with globe-type valves  t h a t  had packed s t e m  seals i n  e x i s t i n g  

areas and with some f e w  exceptions demountable bellows stem seals i n  

newly i n s t a l l e d  areas. 

spring-loaded poppet type .  

or Teflon, although i n  some cases s t a i n l e s s  steel  valves  were s u b s t i t u t e d  

because of a v a i l a b i l i t y .  End connections were 1/4-in.-OD tubing or 1 /4  i n .  

IPS, except where l a r g e r  s izes  were d i c t a t e d  by s p e c i f i c  operat ing requi re -  

ments. A l l  valves  w e r e  s e l ec t ed  from ex i s t ing ,  commercially ava i l ab le  

models. 

Check valves  and relief valves  were of t h e  

Body ma te r i a l  w a s  brass and t r i m  w a s  brass 



4.6, BF, Disposal 

The loop w a s  operated f o r  t h e  most p a r t  with t h e  salt  temperature 

at 1025°F and t h e  t o t a l  overpressure a t  38.7 p s i a .  A t  lO25"F, t he  BF, 
p a r t i a l  pressure i s  1.35 p s i ,  and so t h e  BF, concentrat ion i n  t h e  o f f -  

gas stream was about 3.5% by volume. 

pressure cont ro l  valve, t h e  off-gas stream w a s  passed through a mineral- 

o i l  bubbler t o  i n h i b i t  back d i f fus ion  of moisture.  The gas stream w a s  

then vented i n t o  t h e  12-in.  suc t ion  l i n e  t o  t h e  s tack  blower. The o f f -  

gas flow rate w a s  1 . 5  l i t e r s / n i n ,  and t h e  blower flow w a s  2500 cfm; s o  

t h e  concentration of BF, i n  t h e  s tack  w a s  (1.5/28.3)(0.035/2500), or 0.7 
ppm. Dilut ion Icy t h e  atmosphere probably reduced t h e  concentrat ion by a 

f a c t o r  of 100, s o  t h i s  method of disposing of t h e  BF, kept t h e  atmospheric 

concentration w e l l  below t h e  continuous exposure l i m i t  of 1 ppm. 

A f t e r  passing through t h e  loop 

4.7 Instrument and Controls 

Approximately 32 sheathed Chronel-Alumel thermocouples were provided 

on t h e  sal t  system t o  monitor t h e  salt  temperature.  One thermocouple w e l l  

w a s  immersed i n  t h e  salt  i n  t h e  pump bowl and another w a s  i n s t a l l e d  i n  t h e  

d r a b  tank; a l l  other  thermocouples were s t rapped t o  sur faces  of piping 

and components. 

which use a f l e x i b l e  thin-metal  diaphragm and an NaK-filled t ransmission 

l i n e  t o  r e l a y  pressure impulses t o  a remote r ece ive r .  S a l t  flow w a s  i n d i -  

cated by t h e  OP across  a fu l l - f low .Jenturi, and t h e  AP was measured by t h e  

d i f fe rence  i n  reading between a FT a t  t h e  ven tu r i  i n l e t  and another a t  t h e  

ventur i  t h r o a t .  S a l t  flow could be var ied  ketween 400 and 1000 gpm by ad- 

j u s t ing  t h e  t h r o t t l e  valve.  A metal kellows w a s  used f o r  t h e  s t e m  seal on 

t h e  salt valve,  and an actomatic gas-pressurizing system w a s  connected t o  

a chamber surrounding t h e  bellows t o  insure  t h a t  t h e  d i f fe rence  i n  pres-  

sure across  t h e  bellows w a s  always cont ro l led  wi th in  acceptable  l i m i t s .  

Spark plug probes were provided i n  t h e  pump bowl and d ra in  tank  f o r  s i n g l e  

point  i nd ica t ion  of salt  l e v e l .  

w a s  provided i n  t h e  pump bowl f o r  continuous sal t  l e v e l  i nd ica t ion  over a 

range of 10.75 i n .  

b r i e f l y  f o r  salt  l e v e l  i nd ica t ion  (see Sec t .  6 .6 ) .  

S a l t  pressure w a s  measured by pressure t r ansmi t t e r s  (FT), 

A gas bubbler tube,  mentioned earlier, 

A high-frequency conductance probe w a s  used very 

t 



Pressure gages with s i lver -so ldered  phosphor-bronze Bourdon tubes 

were used f o r  gas l i n e s  containing BF,. The pressure t r ansmi t t e r s  f o r  

BF, flow and salt l e v e l  had wetted p a r t s  of s t a i n l e s s  s tee l  o r  Teflon. 

The 0- t o  50-psig pump bowl pressure t r ansmi t t e r  had a h e l i c a l  element. 

Cap i l l a r i e s  were used f o r  gas flow elements. The c a p i l l a r y  f o r  t h e  BF, 

flow element (FE-B9) w a s  0.031. i n .  i n  i n s ide  diameter by 45 i n .  long, 

and t h e  c a l i b r a t e d  BF, flow rate a t  40 ps ig  metering pressure and 8076 
sca l e  (16 i n .  %O) w a s  330 c$/min. 

using a w e t  t e s t  meter f i l l e d  with mineral o i l .  

t r o l l e r s  were used f o r  cont ro l  of gas flow, with t h e  input  flows refer- 

enced t o  t h e  40-psig supply pressure and t h e  lower seal purge referenced 

t o  atmosphere. Off-gas letdown w a s  cont ro l led  by a pneumatic cont ro l  

valve with s t a i n l e s s  s t ee l  body and t r i m ,  gasketed bellows stem seal,  

and a Cv of 0.01. 

elements, brass element block, and s i lver -so ldered  s t a i n l e s s  s tee l  tubing 

leads. The c e l l  temperature w a s  cont ro l led  a t  100°C, and sample and ref-  

erence gas flows were 100 c$/min. The off-gas sample take-off  point  w a s  

jus t  upstream of t h e  pressure con t ro l  valve,  so  t h e r e  w a s  a t i m e  l a g  of 

1 t o  2 min between changes a t  t h e  pump bowl o u t l e t  and c e l l  response.  

The BF, ca l ib ra t ions  were done 

Constant AP flow con- 

The thermal conduct ivi ty  c e l l  w a s  constructed of tungsten-rhenium 

Figures 8 t o  10 show t h e  main cont ro l  panel,  t h e  EF, supply cubicle ,  

and t h e  off-gas cubic le .  

5 .  TEST PROCEDURES, OBSERVATIONS, AND CONCLUSIONS FOR 
THE PRINCIPAL TESTS 

5 . 1  Pumping Charac te r i s t ics  

The t e s t  w a s  designed t o  obta in  head-flow and cav i t a t ion  incept ion 

da ta  and, by comparing these  da ta  with w a t e r  and l iquid-metal  data f o r  

t h e  same pump, t o  lend  assurance t o  the assumption t h a t  w a t e r  t e s t  data 

may be used to pred ic t  t h e  performance of similar pumps when handling 

f luoroborate  salts.3 A br ief  discussion of t h e  tests i s  given below; 

f o r  f u r t h e r  information see Refs. 3 and 4. 



20 

* 

Fig. 8. Main control panel, fluoroborate c i rculat ion (PKP) tes t .  
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Fig. BF3 supply cubicle. 
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The t e s t s  were made a t  a pump speed of 1800 rpm and a t  various sal t  

temperatures i n  t h e  range 900 t o  1300°F. For t h e  head-flow t e s t s  t he  

procedure w a s  t o  ad jus t  t h e  sal t  temperature t o  t h e  desired point  and 

then t o  vary t h e  salt  flow by ad jus t ing  t h e  p o s i t i o n  of t h e  loop t h r o t t l e  

valve.  The procedure f o r  t h e  c a v i t a t i o n  incept ion t e s t s  w a s  t o  ad jus t  

t he  sa l t  temperature t o  t h e  des i red  point and, with flow constant a t  750 
gpm, t o  reduce the  gas overpressure i n  f ixed  decrements u n t i l  t h e  drop 

i n  discharge head per u n i t  decrease i n  pressure showed a disproport ionate  

change. 

The hydraul ic  performance data are compared w i t h  H 2 0  and NaK data i n  

Fig.  11. The exce l len t  agreement between r e s u l t s  from a l l  sources c rea tes  

confidence t h a t  t he  head-flow c h a r a c t e r i s t i c s  of t h e  PKP pump could well  

have been adequately predicted,  based on t h e  r e s u l t s  of ava i lab le  H,O and 

NaK tes ts .  As  a corol lary,  we can conclude t h a t  t h e  performance of s i m i -  

lar  pwnps, such as t h e  MSFB coolant salt  pump, could be adequately pre-  

d ic ted  based on water t e s t  r e s u l t s .  

Cavitation da ta  f o r  t h e  clean charge* of salt  ind ica ted  t h a t  the 

incept ion of c a v i t a t i o n  f o r  f luoroborate  salt  can be cor re la ted  on t h e  

basis of NPSH (ne t  p o s i t i v e  suc t ion  head) and vapor pressure (see Fig.  

1 2 ) .  

7 t o  16% higher than those f o r  t h e  clean charge. 

buted t o  t h e  f a c t  t h a t  t h e  f lushing charge contained t h e  residue of a 

molten sa l t  (designated BULT-4) t h a t  had been used i n  t h e  previous t e s t  
work i n  t h e  f a c i l i t y .  The t o t a l  charge of f lu sh  salt  i n t o  the t e s t  fa- 

c i l i t y  w a s  689 l b ,  and t h e  est imated residue of f u e l  salt w a s  26 l b ;  so 
t h a t  a 16% r i s e  i n  p a r t i a l  pressure a t  1150°F r e s u l t e d  from adding about 

4% by weight of f u e l  t o  t h e  coolant .  Tables 2 and 3 present data on t h e  

compositions of t h e  sal t  charges. 

Data f o r  t h e  f l u s h  charge of salt showed c a v i t a t i o n  pressures  from 

This e f f e c t  i s  a t t r i -  

%e term "clean charge" i s  used t o  designate t h e  mixture of sa l t  
t h a t  r e s u l t e d  when t h e  new batch of NaBF4 w a s  added t o  t h e  hee l  (es t i -  
mated t o  be  about 1-7 l b )  of f l u sh  sal t  which remained i n  t h e  system 
after draining out t h e  f lushing charge. 
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( a )  Pump NPSH requirements ( R e f .  3 ) ;  (b) vapor pressure of sodium fluoro- 
bora te  ( e u t e c t i c  ) ( R e f .  5 ) .  
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Table 2.  Composition of salts c i r c u l a t e d  i n  F'KP-1 loop 

Composition ( w t  4) 
L i  Be U Th N a  B F 

BULT-4 sal t  formerly i n  loop" 9.7 5.8 5.1 20.0 59.3 
Fluoroborate salt f l u s h  charge' 0.20 0.18 0.26 0.24 21.2 9.3  66.9 
Fluoroborate sa l t  c lean chargeb 0.05 0.02 0.02 0.10 20.9 9.3 68.0 

Figures for BULT-4 salt are ca lcu la ted  (LiF-BeF, -ThF4 -UF4 = 
a 

65-30-4-1 mole %). 

bFigures for f luoroborate  salts are averages of a l l  samples 
analyzed during t h e  e n t i r e  tes t  program. 

Table 3. Rela t ive  amounts of f u e l  salt cons t i t uen t s  i n  
f luoroborate  charges 

Method Moles per  1000 moles N a  
S a l t  mixture of 

determination L i  Be U Th 

Flush charge Calculated" 54 26 0.9 3 00 
Flush charge Chemical ana lys i s  32 21 1.0 1 .o 
Clean charge Chemical ana lys i s  8 2 0.08 0.4 

Based on G89 lb f l u s h  sa1.t and an est imated BULT-4 a 

hee l  o f  26 lb. 

5.2 Control of t h e  S a l t  Composition 

It i s  des i r ab le  t o  keep t h e  salt  a t  or near  t h e  e u t e c t i c  (NaBF4-NaF 

92-8 mole %) composition i n  order  t o  t ake  advantage of t h e  minimum m e l t -  

ing  point* (Appendix A, Fig.  A.l). 
gether  with t h e  continuous flow of  purge gas through t h e  pump bowl vapor 

The high BF, p a r t i a l  pressure,  t o -  

*Melting poin t  as used here in  r e f e r s  t o  t h e  appropr ia te  po in t  on 
t h e  l iqu idus  curve.  



W space, provides a mechanism f o r  l o s s  of BF, and a change i n  t h e  composition 

of t h e  sal t .  The objec t ive  of t h i s  phase of t h e  t e s t  loop work w a s  t o  de- 

termine t h e  problems t h a t  might be associated with composition cont ro l .  A 

preliminary survey revealed t h e  following key poin ts .  

1. Loss of BF3 would s h i f t  t h e  composition i n  t h e  d i r ec t ion  of lower 

The r e s u l t a n t  increase  i n  melting point  would increase  t h e  NaBF4 content .  

p robabi l i ty  of p rec ip i t a t ing  NaF i n  t h e  cooler  areas of t h e  system, such 

as i n  t h e  steam generator  tubes .  The suggested so lu t ion  w a s  t o  feed BF3 

gas i n t o  t h e  pump bowl gas space a t  a rate such t h a t  t h e  p a r t i a l  pressur5 

of BFa, based on BF3 flow and t o t a l  gas flow, i s  equal  t o  t h e  equi l ibr ium 

BFs 
temperature of t h e  salt  a t  the  sa l t -gas  i n t e r f a c e .  

pressure of t h e  sal t ,  based on t h e  des i red  salt  composition and on t h e  

2 .  If a BF3 feed system i s  used and the  feed rate i s  t o o  high, t h e  

composition would be s h i f t e d  i n  t h e  d i r ec t ion  of increased NaBF4 content .  

On t h i s  s ide  of t h e  eu tec t i c ,  t h e  r i se  i n  melting point  i s  l imi t ed  t o  a 

moderate 27"F, but  t h e  increase i n  BF3 p a r t i a l  pressure might be i n t o l e r s -  

b l e .  

5 t o  30 p s i a  i f  t h e  NaBF4 f r a c t i o n  increased from 92 t o  98.5 mole '$. 
For example, a t  l150°F t h e  BF3 p a r t i a l  pressure would increase  from 

3. Rates of change i n  t h e  sa l t  composition are l i k e l y  t o  be rela- 

t i v e l y  low, because t h e  amount of BF, i n  t h e  salt  i s  very l a r g e  compared 

with t h e  rate a t  which t h e  BF3 would normally be added or removed by the 

gas stream. Thus, i f  BF, i s  removed at t h e  m a x i m u m  rate, t h a t  i s ,  no 

attempt i s  made t o  add BF3 t o  t h e  system (and ignoring t h e  decrease f n  

p a r t i a l  pressure with composition), t h e  t i m e  ( i n  days) required t o  pro- 

duce a change of 1% i n  mole f r a c t i o n  would be 2 .4  x (Wo/F)(P /P ) ,  
where Wo i s  o r i g i n a l  weight of salt  ( l b )  assuming a 92-8 mole '$ mix, F 

i s  t o t a l  gas flow (cfm), P i s  p a r t i a l  pressure of B F ~  ( p s i a ) ,  and pt i s  

t o t a l  gas pressure ( p s i a )  . Assuming a BF3 p a r t i a l  pressure of 5 p s i a  

(sal t  temperature = 1150°F) and a t o t a l  pressure of 25 ps ia ,  t h e  above 

expression was appl ied  t o  t h r e e  d i f f e r e n t  systems with t h e  r e s u l t s  given 

below. 

t b  

b 
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Time required f o r  
Inventory Flow 1 mole % change 

System O b )  ( C f - 4  (days 1 
NaBF, tes t  f a c i l i t y  700 0.05 1.7 
MSRE coolant system 5,000 0.05 12 
MSBR coolant system 5OO,OOO 2 30 

We note t h a t  even f o r  a r e l a t i v e l y  small system such as t h e  tes t  f a c i l i t y ,  

almost two days would be required t o  produce t h e  ind ica ted  change. I n  t h e  

MSBR system, even i f  t h e  estimated inventory i s  high by a f a c t o r  of 10, 

t h e  elapsed t i m e  would s t i l l  be  t h r e e  days. We a l s o  note t h a t  t h e  times 

required t o  reduce t h e  NaBF4 mole f r a c t i o n  would a c t u a l l y  be longer than 

ind ica ted  s ince  t h e  BF, p a r t i a l  pressure,  and hence t h e  rate of removal 

of BF,, would decrease as t h e  NaBF, f r a c t i o n  decreased. If we  look at 

t h e  case where t h e  salt  composition i s  being s h i f t e d  upward because of 

t h e  addi t ion  of an excess of BF,, we  note t h a t  t h e  rate of change of sa l t  

composition i s  proport ional  t o  t h e  d i f fe rence  between t h e  BF, p a r t i a l  

pressure of t h e  salt and t h e  EF3 p a r t i a l  pressure based on t h e  gas flows. 

I n  order t o  have a rate of increase of NaEF4 f r a c t i o n  numerically equal 

t o  t h e  m a x i m u m  rat.e of decrease postulated i n  t h e  example above, it would 

‘ce necessary t o  assume a 10% e r r o r  i n  t h e  con t ro l  of t h e  BF, gas flow or 

some appropriate  com‘cination of e r r o r s  i n  t h e  BF, and helium flows. We 

consider errors  of t h i s  magnitude t o  be very unl ike ly  i n  a properly 

ins t r7mented  system and hence conclude t h a t  rates of change of NaBF, 

f r a c t i o n  i c  t h e  upward d i r ec t ion  w i l l  be no g r e a t e r  than, and are l i k e l y  

t o  be somewhat less C,han, t h e  m a x i m u m  rates of change of NaBF, f r a c t i o n  

t h a t  could be expected i n  t h e  downward d i r ec t ion .  

4. Assuming s teady-s ta te  condi t ions,  t h e  sa l t  w i l l  eventual ly  ad- 

j u s t  t o  a cornposition whose BF3 p a r t i a l  pressure i s  equal t o  t h e  BF, 

p a r t i a l  pressure based on t h e  gas flows. Therefore, i f  w e  maintain proper 

cont ro l  of t h e  salt  temperature, then con t ro l  of t h e  salt  composition i s  

l imi t ed  only by t h e  accuracy with which w e  can con t ro l  t h e  BF3 p a r t i a l  

pressure of t h e  cover gas. I n  an a c t u a l  system, where the re  would be 

f i n i t e  l i m i t s  of e r r o r  i n  t h e  cont ro l  of salt  temperatures and gas 

flows, it would probably ‘ce best t o  cont ro l  t h e  BF3 p a r t i a l  pressure 

with a deliberate b i a s  on t h e  high s ide .  The r a t i o n a l e  i s  t h a t  it i s  un- 

l i k e l y  t h a t  we w i l l  be able t o  cont ro l  p rec i se ly  at t h e  e u t e c t i c  point;  

I 

Y 



t he re fo re  we should t r y  t o  insure  t h a t  t h e  normal deviat ion i s  on t h e  

s i d e  of increased NaBF4 f r a c t i o n  i n  order  t o  gain t h e  advantage of t h e  

lower incremental  increase  i n  melting po in t .  By reference t o  Fig. A . l  

i n  Appendix A, we note t h a t  t h e  melting point  increases  an average of 

23"F/mole $ between 92 and 90 mole '$ NaBF, , whereas t h e  increase  between 

92 and 100 mole $ NaBF4 i s  only 5.4"F/mole %. I n  order t o  examine t h e  

f e a s i b i l i t y  of operating with a b i a s  i n  BF, p a r t i a l  pressure,  consider 

a system i n  which t h e  mole f r a c t i o n  of NaBF, i s  f and t h e  temperature 

of t h e  salt  a t  t h e  sa l t -gas  in t e r f ace  i s  1150°F; a t o t a l  gas flow of Ft 

scfm i s  flowing pas t  t h e  sa l t -gas  i n t e r f a c e  i n  t h e  pump bowl; t h e  gas 

flow i s  made up of a mixture of Fh scfm of helium and F scfm of BF,; 

t h e  gas pressure i n  t h e  pump bowl i s  maintained a t  a value of P ps ia ;  t 
t h e  p a r t i a l  pressure of BF, i s  P psia;  ( Pb)g represents  t h e  p a r t i a l  

pressure of BF3 based on gas flows, 

b 

b 

and ( P  ) 

and temperature of t h e  salt  (see Appendix D )  : 

represents  t h e  p a r t i a l  pressure of BF, based on t h e  composition b s  

(Pb), = (0 .425f ) / (1  - f )  a t  1150°F . 

W e  would l i k e  t o  know how t h e  salt  composition i s  a f f ec t ed  when we set 

t h e  gas flows so  t h a t  they  correspond t o  a value of ( P  ) 
s l i g h t l y  higher  than  t h e  i d e a l  value f o r  (Pb),. 

t h a t  i s  
b g  

W e  f irst  set ( P  ) = 
b f f  

( P  ) , then  we solve f o r  f i n  terms of F b s  b'  
t o  determine how f i s  a f f ec t ed  by a change 

and f i n a l l y  we d i f f e r e n t i a t e  

i n  Fb: 

9 



If we assume t h a t  Pt and Fh are constant a t  30 p s i a  and 0.5 scfm, respec- 

t ive ly ,*  then 

30Fb 
f =  30.425Fb + 0.21 ' 

and 

6.30 
(af /aFb)T = -(30.425Fb + 0.21)' ' 

If we assume a value of 5 p s i  f o r  t h e  BF, p a r t i a l  pressure (Appendix 

A, Fig. A.2, e u t e c t i c  composition a t  l150°F), we can estimate $he i d e a l  

value f o r  Fb by noting t h a t  t h e  r a t i o  of gas flows i s  equal t o  t h e  r a t i o  

of p a r t i a l  pressures:  

from which 

F- = 0 .1  
D 

and (a f /aF  ) We conclude from t h i s  t h a t  a reasonable 

b i a s  i n  t h e  BF, flow w i l l  r e s u l t  i n  an acceptable s h i f t  i n  t h e  salt  compo- 

s i t i o n .  

s h i f t ,  af, i s  0.006. 

higher  than t h e  i d e a l  value,  assuming an i n i t i a l  sa l t  composition of 92 

mole % NaBF,, t h e  composition w i l l  s h i f t  eventual ly  t o  92.6 mole $ NaBF4, 

and t h e  melting point  a t  t h i s  composition i s  est imated t o  be about 3'F 
above t h e  e u t e c t i c  melting poin t .  

= 0.6 f o r  Fb = 0.1. b T 

For example, i f  t h e  S i a s  i s  10% (aFb = 0.01), t h e  composition 

I n  other  words, i f  t h e  BF, flow i s  ad jus ted  t o  10% 

5. I n  order t o  design a r e l i a b l e  system f o r  cont ro l l ing  t h e  sa l t  

composition by means of a BF:, overpressure, one must have re l iable  in -  

formation regarding t h e  BF, p a r t i a l  pressure of t h e  sa l t  a t  concentrations 

and temperatures of i n t e r e s t .  Data have been published (see Appendices 

A and D and Refs. 2 and 5 )  t h a t  provide mathematical statements r e l a t i n g  

salt composition and temperature and BF, p a r t i a l  pressure,  and these  

*It i s  estimated t h a t  t hese  values are t y p i c a l  of those t h a t  might 
be  used i n  an MSBR secondary coolant system. 
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r e l a t ionsh ips  have been used i n  t h e  remarks under items 1 through 4 above. 

However, t es t  work t h a t  w a s  performed t o  inves t iga t e  t h e  pumping charac- 

t e r i s t i c s  of t h e  salt  ( s e e  Sec t .  5 .1)  ind ica ted  t h a t  t h e  BF, p a r t i a l  pres-  

sure of t h e  salt can be a l t e r e d  s i g n i f i c a n t l y  by t h e  presence of contami- 

nants .  The r e s u l t s  of those tests ind ica ted  t h a t  t h e  pressure of i nc ip i en t  

cav i t a t ion  w a s  about 16% higher  f o r  t h e  f l u s h  charge than for t h e  clean 

charge, and t h i s  e f f e c t  w a s  a t t r i b u t e d  t o  t h e  residue,  o r  hee l ,  t h a t  r e -  

mained i n  t h e  loop a f t e r  draining out t h e  o ld  charge of BULT-4 sa l t .  We 

do not know t h a t  t h e r e  is  a one-to-one r e l a t ionsh ip  between c a v i t a t i o n  

pressure and t h e  BF, p a r t i a l  pressure of t h e  sal t ,  bu t  we assume t h a t  t h e  

r e l a t ionsh ip  i s  d i r e c t  and the re fo re  t h e  BF, p a r t i a l  pressure of t h e  f l u s h  

charge must have been higher than  t h a t  of t h e  clean charge. If such an 

. e f f e c t  were present  bu t  not known, t h e  BF, p a r t i a l  pressure of t h e  gas 

feed would be inadver ten t ly  ad jus ted  t o  a value lower than required,  and, 

as ind ica ted  i n  t h e  discussions above, t h e  NaBF4 f r a c t i o n  of t h e  sal t  

would be reduced due t o  t r a n s f e r  of BF, out of t h e  s a l t .  Therefore, t h e  

composition con t ro l  system must be ab le  t o  recognize t h e  presence of con- 

taminants and t h e  nature  and ex ten t  OP t h e i r  e f f e c t  on t h e  BF, p a r t i a l  

pressure of t h e  sa l t .  

I n  summary,the consequences of a change i n  salt  composition can be 

ser ious ,  but  t h e  k i n e t i c s  of t h e  system are such t h a t  r ap id  change i s  

highly improbable. We should be ab le  t o  use an appl ied  overpressure of 

BF, t o  cont ro l  t h e  composition within des i red  l i m i t s ,  provided we have 
available a s u i t a b l y  accurate  method €or measuring the salt composition 

and t h e  necessary da t a  r e l a t i n g  t h e  BF:, p a r t i a l  pressure of t h e  salt  both 

as a func t ion  of t h e  r a t i o  of t h e  primary cons t i tuents ,  NaBF4 and NaF, 

and as a func t ion  of probable contaminants, such as f u e l  salt  and corro-  

s ion  products.  The tes t  work cons is ted  i n  (1) obtaining operat ing 

experience with t h e  BF, p a r t i a l  pressure con t ro l  system and (2)  evalu- 

a t i n g  seve ra l  proposed methods f o r  monitoring t h e  composition of t h e  

sa l t .  

5.2.1 Operation of t h e  BF, p a r t i a l  pressure con t ro l  system 

The da ta  furnished by Cantor e t  a1.5 were used t o  make a p l o t  of 

BF, p a r t i a l  pressure vs salt  temperature with salt  composition as a 



parameter (Appendix A, Fig.  A.2, and Appendix D )  . 
w a s  assumed t o  be a t  t h e  e u t e c t i c  point ,  NaBF4-NaF (92-8 mole $), and 

t h e  t a r g e t  value or  cont ro l  point  f o r  BF, p a r t i a l  pressure w a s  obtained 

from t h e  p l o t  by in t e rpo la t ing  a t  t h e  spec i f i ed  sal t  temperature. The 

t a r g e t  value f o r  t h e  BF, gas flow rate w a s  then  calcul.ated by equating 

t h e  flow r a t i o  t o  t h e  pressure r a t i o :  

The salt  composition 

where F 

t h e  t a r g e t  value f o r  BF, p a r t i a l  pressure,  and Pt i s  t h e  t o t a l  gas pres-  

sure a t  t h e  surface of t h e  sa l t .  

i s  t h e  required BF, gas flow, F i s  t h e  t o t a l  gas flow, Pb i s  b t 

A general  descr ip t ion  of t h e  gas system i s  given i n  Sect ions 4.5 
through 4.7. 
t h e  s h a f t  purge, which w a s  he ld  constant a t  850 c$/min ( t h e  t o t a l  flow 

t o  t h e  pump sha f t  w a s  950 c$/min, but  100 c$/min w a s  s p l i t  o f f  as t h e  

lower seal purge stream); t h e  pressure t r ansmi t t e r  purge, which w a s  he ld  

constant at 230 c$/min; and t h e  mixed-gas helium, which w a s  mixed with 

t h e  BF, gas and f ed  i n t o  t h e  pump bowl by way of t h e  salt  l e v e l  bubbler 

tube .  The t o t a l  flow t o  t h e  bubkler tube,  t h a t  i s ,  helium plus  BF, , w a s  

he ld  constant a t  370 crr?/min, s o  t h e  t o t a l  gas flow i n t o  t h e  pump bowl, 

F t ,  w a s  constant a t  1450 c$/min. 

tube w a s  obtained by subt rac t ing  t h e  t a r g e t  value f o r  t h e  BF, gas flow 
rate, Fb, from 370. The set  point  f o r  t h e  t o t a l  pressure,  Pt, w a s  some- 

what a r b i t r a r y  as long as a margin w a s  provided above t h e  poin t  of cavi-  

t a t i o n  incept ion i n  t h e  pump. 

a t  t h e  m a x i m u m  an t i c ipa t ed  salt  temperature of 1300°F t h e  pressure of 

i nc ip i en t  cav i t a t ion  f o r  t h e  clean charge w a s  about 19 psig,  and 5 p s i  

w a s  added t o  t h i s  f i gu re  t o  obtain a se t  point  of 24 ps ig  f o r  Pt. 

s e t t i n g  provided a comfortable margin of 20 p s i  when operat ing a t  t h e  

normal salt  temperature of 1025°F. 

incent ive t o  operate  a t  a high t o t a l  pressure due t o  t h e  inverse  e f f e c t  

on t h e  BF, gas flow rate.  

than  23 o r  25, Secause 24 ps ig  i s  almost exac t ly  equal t o  2000 mm Hg 

absolute ,  and ca lcu la t ions  involving metr ic  u n i t s  w e r e  s impl i f ied .  A t  

H e l i u m  w a s  f ed  i n t o  t h e  pump bowl i n  t h r e e  separa te  streams: 

The flow rate of helium t o  t h e  bubbler 

T e s t  da t a  (see Sec t .  5 .1 )  ind ica ted  t h a t  

This 

It might be noted t h a t  t h e r e  i s  an 

Also, t h e  pressure w a s  set a t  24 psig,  r a t h e r  

J 
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1025°F t h e  ind ica ted  value f o r  Pb i s  1.35 ps i a .  

38.7 p s i a  f o r  Pt, and 1450 c$/min fo r  F we ob ta in  a value of 50 c$/min 

as t h e  t a r g e t  value f o r  t h e  BF, gas flow. Except f o r  b r i e f  periods (less 

than 10% of t o t a l  c i r c u l a t i n g  t i m e ) ,  when t h e  salt  w a s  c i r cu la t ed  at t e m -  

peratures  o ther  than lO25OF, and brief spec ia l  tests t h a t  required varying 

t h e  BFa flow, t h e  t a r g e t  value f o r  cont ro l  of t h e  BF3 gas flow w a s  he ld  

constant at 50 c$ /min. 

Using t h i s  value f o r  P b' 

t' 

We were unable t o  evaluate  t h e  e f fec t iveness  of t h e  BF, p a r t i a l  pres-  

sure cont ro l  system on t h e  b a s i s  of i t s  u l t imate  object ive,  t h a t  fs ,  eon- 

t r o l  of t h e  salt  composition, because we d i d  not have an adequate method 

f o r  measuring t h e  salt  composition (see Sec t .  5 .2 .2 ) .  Therefore, obser- 

vat ions concerning p a r t i a l  pressure cont ro l  w i l l  be l imi t ed  t o  some com- 

ments r e l a t i v e  t o  t h e  accuracy of t h e  gas flows ( F  

overpressure (Pt)  and t o  t h e  mechanical r e l i a b i l i t y  of t h e  system. Zrne 

t h r e e  gas streams t h a t  made up t h e  t o t a l  flow of helium i n t o  t h e  system 

w e r e  monitored e i t h e r  with c a p i l l a r y  flow elements or ro5ameters. The 

ca l ib ra t ions  of t h e  flow instruments were checked before ,  during, and 

after t h e  operat ion of t h e  f a c i l i t y  using a bubble meter and a w e t  tes t  

meter. Since these  t es t  instruments are accurate  t o  within l%, we feel 

t h a t  t h e  l i m i t  of e r r o r  i n  t h e  helium flow rate w a s  of t h e  same order ,  

We used t h e  w e t  t es t  meter, f i l l e d  with mineral o i l  i n s t ead  of water, t o  

c a l i b r a t e  t h e  BF, flow element using BF, gas .  However, due t o  t h e  l i m i t a -  

t i o n s  of t h e  w e t  t es t  meter, we were unable t o  obta in  readings below 

200 c$/min, and we could not use t h e  bubble meter f o r  flows between 0 

and 200 c$/min because of t h e  s t rong  a f f i n i t y  between BFa and water. 

an a l t e r n a t i v e ,  we  ca l ib ra t ed  t h e  BF, flow element with argon using t h e  

bubble meter and then  used t h e  argon curve as a guide t o  extrapolz5e t h e  

BF3 flow curve i n t o  t h e  low-flow region, attempting t o  maintain t h e  same 

re l ak ive  separa t ion  between t h e  curves ( i n  t h e  region between 200 and 400 

cm3/min, t h e  BF, flow w a s  about 20% higher  than  t h e  argon flow f o r  t h e  

same s c a l e  reading) .  Because of t h i s  d i f f i c u l t y  with t h e  ca l ib ra t ion ,  t h e  

BF, flow readings probably have a higher  e r r o r  l i m i t  than  t h e  helium read- 

ings,  but  we  feel  t h a t  an estimate of t h e  BF3 flow e r r o r  could conserva- 

t i v e l y  be placed a t  less than  -C20$. 

accuracy of t h e  BF3 flow s e t t i n g  by comparison with BF3 cyl inder  usage, 

and F ) and t h e  system b h 

As 

An attempt w a s  made t o  check t h e  
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The following data on BF3 cyl inder  usage w e r e  ex t rac ted  from t h e  operating 

log  : 

Cylinder 
No 

2 

3 
4 

S a l t  Cy1 i nde r 
Date c i r c u l a t i n g  pres  sure 

t i m e  b o p  
On l i n e  O f f  l i n e  ( h r )  ( P s i )  

1-6-69 4-28-69 2323 1450 
4-28-69 8-15-69 2194 1300 

8-15-69 1-27-70 2463 1610 

The flow s e t t i n g  f o r  BF, w a s  he ld  constant a t  50 cS/min  during t h e  

periods covered by t h e  above operating data. 

used t o  estimate an average BF, flow rate  as follows: 
The BF3 cyl inder  data were 

where 

Fc = EF3 flow rate, 

dp/dt = average rate of drop i n  cy l inder  pressure,  

dN/dp = estimated mass of EF3 per  p s i  of cy l inder  pressure,  

V = s p e c i f i c  volume of EF3 gas.  

Tne average value f o r  dp/dt f o r  a l l  t h r e e  cy l inders  w a s  0.0104 ps i /  

The s p e c i f i c  volume of EF3 (Appendix A, Sec t .  A.4) i s  5.6 f t3/ lbm. min. 

The estimated mass of BF3 per  cyl inder  ( t h e  cyl inder  weights were not 

checked) w a s  assumed t o  be somewhere between 59 and 62 lbm/ps i .  

lower f igure  w a s  obtained by dividing t h e  t o t a l  mass of BFs, as s t a t e d  

on t h e  purchase order,  by t h e  t o t a l  number of cy l inders  received, t h a t  

i s ,  1000/17. 

s t a t e d  on t h e  purchase order .  

The 

The higher value w a s  t h e  nominal mass per  cy l inder  as 

The corresponding values  f o r  dM/dp, 0.0384 
and 0.0365 lbm/psi ,  were 

t h e  average pressure f o r  

values i n t o  t h e  equation 

t h e  BF3 flow rate, or 20 

obtained by dividing by 1600 psig,  which w a s  

a f u l l  cy l inder .  By i n s e r t i n g  t h e  ind ica ted  

f o r  Fc, w e  g e t  values of 60 and 63 cm3/min f o r  

and 26% above the  t a r g e t  value of 50 c$/min. 

‘J 
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W This r e l a t i v e l y  poor agreement between t h e  BF, flow r a t e  as indica ted  

by t h e  flow element and t h e  BF, flow rate as indica ted  by t h e  cy l inder  

da ta  may have been due t o  t h e  cumulative e f f e c t  of s m a l l  e r r o r s  i n  t h e  

estimates f o r  dp/dt and dM/dp and i n  t h e  technique used f o r  t h e  c a l i -  

b ra t ion  of t h e  BF, c a p i l l a r y  flow element. If t h e  BF, flow rate had 

a c t u a l l y  been 63 cr?/min in s t ead  of t h e  intended 50 c$/min, then  we 

could p red ic t ,  using t h e  method described i n  Sect ion 5.2, t h a t  t h e  salt 

composition should have been s h i f t e d  from 92 mole % NaBF, t o  93.5 mole $ 
NaBF, and, o ther  th ings  being equal,  t h i s  would have caused a 25% i n -  

crease i n  t h e  BF, p a r t i a l  pressure.  If t h e  BF, p a r t i a l  pressure had 

a c t u a l l y  s h i f t e d  t h i s  much, t h e r e  should have been a s i g n i f i c a n t  change 

i n  t h e  reading on t h e  thermal conduct ivi ty  c e l l  t h a t  w a s  being used t o  

monitor t h e  off-gas steam. Since no such change w a s  observed, we con- 

clude t h a t  t h e  BF, flow as ca lcu la ted  from t h e  cy l inder  usage data w a s  

probably i n  e r r o r  on t h e  high s i d e .  

In  addi t ion  t o  t h e  cont ro l  of t h e  gas flows, performance of t h e  BF, 

p a r t i a l  pressure cont ro l  system requi res  r e l i a b l e  cont ro l  of t h e  t o t a l  

system overpressure ( P  ) I An e r r o r  i n  t h e  ind ica t ion  of t o t a l  pressure 

w i l l  cause an e r r o r  i n  t h e  ca l cu la t ion  of t h e  BF, gas flow s e t t i n g ,  and 

t h e  salt  composition would thus  not be cont ro l led  a t  t h e  desfred po in t .  

A s  an example, suppose t h a t  t h e  salt composition and temperature a r e  

such that; t h e  BF, p a r t i a l  pressure ( P  ) i s  5 psi ,  and 25 p s i a  has been b 
se l ec t ed  as t h e  set point  f o r  t o t a l  overpressure ( P  ) 
Pb/Pt = 5/25 = 0.2,  the  set point  f o r  BF, flow i s  20% of the  t o t a l  gas 

flow. Suppose, however, t h a t  t h e  pressure ind ica to r  i s  i n  e r r o r ,  such 

t h a t  t h e  t o t a l  overpressure i s  a c t u a l l y  20 ps i a .  

pressure of BF, i s  5 p s i ,  t h i s  means t h a t  t h e  composition of t h e  gas 

phase, and l ikewise t h e  composition of t h e  off-gas  stream, i s  25% BF,. 

A s  a r e s u l t ,  we are feeding a 20% mixture and removing a 25% mixture, 

and t h e  salt w i l l  be  depleted i n  NaBF4 u n t i l  t h e  composition of t h e  

off-gas stream i s  reduced t o  20%. During t h e  operat ion of t h e  f a c i l i t y ,  

t h e  pressure instruments were c a l i b r a t e d  aga ins t  a master gage such t h a t  

t he  e r r o r  l i m i t  i n  t o t a l  pressure ind ica t ion  could be conservat ively 

est imated t o  be less than  50.5 p s i .  

t 

Since Fb/Ft = t 

Since t h e  p a r t i a l  

Using t h e  normal operating condi t ions 



of 1.35 p s i  fo r  Pb and 38.7 p s i a  f o r  P 
flow i s  ca lcu la ted  t o  be 1.35/38.7 o r  3.49%. 
t o t a l  pressure w a s  low by 0.5 ps i ,  o r  38.2 ps ia ,  w e  can ca l cu la t e  t h a t  

t h e  gas phase, and t h e  off-gas stream, w a s  a c t u a l l y  1.35/38.2 o r  3.5476, 
and BF, would have been removed from t h e  salt  u n t i l  t h e  p a r t i a l  pressure 

of BF3 over t h e  salt  w a s  reduced t o  (0.0349)(38.2) or 1.33 p s i .  This 

reduct ion of 0.02 p s i  i n  BF, p a r t i a l  pressure would have corresponded 

t o  a reduct ion of t h e  NaBF4 mole f r a c t i o n  of t h e  salt  from 92 t o  91.9%. 
W e  conclude from t h i s  t h a t  t h e  t o t a l  pressure ind ica t ion  during t h e  op- 

e ra t ion  of t h e  f a c i l i t y  w a s  accurate  enough t h a t  a negl ig ib le  reduct ion 

i n  salt composition would have occurred even i f  t h e  pressure ind ica t ion  

had been low by t h e  m a x i m u m  estimated l i m i t  of e r r o r .  

t h e  r a t i o  of BF, flow t o  t o t a l  t’ 
If we assume t h a t  t h e  

From a mechanical standpoint,  t h e  operat ion of t h e  BF, p a r t i a l  

pressure cont ro l  system w a s  e s s e n t i a l l y  t roub le  free. As  one would ex- 
pect ,  no problems a t  a l l  w e r e  encountered w i t h  those  por t ions  of the 

system t h a t  contained only helium. 

adequately, although t h e r e  were occasional periods of noise  o r  hash on 

t h e  BF3 flow recorder,  ind ica t ing  t h a t  t h e  flow con t ro l l e r  w a s  responding 

s luggish ly .  We a t t r i b u t e d  t h i s  t roub le  t o  accumulation i n  t h e  con t ro l l e r  

o r i f i c e  of t h e  t y p i c a l  f l u i d  t h a t  r e s u l t s  when moisture ( o r  moist a i r )  

i s  introduced i n t o  a system containing BF,. The pressure t r ansmi t t e r  

t h a t  w a s  used t o  ind ica t e  t h e  t o t a l  system overpressure performed qui te  

s a t i s f a c t o r i l y .  A s  noted i n  the design descr ip t ion ,  a continuous helium 

purge stream w a s  maintained i c  t h e  t r ansmi t t e r  l i n e  i n  order  t o  minimize 

t h e  concentration of BF, i n  t h e  v i c i n i t y  of t h e  t r ansmi t t e r  diaphragm. 

No tests were made, however, t o  o’.3tain a d i r e c t  measure of t h e  e f f ec t ive -  

ness of t h i s  purge stream. 

The BF, flow con t ro l  system operated 

5.2.2 Methods f o r  monitoring salt  composition 

Four methods were considered f o r  monitoring t h e  composition of t h e  

sa l t .  

1. Chemical analyses of salt  samples. I n  t h i s  method t h e  bas i c  

cons t i tuents  are determined from chemical analyses,  and then  t h e  mole 

f r a c t i o n  i s  i n f e r r e d  from stoichiometr ic  r a t i o s .  A preliminary mathe- 
mtitical ana lys i s  ind ica ted  t h a t  t h e  l i m i t s  of e r r o r  of t h e  chemical 
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analyses  were t o o  g rea t  t o  permit use of t h i s  method. This conclusion 

w a s  v e r i f i e d  by a p l o t  of  t h e  mole f r a c t i o n  as ca l cu la t ed  from analyses  

of a l a r g e  number of salt  samples taken during operat ion of t h e  t es t  

f a c i l i t y  (see Fig.  1.3). 
2 .  Change i n  hea t  t r a n s f e r  c o e f f i c i e n t  due t o  a salt  depos i t .  A 

hea t  t r a n s f e r  sur face  i n  t h e  salt  stream would be con t ro l l ed  a t  a t e m -  

pera ture  s l i g h t l y  above t h e  normal l i qu idus  temperature.  A change i n  

composition would r e s u l t  i n  a deposi t  on t h e  cool sur face  t h a t  could be 

de tec ted  by a change i n  hea t  t r a n s f e r  c o e f f i c i e n t .  It w a s  concluded 

t h a t  p r e f e r e n t i a l  deposi t ion of corrosion products would make t h i s  

method d i f f i c u l t  t o  i n t e r p r e t .  

3. D i f f e r e n t i a l  thermal ana lys i s .  I n  t h i s  method t h e  composition 

i s  i n f e r r e d  from ana lys i s  of temperature p r o f i l e s  obtained by moving a 

salt sample through careful. ly cont ro l led  freeze and thaw cyc les .  A l -  

though t h i s  method may be appl icable ,  it w a s  not evaluated because it 
requi red  spec ia l i zed  sampling techniques t h a t  were outs ide  t h e  c a p a b i l i t y  

of  t h e  t e s t  f a c i l i t y .  

4. Thermal conduct ivi ty  of of f -gas  stream. The off-gas i s  assumed 

t o  contain t h e  equi l ibr ium concentrat ion of BF, f o r  t h e  given salt t e m -  

pera ture  and c o r n p ~ s i t i o n . ~ ~  

by a thermal conduct ivi ty  c e l l  (F ig .  14), which i s  c a l i b r a t e d  i n  percent  

BF3. The p a r t i a l  p ressure  of BF, i s  ca l cu la t ed  using t h e  thermal conduc- 

t i v i t y  c e l l  reading and t h e  t o t a l  overpressure as ind ica t ed  by a pressure 

t r a n s m i t t e r .  

t h e  t h e o r e t i c a l  value f o r  t h e  e u t e c t i c  composition as ca l cu la t ed  from an 

equat ion of t h e  following form (Appendix D ) :  

The off'-gas stream i s  monitored continuously 

This value for BF, p a r t i a l  pressure i s  then compared with 

I n  P = 16.837 - 24,540 T '  
where P i s  p a r t i a l  p ressure  of BF, ( p s i )  and T i s  temperature ( OR). 

The thermal conduct ivi ty  c e l l  incorporates  a Wheatstone br idge ,  with 

one l e g  containing a conduct iv i ty  element t h a t  i s  exposed t o  a re ference  

gas .  "he second l e g  has a similar element t h a t  i s  normally exposed t o  

t h e  sample gas, and t h e  output vo l tage  i s  a func t ion  of t h e  d i f f e rence  

i n  thermal conduct ivi ty  between t h e  re ference  and sample gases .  A zero 
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Fig .  13. Mole f r ac t ion  XaBF4 ca lcu la ted  from sa l t  sample analyses.  

W 
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Fig .  14. Schematic diagram of monitoring system f o r  s a l t  composi- 
t i o n .  
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o r  background reading i s  obtained by temporarily exposing both l egs  t o  

t h e  reference gas .  In  t h e  t e s t  f a c i l i t y ,  t h e  reference gas w a s  helium 

and t h e  sample gas consis ted of a mixture of BF3 and helium, with t h e  

BF, concentration normally between 0 and 5 vo l  $. 
t h e  thermal conductivity method depends on t h e r e  being a s i g n i f i c a n t  

difference between t h e  tnerrnal conduct iv i t ies  of t h e  reference and sample 

gases and on a predic tab le  r e l a t ionsh ip  between t h e  thermal conduct ivi ty  

and composition of t h e  sample gas .  

The a p p l i c a b i l i t y  of 

5 .2 .3  Evaluation of t h e  thermal conduct ivi ty  method 

In  order  t o  examine t h e  a p p l i c a b i l i t y  of t h e  thermal conduct ivi ty  

method f o r  monitoring t h e  sal t  composition, we must consider a t  least 

four  questions.  

1. 
composition? 

Is t h e  SF, p a r t i a l  pressure a r e l i a b l e  ind ica to r  of t h e  sal t  

2 .  Is the off-gas stream i n  eqGilibrilun with t h e  salt? 

3. Is t h e  thermal conductivit;; o f t h e  gas a re l iable  measure of 

t h e  EF3 p a r t i a l  presscre? 

4. Is t h e  va r i a t ion  of' W3 p a r t i a l  p r e s s m e  with salt  composition 

reasonable wken compared w i t !  e r r o r s  t h a t  might i e  expected i n  t h e  meas- 

urement of sa l t  temperature, t o t a l  overpressure, and BF, concentration? 

Xi tFA regard t o  t k e  i'irst qzest ion,  experimental work2 has keen per- 

formed t o  determine th-e v a r i a t i o n  -retween salt  composition, sa l t  t e m -  

perature ,  and press-;re . T!lese r e l a t ionsh ips  maJ- not be re l iable ,  

kowever, i f  contaminazts zre presext i n  t h e  sa l t .  

ence during t h e  cav i t a t ion  t e s t s  (see Sec t .  5.1) t h a t  r e l a t i v e l y  s m a l l  

amounts of f u e l  salt  added t o  t k e  fluorol-orate sal t  can cause changes 

which- imply t h a t  t h e  8F3 p a r t i a l  pressure has 'seen s i g n i f i c a n t l y  a f f ec t ed .  

For example, t h e  cav i t a t ion  pressure oi' t h e  contaminated sal t  a t  1150°F 

i s  t h e  same as t h a t  of t h e  clean salt  a t  1210°F. Unfortunately, thermal 

conductivity c e l l  data f'ron; t h e  f l u s h  salt  operat ing per iod are i n s u f f i -  

c i e n t  t o  determine whether t h e r e  w a s  a detecta-zle change i n  t h e  thermal 

conductivity of t h e  off-gas stream. 

needed t o  show t h e  v a r i a t i o n  of EF3 p a r t i a l  pressure as a funct ion of t h e  

concentration of any contaminant t h a t  might be present  o r  t h a t  might be 

We know from experi-  

Additional experimental work i s  
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W expected t o  l eak  i n t o  t h e  f luoroborate  sa l t .  Depending on t h e  r e s u l t s  

of t h i s  work, we may need (1) t o  develop procedures f o r  purifying t h e  

f luoroborate  salt ;  ( 2 )  t o  arrange t h e  design t o  prevent en t ry  of t h e  

contaminants i n t o  t h e  salt ;  ( 3 )  t o  provide a monitoring system whereby 

we can monitor, and ad jus t  f o r ,  t h e  contaminant l eve l ;  or ( 4 )  t h e  e f f e c t s  

may be minor enough so  t h a t  no ac t ion  i s  necessary.  

Question 2 has t o  do with t h e  problem of assur ing ourselves t h a t  t h e  

gas sample w e  are looking a t  i s  t r u l y  representa t ive  of t h e  equilibrium 

p a r t i a l  pressure of BF3 a t  t h e  surface of t h e  s a l t .  I n  t h e  test  f a c i l i t y ,  

helium and BF3 were added continuously t o  t h e  system at  cont ro l led  flow 

rates; t h e  s h a f t  purge and pressure t r ansmi t t e r  purge streams were vented 

d i r e c t l y  i n t o  t h e  pump bowl vapor space, while t h e  BF3 and mixed-gas 

helium were introduced a f e w  inches below t h e  surface of t h e  salt  f n  t h e  

pump bowl. 

continuously by t h e  pressure cont ro l  valve s o  as t o  hold t h e  system pres-  

sure constant .  The stream t h a t  w a s  monitored by t h e  thermal c o n d x t i v i t y  

c e l l  w a s  a 100-cm3/min sample flow taken from t h e  off-gas l i n e  a t  a point  

about 25 f t  dGwnstream from t h e  pump bowl, t h a t  i s ,  j u s t  upstream of t h e  

pressure con t ro l  valve.  If t h e  p a r t i a l  pressure of t h e  BF3 i n  t h e  gas 

feed were equal t o  t h e  equilibrium p a r t i a l  pressure of BF3 over t h e  sal t ,  

then t h e r e  should be no net  t r a n s f e r  of BF3 between t h e  vapor space and 

t h e  salt,  and t h e  off-gas stream should represent  t h e  composition of t h e  

sa l t .  If t h e  p a r t i a l  pressure of t h e  BF, i n  t h e  gas feed were not equal 

t o  the equilibrium p a r t i a l  pressure of the BF3 over the salt ,  then there 

would tend  t o  be a t r a n s f e r  of BF, between t h e  salt  and t h e  vapor space. 

The d i r ec t ion  and rate of t h i s  t r a n s f e r  would depend on concentration 

difference,  sur face  area, temperature, gas res idence t i m e ,  etx., and it 

would be t h e o r e t i c a l l y  poss ib le  f o r  t h e  off-gas stream t o  represent  t h e  

gas feed composition, t h e  salt composition, o r  some intermediate  value.  

Conditions i n  t h e  t es t  f a c i l i t y  were favorable  t o  t h e  i d e a l  s i t ua t ion ;  

t h a t  i s ,  it appeared probable t h a t  t h e  gas space, and hence t h e  off-gas  

stream, would tend  t o  be  i n  equi l ibr ium with t h e  sal t .  For example, t h e  

residence t i m e  f o r  t h e  gas was  long (20 min), t h e  contact  surface w a s  

r e l a t i v e l y  l a r g e  ( 3  f t  ), and t h e r e  w a s  a good exchange of f l u i d  (es;i- 

mated at  15 gpm or one loop volume every 2 min) between t h e  main loop 

An equivalent amount of off-gas (1450 c$/min) w a s  vented 

2 



and t h e  pump bowl salt  pool. 

t o  determine i f  t h e  composition of t h e  thermal conduct ivi ty  c e l l  sample 

stream w a s  representa t ive  of t h e  gas composition t h a t  would be  predicted 

from t h e  salt  composition and temperature. These tes t s  are described 

below, and t e s t  results are summarized i n  Table 4 .  
period w a s  shor t  (<8 h r ) ,  and it w a s  assumed t h a t  t h e  salt  composition 

w a s  a t  t h e  e u t e c t i c  and remained e s s e n t i a l l y  constant .  

Several  experiments were run i n  an attempt 

I n  a l l  cases  t h e  t es t  

1. Change i n  salt temperature. With gas flow, t o t a l  pressure,  and 

salt temperature constant,  t h e  BF, concentration of t h e  off-gas stream 

w a s  determined from t h e  thermal conductivity c e l l  reading. 

perature  w a s  then changed, and t h e  concentration w a s  again determined 

from t h e  thermal conduct ivi ty  c e l l .  The measured values  were compared 

with t h e  ca lcu la ted  values .  

i n t e r v a l s :  9lO t o  1025°F and 1025 t o  1150°F. 
fa i r  i n  the  f i r s t  case and very good i n  the second case. 

The salt  t e m -  

The t e s t  w a s  performed over two temperature 

The agreement was only 

2.  Change i n  t o t a l  pressure.  With gas feed (1450 c$/min) and 

sal t  temperature (lo25 OF) constant ,  t h e  t o t a l  pressure w a s  l eve led  out 

a t  30 ps i a ,  and a thermal conduct ivi ty  c e l l  reading w a s  obtained a t  

t h i s  condi t ion.  

p s i a  i n  about 12 m l r  by c los ing  t h e  pressure cont ro l  valve.  

conductivity c e l l  readiag w a s  agair_ recorded after t h e  system had l eve led  

out a t  t h e  higher  pressure.  

r a t i o  Pb/Pt, and hence t h e  EF3 concentration f r ac t ion ,  would be expected 

t o  decrease ‘cy a l’actor of 2/3 i n  order  t o  compensate f o r  t h e  f a c t o r  of 

3/2 by which the  pressure increased.  Also, i f  t h e  thermal conductivity 

c e l l  were properly responsive t o  t h e  change i n  BF, concentration, i t s  

reading should show a corresponding decrease.  

c e l l  responded as expected, showing a drop from 0.9 t o  0.6MV.  

The t o t a l  pressure w a s  then  increased from 30 t o  45 
The thermal 

Since nothing w a s  done t o  change Pb, t h e  

The thermal conductivity 

3. Change i n  gas flow. If t h e  BF, concentrat ion i n  t h e  vapor phase 

over t h e  sal t  were dependent on F /F 
re turn ing  t o  equilibrium, then t h e  thermal conduct ivi ty  c e l l  should show 

a response t o  a change i n  t h e  BF3/He flow r a t i o .  

constant ,  a reading of BF, concentration w a s  obtained on t h e  thermal 

conduct ivi ty  c e l l .  Sudden changes were then  made i n  t h e  gas flow r a t i o .  

I n  one case t h e  BF, gas flow w a s  increased enough t o  t r i p l e  t h e  normal 

or  i f  t h e r e  were a t i m e  l a g  i n  7: t’ 

With a l l  condi t ions 



Table 4 .  Effect of changes i n  loop operating variables 
on methods of estimating BF, p a r t i a l  pressure 

~~ 

Change i n  BF, p a r t i a l  pressure ( p s i )  Variable conditions Const ant conditions Change i n  
Date thermal 

of  
Test Variable 

Sa l t  Total G a s  flow conductivity Thermal 

( O F )  (psis) ( F ~ / F ~ )  (Mv) ce l lb  
S t a r t  F in i sh  tenpera twe pressnre r a t i o  c e l l  reading ~ ~ ~ ~ ~ $ ~ a  conductivity G ~ ~ o ~ d  

8-30-68 Salt temperature, "F 910 1025 44.7 0.043 0.32 a . 7  +1 .o 0 

9-26-68 S a l t  temperature, "F 1025 1150 44.7 0.043 1.95 +3.8 +3.5 0 

6-6-69 Total pressure, ps ia  29.7 44.7 io25 0.033 0.3 0 0 0 

8-30-68 Gas flow r a t i o  0.04 0'17 910 44.7 0 0 0 +5.8 w 
8-30-68 Gas flow r a t i o  0.04 0.0 1025 44.7 0 0 0 -1.8 

c 

10-15-68 Gas flow r a t i o  with BF3 
entering vapor space 0.04 0.10 1025 44.7 0 0 0 +3.7 

10-16-68 Gas flow r a t i o  with BF, 
entering vapor space 0.04 0.13 1025 44.7 0 0 0 +4.0 

aSalt  temperature: 

bGas  composition and pressure: 

'Gas feed flow r a t io :  

P,, = exp(lh.83 - (24,540/T, OR) psi.  

F = (thermal conductivity c e l l  readirLg) ( c a l i t r a t i o s  fac tor )  ( t o t a l  p resss re) .  k 

Pb = ( t o t a l  pressure) (Fb/Ft) 



concentration; i n  another tes t ,  t h e  flow w a s  cu t  o f f  completely. The 

flow v a r i a t i o n  tes t s  w e r e  then  repeated with t h e  BF3 flow admitted 

d i r e c t l y  t o  t h e  pump bowl vapor phase r a t h e r  than under t h e  salt surface.  

No response w a s  noted on t h e  thermal conduct ivi ty  c e l l  during any of t h e  

flow va r i a t ion  t e s t s .  

It w a s  concluded from these  tes ts  t h a t  t h e  off-gas stream from t h e  

t e s t  f a c i l i t y  w a s  a re l iable  ind ica to r  of t h e  composition of t h e  gas i n  

t h e  pump bowl vapor space, and i n  cases  where t h e  BF, p a r t i a l  pressure 

based on t h e  composition of t h e  gas feed w a s  d i f f e r e n t  from t h e  BF, 
p a r t i a l  pressure based on t h e  salt  cornposition and temperature, then  t h e  

vapor space composition tended t o  be t h a t  d i c t a t e d  by t h e  salt composition 

and temperature.  Reactor systems using pumps of similar design and 

s i m i l a r  operat ing conditions should perform i n  a s i m i l a r  manner. 

a sample point  t h a t  i s  remote from t h e  pump bowl o u t l e t ,  however, precau- 

tions must be taken t o  insure t ha t  the  composition of the gas i s  not 

inadver ten t ly  changed during i t s  passage from t h e  pump bowl o u t l e t  t o  

t h e  thermal conduct ivi ty  c e l l .  

I n  using 

Question 3 concerns a weakness i n  t h e  use of t h e  thermal conduct ivi ty  

c e l l  as an ind ica to r  of BF, concentrat ion.  If t h e  thermal conduct ivi ty  

c e l l  i s  working properly,  it w i l l  respond t o  any change i n  t h e  thermal 

conduct ivi ty  of t h e  gas whether t h a t  change has been caused by a change 

i n  t h e  concentrat ioc of t n e  SF3 o r  by t h e  addi t ion  or removal of some 

o ther  material. In  t h e  des$- and operat ion of t h e  system, the re fo re ,  

precaEtions must Le taken t o  exclude, or t o  de t ec t  and account f o r ,  any 

materials t h a t  might give a false s igna l .  Experimental work i s  needed 

t o  inves t iga t e  t h e  v a r i a t i o n  i n  thermal conduct ivi ty  c e l l  reading as a 

funct ion of t h e  concentration of probable contaminants. 

The four th  question i s  concerned with probable e r r o r s  i n  t h e  meas- 

urement of  salt  temperature and gas pressure and t h e  e f f e c t  such e r r o r  

l i m i t s  might have on t h e  usefulness  of t h e  thermal conduct ivi ty  c e l l  

method. 

s i t i o n  pressure,  which includes t h e  e f f e c t s  of composition change as 

w e l l  as temperature change (Appendix D ) :  

We s tar t  by r e f e r r i n g  t o  t h e  general  equation f o r  BF, decompo- 
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where Pb i s  p a r t i a l  pressure of BF, ( p s i ) ,  f i s  mole f r a c t i o n  NaBF4, and 

T i s  temperature ( O R ) .  

s i t i o n  and temperature, w e  ge t  

D i f f e ren t i a t ing  a l t e r n a t e l y  with respect  t o  compo- 

Assuming values of 1025 and 1150°F f o r  sa l t  temperature and 0.91, 0.92, 

and 0.93 f o r  mole f r a c t i o n  NaBF4, t h e  ca lcu la ted  values  f o r  p a r t i a l  pres-  

sure  and for r a t e  of change of p a r t i a l  pressure a r e  as shown i n  Table 5 .  
A t  1150°F a change i n  composition from 0.92 ( t h e  des i r ed  value)  t o  0.91 
would cause a change i n  p a r t i a l  pressure of about 0.6 p s i .  

ture e r r o r  required t o  cause an apparent change of t h e  same magnitude 

would be 0.60/0.047, or zbout 13°F. 

measurement i s  O.5%,  o r  about 6°F. 
g rea t e r  than 0 .5  mole % should not be masked by temperature e r r o r .  

The tempera- 

The expected accuracy of temperature 

From t h i s  we conclude t h a t  changes 

The apparent rate of change of BF, p a r t i a l  pressure as a funct ion 

of t o t a l  pressure i s  numerically equal t o  t h e  concentration f r a c t i o n  

($ BF3/100), assuming constant gas flows: 

P =  b 

from which 

"'b / dPt 

Assuming a t o t a l  pressure of 24 

1150°F (Pb = 4.93 p s i )  would be 

= F /F 

psig,  t h e  concentrat ion f r a c t i o n  a t  

4.93/38.7, or 0.13. 

= Pb/Pt . b t  

The e r r o r  i n  t o t a l  

pressure reading required t o  cause an apparent change 

composition would the re fo re  be: 

dPb/df -=a= 0*67 5 . 1  psi/mole % . 

of 1 mole % i n  



Table 5.  Var ia t ion  o f  BF, p a r t i a l  pressure with composition and temperature 

Rate of change of eT, E r ro r  i n  temperature 
'b? BF3 p a r t i a l  pressure required t o  produce an 
p a r t i a l  apparent composition 
pres  sure apb/a f aPb/aT change of 1 mole $J 

T, S a l t  f ,  Mole 
temperature f r a c t i o n  

( OF) NaBF4 
(psi/mole $) (PSI/ OR) ( OF) ( P s i )  

~~ ~ ~ ~~ 

1025 0 -93 1.58 0.24 0.018 13 
0.92 1.36 0.18 0.015 12 

0.91 1.20 0 .15  0.013 1 1 . 5  
1150 0.93 3 .(I9 0.87 0.054 16 

0.92 4.93 0.67 0.047 1 4  
13  0.041 0.91 4 .33 ,  0.53 

f 24, $40 I n  P '0 = h(n) - + 14.395 - p s i ,  
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W 

W 

A t  38.7 ps ia ,  we should be ab le  t o  read pressure within 0.5 p s i ,  so  e r r o r  

i n  measurement of t o t a l  pressure should not be an important f a c t o r .  

The accuracy of t h e  thermal conduct ivi ty  c e l l  readout should not be 

an important f a c t o r  i n  t h e  discussion because t h e  reading i s  only rela- 

t i v e ,  t h a t  is, t h e  instrument compares t h e  conduct ivi ty  of t h e  gas mixture 

with t h a t  of a reference gas, and provis ion can be made f o r  cont inual  

c a l i b r a t i o n  checks using mixtures of BF, and helium of known composition. 

There should l ikewise be no problem i n  designing a thermal conduct ivi ty  

system t h a t  w i l l  have t h e  des i red  degree of s e n s i t i v i t y ,  t h a t  i s ,  one 

t h a t  will be ab le  t o  see s m a l l  enough changes i n  salt  composition. For 

example, i n  t h e  t es t  f a c i l i t y ,  t h e  s e n s i t i v i t y  of t h e  thermal conduct ivi ty  

c e l l  w a s  4.3% BF, per  m i l l i v o l t ,  t h a t  is, f o r  a given reading, R, i n  mV, 

t h e  concentration, C, i n  % BF3, w a s  equal t o  4.3R. 
t r a t i o n  f r a c t i o n  equal  f c ,  and noting t h a t  f c  = Pb/Pt, then: 

If we l e t  t h e  concen- 

f c  = C/100 = 4.3R/100 = Pb/Pt . 

Solving f o r  R i n  terms of P and d i f f e r e n t i a t i n g ,  we ob ta in  t h e  rate of 

change of t h e  thermal conduct ivi ty  c e l l  reading as a func t ion  of t h e  BF, 

p a r t i a l  pressure : 

b 

R = 23.25Pb/Pt , 

dR/dPb = 23.25/Pt m V / p s i  . 

The rate of change of thermal conduct ivi ty  c e l l  reading as a funct ion of 

salt  composition can be obtained by mult iplying by dPb/df, t h a t  i s ,  t h e  

rate of change of BF, p a r t i a l  pressure as a func t ion  of salt composition: 

dR/df = (dPb/df)(dR/dPb) mV/mole ’$ . 

For t h e  t es t  f a c i l i t y ,  where P w a s  38.7 ps i a ,  t h e  change i n  reading as 

a func t ion  of BF3 p a r t i a l  pressure w a s  23.25/38.7, or 0.6 mV/psi. From 

Table 5, we note t h a t  a t  1025°F and f = 0.92, dPb/df has a value of 0.18; 
s o  f o r  t h i s  condi t ion t h e  value of dR/df = (0.6)(0.18) = 0.11 mV/mole 4. 

t 
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The smallest change i n  thermal conduct ivi ty  c e l l  reading t h a t  could be 

considered s ign i f i can t  w a s  about 0.05 mV, which w a s  equivalent t o  a 

change of about 0.5 mole $. 
however, w a s  an old-fashioned u n i t ,  and improved c e l l s  are now ava i l ab le  

with s e n s i t i v i t i e s  t h a t  are higher by a t  least a f a c t o r  of 10. It might 

be noted t h a t  t h e  rate of change i n  p a r t i a l  pressure as a funct ion of 

salt  composition increases  as t h e  salt  temperature increases ,  s o  t h a t  

t he  t e s t  f a c i l i t y  u n i t  would probably have been adequately s e n s i t i v e  for 

an MSBR system. 

temperature of 1150°F and a t o t a l  overpressure of 30 ps ia .  

d i t i ons ,  t h e  value of dR/df f o r  t h e  tes t  f a c i l i t y  u n i t  would be 0 .4  mV/ 

mole %, and a change i n  t h e  salt  composition of 0.13 mole '$ should have 

been d i sce rn ib l e .  

monitoring a mixture of helium and BF3, and t h e  s e n s i t i v i t y  of t h e  u n i t  

w a s  d i r e c t l y  relzted t o  t h e  d i f fe rence  i n  thermal conduct ivi ty  c e l l  

s ign i f i can t ly ,  or it could rule out a l toge the r  t h e  use of t h e  thermal 

conduct ivi ty  method. 

I n  summarjr, we conclude t h a t  f o r  systems which are similar i n  de- 

The u n i t  i n s t a l l e d  a t  t h e  tes t  f a c i l i t y ,  

For example, t h e  MSBR i s  expected t o  operate  a t  a sal t  

A t  t hese  con- 

It might a l s o  be noted t h a t  t h e  t es t  f a c i l i t y  u n i t  w a s  

s ign  and operat ing conditions t o  t h e  t e s t  f a c i l i t y ,  we should be able 

t o  monitor t h e  composition of a c i r c u l a t i n g  f luoroborate  salt  system by 

using a thermal conduct ivi ty  c e l l  t o  monitor t h e  gas stream t h a t  i s  

flowing from t h e  vapor space which i s  i n  contact  with t h e  salt  sur face .  

5 . 3  Corrosion Product Deposition 

During extended periods of salt c i r cu la t ion ,  one or more of t h e  

products of corrosion are l i k e l y  t o  reach t h e  s a t u r a t i o n  concentrat ion 

corresponding t o  t h e  minimum temperature of t h e  system. Continued op- 

e r a t i o n  would then r e s u l t  i n  p r e c i p i t a t i o n  on t h e  steam generator  tubes 

( t h e  cooles t  sur face  i n  t h e  intermediate  system) with r e s u l t a n t  l o s s  i n  

heat  t r a n s f e r  capab i l i t y .  

surfaces  from t h i s  foul ing  by providing f o r  p r e f e r e n t i a l  deposi t ion of 

corrosion products i n  a cold t r a p  whose temperature would be maintained 

It i s  proposed t o  p ro tec t  v i t a l  hea t  t r a n s f e r  
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a s u i t a b l e  amount below t h a t  of t h e  hea t  exchanger. This sec t ion  descr ibes  

some t e s t s  t h a t  were run t o  develop information on t h e  nature  and k i n e t i c s  

of formation of cold sur face  depos i t s .  

A cold f i n g e r  was fab r i ca t ed  from a piece of n icke l  rod, 5/8 i n .  OD 

by 1 1/2 i n .  long (F ig .  15). 
t r a n s f e r  p rope r t i e s  by mi l l i ng  a series of c i rcumferent ia l  grooves on t h e  

e x t e r i o r  surface and by forming t h e  i n t e r i o r  space i n  f i v e  operat ions with 

a 1 /8- in .  -diam d r i l l .  

diam Inconel-sheathed thermocouples in se r t ed  i n  four  0.055-in.-diam ver t i -  

c a l ,  equal ly  spaced holes  loca ted  s o  t h a t  t h e  outer  edge of each hole  w a s  

about 0.045 i n .  away from t h e  sur face  of t h e  t es t  piece (F ig .  1 6 ) .  A 

3/8-in.-OD n icke l  tube w a s  welded t o  t h e  t es t  piece,  and t h i s ,  i n  combi- 

na t ion  with a c e n t r a l  1/8- in .  -OD tube,  provided a reent ran t - type  arrange- 

ment f o r  in t roduct ion  and removal of t h e  coolant ,  a mixture of argon and 

d i s t i l l e d  water. 

bled u n i t  would be able t o  s a t i s f y  t h e  containment and mobil i ty  c r i t e r i a  

(Fig.  17) .  A catch pan (small metal d i sk )  w a s  a t tached  t o  t h e  bottom of 

t h e  cold f inge r  i n  t h e  hope t h a t  it would r e t a i n  pieces  which might become 

detached from t h e  sur face  of t h e  t es t  p iece .  During a tes t ,  the u n i t  w a s  

a t tached  t o  the salt  sample access nozzle on t h e  pump bowl, the  sample 

b a l l  valve w a s  opened, and t h e  inne r  -Lube w a s  i n s e r t e d  u n t i l  t h e  lower 

half of t h e  t es t  piece w a s  submerged under t h e  salt  sur face .  Movement of 

t h e  cold f i n g e r  w a s  through a Teflon seal above t h e  b a l l  valve.  

t es t  piece w a s  i n  pos i t ion ,  t h e  coolant flow w a s  started, and t h e  t o t a l  

and r e l a t i v e  flows of argon and d i s t i l l e d  water were ad jus ted  t o  obta in  

t h e  des i r ed  temperature.  A s  a r e s u l t  of experience during shakedown tests,  

two rev is ions  were made: (1) two of t h e  four  thermocouples w e r e  e l iminated 

because space l i m i t a t i o n s  made operat ion with t h e  l a r g e r  number impossible, 

and ( 2 )  t h e  catch pan w a s  e l iminated because of c learance problems between 

it and i n t e r n a l  hardware i n  t h e  pump bowl. 

An attempt w a s  made t o  enhance t h e  hea t  

The operat ing temperature w a s  sensed by 0.040-in. - 

Other tubes and f i t t i@s were provided s o  t h a t  t h e  assem- 

A f t e r  the  

A t o t a l  of f ive tes ts  were run with t h e  cold f i n g e r  t o  inves t iga t e  

t h e  e f f e c t  of w a l l  temperature on t h e  amount and type  of deposi t  obtained. 

Each tes t  per iod  was 6 h r .  

t e s t  per iod t o  check t h e  e f f e c t  of t i m e .  The t e s t  results are summarized 

i n  Tables 6 and 7. Some deposi t  w a s  obtained i n  a l l  t h e  6-hr tests; none 

I n  addi t ion ,  two tests were run with a 2-hr 

u 
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Fig. 16. Cold finger showing connecting tubing and thermocouples. 
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Fig. 17. Cold-finger assembly. 
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was obtained i n  t h e  2-hr t es t s .  All  deposi ts  w e r e  b r igh t  green, and t h e  

amount var ied  from very t h i n  i s o l a t e d  spots  t o  a uniform coating over 

t h e  1 1/2-in.2 surface.  No da ta  were obtained on t h e  weight of  material 

deposited; however, t h e  t o t a l  amount of material i n  t h e  heaviest  deposi t  

i s  estimated t o  have been <O.5 g.  Chemical analyses ind ica ted  t h a t  as 

t h e  w a l l  temperature of t h e  cold f inge r  w a s  increased, t he  quant i ty  of  

chromium i n  t h e  trapped sample increased r e l a t i v e  t o  t h e  o ther  cons t i t u -  

e n t s .  

deposi ts  consis ted of a small amount of N+CrFE, mixed with l a rge  amounts 

of NaBF, and NaF. 

A rough atomic balance can be achieved i f  one assumes t h a t  t h e  

The da ta  from t h e  cold-finger tests are t o o  meager t o  permit any 

f i n a l  conclusions.  The r e s u l t s ,  however, are s u f f i c i e n t l y  promising t o  

ind ica t e  t h a t  removal of corrosion products by cold t rapping  i s  possible  

and t h a t  f u r t h e r  development e f f o r t  i s  j u s t i f i e d .  

Table 6.  Summary of cold-finger t es t s  

S a l t  c i r cu la t ing  temperature, 1 0 2 5 " ~  

Date W a l l  T e s t  
of temperature durat ion T e s t  

No. 
t es t  ( OF) ( h r )  

Deposit 

1 4 -2 3 -69 750 6 Yes 

2 4-29-69 850 6 Yes 

3 5-7-69 950 6 Yes, two s m a l l  areas 

4 5-9-69 890 6 Yes, t h i n  

5 6-13-69 860 6 Y e s ,  heavy 

6 6-20-69 944 2 No 

7 6-20-69 929 2 NO 

5.4 O f f - G a s  System Flow Res t r i c t ions  

A p r o f i l e  o f t h e  off-gas l i n e  i s  shown i n  Fig.  18. The l ength  and 

layout  of t h e  l i n e  were fo r tu i tous ,  and t h e  p r o f i l e  i s  shown primari ly  

t o  i l l u s t r a t e  t h e  r a t h e r  lengthy and tor tuous  flow path between t h e  pump 
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bowl o u t l e t  and t h e  suct ion l i n e  of t h e  v e n t i l a t i o n  blower. During most 

of t h e  loop operations t h e  off-gas flow w a s  1500 c$(STP)/min, and t h e  

pump bowl pressure w a s  24 ps ig .  The gas temperature a t  the  pump bowl 

exi t  w a s  c lose t o  t h e  sa l t  temperature (normally lO25"F), but  t h e  gas 

quickly cooled t o  room temperature i n  the  unheated off-gas l i n e .  

stream of t h e  pressure cont ro l  valve,  t h e  pressure w a s  e s s e n t i a l l y  atmo- 

spheric .  

Down- 

Table 7. Analyses of deposi ts  from cold-f inger  tests 

Wall 
Test temperature Na B 

( O F )  
No. F Fe C r  N i  

1 750 
2 850 
4 890 

1 

2 

4 

Weight $ 
25.4 5.07 59.0 1 . 5 4  2.76 0.031 

24.4 4.28 57.3 1.61 4.18 0.009 

24.0 6.26 46.5 1.52 8.38 0.090 

40 17 1-13 1 2 

3c 1.7 124 1 3 
3e le 71 1 6 

Atomic zbundance r e l a t i v e  t o  Fe 

5 . 4 . 1  Plugging experience 

Continuicg d i f f i cu l t> -  w a s  experienced with flow r e s t r i c t i o n s  i n  t h e  

The p r inc ipa l  t ro?&le spots  were (1) j u s t  downstream of off-gas system. 

t h e  pump bowl, ( 2 )  t h e  pressure cont ro l  valve,  and (3 )  t h e  extreme end 

of t h e  off-gas pipe at t h e  point  where t h e  off-gas stream w a s  vented i n t o  

t h e  12-i2.  suc t ion  l i n e  t o  t h e  v e n t i l a t i o n  blower. 

The r e s t r i c t i o n s  a t  t h e  pump bowl o u t l e t  were due t o  sa l t  m i s t  t h a t  

w a s  generated i n  t h e  pump bowl and ca r r i ed  out by t h e  off-gas .  When t h e  

gas stream cooled below t h e  f reez ing  point  of t h e  salt  (725"F), t h e  m i s t  

p a r t i c l e s  f roze  and some f r a c t i o n  of them agglomerated and s e t t l e d  out on 

t h e  pipe w a l l .  Eventually t h e  flow became blocked. 
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O R N L - D W G  7 2 - 2 0 8 2  

* INDICATES 90' CHANGE IN HORIZONTAL DIRECTION. 
TOTAL LENGTH OF OFF-GAS LINE FROM PUMP BOWL TO BLOWER 
SUCTION L INE = 67 f t  

@ PUMP BOWL OFF-GAS OUTLET 
@ YORK MESH FILTER 
@ 50-p METALLIC FILTER 

@ PUMP BOWL PRESSURE CONTROL VALVE 

@ SUCK-BACK TRAP 
@ MINERAL OIL BUBBLER 
@ FORWARD BLOW TRAP 

3/8-~n OD __ 
TUBING 

I I I I I I I I I I I 
0 5 10 15 20 25 30 35 40 45 50  

HORIZONTAL DEVELOPED LENGTH ( f t )  

Fig. 18. P r o f i l e  o f  f luoroborate  (PKF) loop off-gas l i n e .  



Rest r ic t ions  at t h e  cont ro l  valve w e r e  ascr ibed  t o  two th ings :  (1) 
those m i s t  p a r t i c l e s  t h a t  d i d  not se t t le  out i n  t h e  pipe were c a r r i e d  

downstream and deposited i n  t h e  valve 13:; i n e r t i a l  force  and (2 )  a v i s -  

cous f l u i d  w a s  c a r r i e d  out of t h e  pump bowl by t h e  off-gas stream and 

condensed out i n  t h e  cont ro l  valve and o ther  places  i n  t h e  off-gas  l i n e s .  

During the i n i t i a l  operat ion of t h e  loop with the  f lush ing  salt ,  t h e  

emission rate of t h e  f l u i d  w a s  very high, and an estimated 50 CI# w a s  

drained from t h e  l i n e  downstream of t h e  cont ro l  valve.  With continued 

operation, however, t h e  rate dropped of f  considerably and leve led  of f  

a t  about 6 t 3 mg/hr (equivalent  t o  about 1 g per  15,000 l i t e r s  of gas 

or  0.07 mg/ l i te r )  . 
The r e s t r i c t i o n s  t h a t  occurred a t  t h e  extreme end of t h e  off-gas  

l i n e  were attrib3:ted t o  a slow buildup of materials r e s u l t i n g  from a re- 

ac t ion  between BF, and w a t e r .  The E3F3 w a s  normally present  i n  t h e  off- 
gas stream a t  akout 3.7$  V;; volume, and t h e  w a t e r  content o?' t h e  bui lding 

atnosphere w a s  proba'cly alocit 1% ly volume. 

arout  2 t o  4 i n .  from t h e  end of t h e  3/8-in.  l i n e  (F ig .  19). 
t n a t  t l e  m o i s t u e  d i f fused  up t:-e s m a l l  l i n e  t o  t h i s  po in t ,  where it com- 

t ized  with the  2F3 coming downstream and t n e  r eac t ion  product w a s  gradu- 

a l l y  deposited.  A t o t a l  of s i x  plugs were formed. The t i m e  of formation 

( sa l t  c i r cu la t ion  t i m e ?  w a s  not cocs i s t en t ,  varying f'rom s i x  weeks t o  s i x  

xocths,  as shown i c  Tat le  1. 

The plugs normally occurred 

We assume 

Tze identit:; of t h e  plug material i s  su'cject t o  speculat ion s ince  

The p r inc ipa l  r eac t ion  product* f'rom cnemical ar,al.,-ses were not made. 

conbination of' EF, and water i s  thought t o  ?.e EF, .2K,O,  which presumably 

would not be a s o l i d  a t  t h e  conditions (atmospheric pressure and room 

temperature) under which t h e  plugs were formed. 

5.4.2 Off-gas tes ts  

In  December lgC8, t h e  off-gas l i n e  a t  t h e  pump bowl o u t l e t  w a s  modi- 

f i e d  t o  provide f o r  t h e  i n s t a l l a t i o n  of experimental equipment t o  evaluate  

methods of coping with salt  m i s t  and other  contaminants i n  t h e  off-gas  

*Private communications, R .  F. Apple t o  A. N .  Smith, Nov. 22, 1971. 

< I  1 
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Fig. 19. Radiograph of typical plug (formed 9-11-68) that  formed at 
extreme end of off-gas line. Nal3F1, circulation tes t ,  PKF loop. 



stream. 

from December 19, 1568, u n t i l  t h e  f i n a l  shutdown o r  t h e  f a c i l i t y  i n  

Apri l  1970. During t h e  discussion,  reference may be made t o  Figs .  20 t o  

23 f o r  design de ta i l s  and o ther  pe r t inen t  information r e l a t i v e  t o  t h e  

off-gas l i n e  and t h e  various t r a p s  and f i l t e r s  used during t h e  tests;  t o  

Figs.  24 t o  2c1 f o r  t h e  p a r t i c u l a r  order i n  which t h e  var ious components 

were arrayed; and t o  Table 9 f o r  a chronological summary and f o r  data on 

co l l ec t ion  rates f o r  salt  m i s t s  and condensed l i q u i d .  Connections be- 

tween components were made with 3/8-in. -OD (5/16-in.  - I D )  tubing, t u rns  

were made using long radius  bends, and t h e  t o t a l  l ength  of interconnect ing 

tubing between t h e  pump bowl nozzle and t h e  f i n a l  component i n  t h e  t e s t  

sec t ion  w a s  never more than 6 2%. 

The following i s  a descr ip t ion  o f  t h e  tes ts  t h a t  were performed 

Table 8. Record of flow r e s t r i c t i o n s  
a t  extrene end of o-t'f-gas l i n e  

~ 

S a l t  Tot a1 
Date c i r c u l a t i o n  elapsed 

ok,served t i ne  t i m e  
( h r )  ( h r )  

9 -11 -e ?> 1350 3200 

12 -16 - i l  1270 2 300 

1-29 -69 980 1060 

11-25-69 1720 2230 

2-18-79 1100 2000 

8-22-;9 41; 0 4870 

For t h e  i n i t i a l  series of t es t s ,  a Calrod hea te r  w a s  i n s t a l l e d  on 

t h e  off-gas l i n e  at t h e  point  of connection with t h e  pump bowl (F ig .  2 0 ) .  

The arrangelnent w a s  such t h a t ,  with no power t o  t h e  hea ter ,  and with t h e  

system operating a t  normal s t e a w - s t a t e  condition (bulk sal t  temperature 

of 1025°F and off-gas flow of 1 . 5  l i t e r s / m i n ) ,  t h e  temperature of t h e  

1/2-in.-ID off-gas l i n e  dropped f'rom 755°F a t  t h e  pump bowl t o  400°F at 

a point  3 1/2 i n .  away from t h e  pump bowl, and it i s  estimated t h a t  t h e  
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O R N L - D W G  7 2 - 2 0 8 3  

2 % - i n .  DlAM X 3- in .  HIGH 
E X I T  PLENUM 

D E T A I L  OF P U M P  B O W L  O F F - G A S  

-i-- --I ?-OUT 

T Y P I C A L  T E M P E RATU R E PROFILE 
WITH CALRDD H E A T E R  TURNED OFF 

N O Z Z L E - T E S T S  I o T O  IC 

-F IVE EACH 0 . 0 2 0 - i n .  P L A T E S  WITH FOUR E A C H  3/32- X 3/32- 

FOUR EACH 0 . 0 2 0 - i n .  P L A T E S  WITH FOUR EACH %- in.  DIAM 
H O L E  C E N T E R S  TO B E  9/32in. FROM P L A T E  CENTER 

BAFFLE PLATE DETAIL-TEST 110 ONLY 

I N  

V E R T I C A L  HOT-MIST T R A P  D E T A I L - T E S T S  I I a T O  IIc 

in .  NOTCHES 

HOLES 

L-0 in.+ NOTES 

t- OUT I .  COLD ELEMENT NOT USED IN A L L  TESTS. 
2. E L E M E N T  DlAM - 1.8 in. 

3. E L E M E N T  A R E A - O . 0 ( 8  f t 2  - I $  2- in .P IPE 4. FLOW RATE-3 scfrn/ft2 AT 1.5 liters/rnin ( S T P )  

12 in.  

I 
I 
I 

(FROZEN SALT FILTER (COLD ELEMENT)  

EN SALT DEMISTER (HOT E L E M E N T )  

HEATER AND I N S U L A T I O N  

HORIZONTAL HOT-MIST T R A P  D E T A I L - T E S T S  IIIa  TO I I I d  

Fig.  20. Details of off-gas nozzle and hot-mist t r a p s  f o r  NaBF4 c i r -  
cu l a t ing  t e s t ,  PKP loop.  
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GLASS PIPE 
3 1 n  I D  

BY 
24- in .  LONG--, 

'I __ 

- ID TUBING 

L I N E A R  VELOCITY OF G A S  AT -1.5 l i ters / rn in  ( S T P )  
AND 2 4  p s i g  WAS 0.018 f p s  AND RESIDENCE 
TIME WAS i l O s e c  

ASSUMING SPHERICAL ?ARTICLES O F  sp  g r  = 2.0, 
A SETTLiNG RATE O F  0.018 f p s  IN HEL IUM 
CORRESPONDS TO A PARTICLE SIZE OF 9 p .  
THEREFORE, PARTICLES 2 fop SHOULD 
REMAIN IN THE SETTLING TANK 

DETAIL  O F  SETTLING TANK ( S T )  

IMPACT ,/' 

SERFACE \\> u . I 
3/8 in. 

1 U N I T  1 i N  SERVICE I "9" I "L "  I 
1-1 I 1 - 1 3 - 6 9  TO 1 - 2 2 - 6 9  1 Lii;, I 6 in. I I I - 2  I ' - 2 2 - 6 9  T O  2 -  9 - 6 9  42 in. 

DETAIL  OF IMPACTOR U N I T S - T E S T  I b  

F i g .  21. S e t t l i n g  t znk  and inpac to r  u n i t s ,  t e s t s  Ia  and I b ,  PJaBFb 
c i r c u l a t i o r i  t e s t ,  PK? loop. 
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O R N L - D W G  7 2 - 2 0 8 5  

-1 X 3 in .  I 
G L A S S  P I P E L , "  F I L T E R  DIAM--1.75 i n  
R E D U C E R S  AREAO.Ot7  f t '  

E L E M E N T  1 M O D E L  ~ 

F - - f b  NEVACLOG F M 2 2 5  F l i n 2 0 4  
F - f c  F M 2 2 5  F M 2 0 4  - 

F - f a  F M 2 0 4  

NOTE:  A L L  E L E M E N T S  WERE S T A I N L E S S  S T E E L  

FLOW = 3 . f  s c f r n / f t '  AT 1.5 l i t e r s  ( S T P ) / m i n  

NOTES 
1 .  F ILTER E L E M E N T S  T Y P E  F M  A R E  M A D E  BY HUYCK M E T A L S ,  I N C  

M F R ' S  R E M O V A L  R A T I N G S  W Y E N  F I L T E R I N G  G A S E S .  F M - 2 2 5  9 8 % L E S S  T H A N  f . 4 ~  

( O O % L E S S  TWAN 5 p 
0 1 p F M - 2 0 4  100% L E S S  T H A N  

2 N E V A - C L O G  F ILTER M A T E R I A L  I S  BY M U L T I - M E T A L  WIRE C L O T H ,  I N C ,  A N D  C O N S I S T S  O F  
T W O  P E R F O R A T E D  S H E E T S  F A S T E N E D  TOGETHER W I T H  AEOUT A 1/64 n SPACING 
B E T W E E N  T H E M ,  A N 0  A R R A N G E D  SO T H A T  T H E  PERFORAT O N S  l'u O N E  S H E E T  
A R E  NOT I N  L I V E  WITH T H O S E  O F  T H E  O T H E R .  T H E  P E R F O R A T I O N S  
A R E  0 0 4 4  in. D l A M  O N  0 -13 in. C E N T E R S ,  EQUIVALENT TO 10% O P E N  AREA 

F I L T E R  T Y P E  F-4 

,,FILTER E L E M E N T  TYPE G 
By  P A L L  T R I N I T Y  MICRO CORP., 

2.75  in. D l A M  X 6 In. LONG, F ILTER 
A R E A - 0 . 3 6  ft', MFR 'S  R E M O V A L  
R A T I N G  98% 0 . 7 ~ ~  f O O %  f . 8 , ~  

GLASS P I P E  S INTERED STAINLESS STEEL,  
3 in. I D  

B Y  
8 in. LONG 

FLOW = 0.15 s c f m / f t 2  
A T  1.5 l i ters  ( S T P ) / r n i n  

> FILTER E L E M E N T  T Y P E  2232 
Bv HOKE, INC., S I N T E R E D  

A R E A  0 0 0 6 f t '  M F R ' S  
S T A I N L E S S  S T E E L ,  F ILTER 

RATING 5 - 9 p  

FLOW = 8.8 s c f m / f t '  
AT j.5 l i l e r s ( S T P ) / r n i n  

F ILTER T Y P E  F-2 F I L T E R  T Y P E  F - 3  

Fig. 22. F i l t e r s  used during off-gas tes ts  i n  NaBF4 c i r c u l a t i o n  t e s t ,  
PKP loop. 
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-7 
GLASS P IPE 

BY 
1 in .  ID 

18in. LONG- 

- 

O R N L - D W G  72-2086 

3/8-in. OD TUBING 

I1 E- 

4. 

11 in. 1: 2 in. 

-3 in.* 

LINEAR VELOCITY OF GAS AT 1.5 l i ters/min (STP)  
AND 2 4  ps ig  WAS 0.076 f p s  AND RESIDENCE 
TIME IN 1 1  in. COLD SECTION WAS 12 sec 

,WET-ICE BATH 

WET-ICE COLD TRAP (CT-WI)  

LINEAR VELOCITY OF GAS AT 1.5 l i ters/min ( S T P )  
I 

2 in. 
i 

1 
J 

AND 2 4  ps ig  WAS 0.75 f p s  AND RESIDENCE 
T I M E  WAS 2.5 sec 

'/z-in.-OD SS TUBING 

DRY - I C E - T R IC H LO R 0 ET H YCE N E BATH 

DRY- ICE COLD TRAP (CT-DI )  

Fig .  23. Cold t r a p s  used during off-gas system t e s t s ,  NaBF4 c i rcu la-  
t i o n  t e s t ,  PKP loop. 



O R N L - D W G  72-2087 

I- 

T E S T  I o  
1 2 - 1 9 - 6 8  TO 1-13-69 

~ W E T - I C E  C O L D  T R A P  
( C T - W I )  

S E T T L I N G  T A N K  ( S T ) /  

1 1  [ H E A T E R  I- 
F I L T E R  
( F - 1  b )  

T E S T  L b  I M P A C T O R  1 - 1  
( - ( 3 - 6 9  T O  ( - 2 2 - 6 9  

T E S T  I b  I M P A C T O R  1 - 2  
( - 2 2 - 6 9  TO 2 - 9 - 6 9  I M P A C T O R  

(1-1, 1 - 2 )  

I- 

F I L T E R  
( F - i b )  

T E S T  IC 
2 - 9 - 6 9  TO 3 - 7 - 6 9  

Fig.  24. Arrangement of  off-gas t e s t  equipment, t e s t s  Ia  t o  
NaBF4 c i r cu la t ion  t e s t ,  PKF loop.  
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\ 6 - 2 6 - 6 9  T O  1 0 - 3 0 - 6 9  

O R N L - D W G  7 2 - 2 0 8 8  

'\ P U M P  B O W L  

- T h  H M T - V I  

W E T - I C E  C O L D  T R A P  

. P U M P  B O W L  

F- Z - 
H M T - V 2  

t 

TEST E O  

3 - 2 5 - 6 9  TO 5 - 4 3 - 6 9  

N O T E :  
H M T - V I  WAS E Q U I P P E D  
W I T H  D I S K  A N D  D O N U T  
B A F F L E  A R R A N G E M E N T  

- I C E  C O L D  T R A P  
( C T  - W 1) 

T E S T  I I b  

5 - 2 6 - 6 9  TO 6 - 2 6 - 6 9  

N O T E  : 
ti k i T  - V 2  W A S  E Q U I P P E D  
W I T H  14.39 W I R E  M E S H  
( Y O R K  M E S H )  C O M P A C T E D  
I N  2 L I N E A R  i n .  G I V I N G  A 
V O I D  F R A C T I O N  OF 9 3 %  

- I C E  C O L D  T R A P  
( C T - W I )  

Fig.  25 .  Arrangement of off-gas t e s t  equipment, tes ts  IIa t o  I I c ,  
NaBF4 c i r cu la t ion  t e s t ,  PKP loop.  
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ORNL- D W G  7 2 - 2 0 8 9  

I 
ABOVE SALT MELTING POINT ! BELOW SALT MELTING POINT 

I 

1 I 
1 I .  7 3OOOF , 

4 
\HOT-MIST TRAP 

HORIZONTAL MODEL 

\ PUMP BOWL 

WET-ICE COLD TRAP 
( C T - W I )  

TEST TIME PERIOD HOT MIST TRAP HOT ELEMENT COLD ELEMENT 

1110 11-7-69 TO I f -24 -69  H M T - H f  F M - 2 2 5  . NONE USED 

l I I b  1 2 - 5 - 6 9  TO 12-23-69 H M T - H 2  NEVACLOG NONE USED 

F M - 2 2 5  F M - 2 2 5  IIIc 4-20-70 TO 3 - 4 -70 H M T - H 3  

LIIe  3-24-70 TO 4 - 1 3 - 7 0  H M T - H 3  F M - 2 2 5  F M - 2 2 5  

Fig. 26. Arrangement of off-gas t es t  equipment, tests IIIa t o  I I I c ,  
NaBFt, c i rcu la t ion  tes t ,  PKP loop. 



!Cable 9. Chronological summary of tests and data collection rates  for 
salt mists and condensed l iquid 

Collection data 
Cumulative 

Test late circulating Remarks Component Total time Total weight Average 
time on stream collected rate 
(b) (b) (9) ( g b )  

Ia 12-19-68 Test f ac i l i t y  s tar ted up after mdipying off-gas l i n e  t o  
investigate off-gas emissions; collection equipment in-  
cludes settling tang (ST), wet ice  cold t r ap  ( ~ - w I ) ,  
and filter (Fl-a) 

- 0.10 s 
0.007 L 
0.013 s 

6: 
1-13-69 622 Set t l ing tank, wet Ice  cold trap,  and f i l ter  removed Prom ST 622 

system CT-WI 622 
Fl-8 622 8 

Ib 1 1 3  - -  bg lmpactor umt  { '1-irand r i i t e r  (ri-oj a 

1-15-69 

1 - 2 2 4  
1-22-69 

1-30-69 

2-9-69 

3-6-69 

3-7-69 

3-25-69 

4-21-69 

5-2-69 

5-13-69 

5-26-69 

6-26-69 

6 -26 -69 

10-30-69 

11-7-69 

11-24-69 

12-5-69 

12-23-69 

1-20-70 

3-4-70 

3-24-70 

4-2-70 

4-2-70 

4-13-70 

Pressure drop at pmp bowl outlet  I s  6.5 psi; res t r ic t ion 
cleared by increasing temperature of off-gas l i n e  at 
pump bowl outlet  

Impactor unit, 1-1 removed 
Impactor uni t  1-2 Installed 

Pressure drop at  pump bowl outlet  is 4.5 psi; res t r ic t ion 
cleared by increasing temperature of off-gas l i ne  at 
pump bovl outlet  

Impactor unit 1-2 removed because of res t r ic t ion i n  inlet 
l i n e  

Pressure drop at  pump bowl outlet  is 8.0 psi; res t r ic t ion 
cleared by heating off-gas line 

Test f a c i l i t y  shut down t o  i n s t a l l  hubmist t r ap  

Test f a c i l i t y  s tar ted up after instal la t ion of ver t ical  
hot-mist traps vi th  Internal disk-donut baffles (HMP-Vl); 
collection e q u i p n t  includes sintered metal f i l t e r  F-2, 
absolute filter Fl-c, and wet  i ce  cold t r ap  C T - W I  

Removed f l l t e r  Fl-c 

Replaced sintered metal filter F-2 v i th  sintered metal 
a l t e r  F-3; reinstalled f i l ter  Fl-c 

Test f ac i l i t y  shut down t o  change hot-mist t r ap  

670 

830 

lox) 

1250 

1870 

1900 

650 

900 

l l 4 5  

1910 

4610 

410 

840 

1840 

2055 

2056 

2320 

0.46 s 
0.07 s 

1-1 
Fl-b 

210 
210 

97 
14 

1-2 I C  430 5 0.012 s 

Fl-b 1070 4 0.004 s 

. -  - --. 
0.0003 S 

0.008 s 
Fl-C 650 0.02 

F-2 900 7 

m-v1 1145 9 
F- 3 245 5.1 
F l - C  2C5 0 
C T - W I  1145 7 

0.008 s 
0.02 s 
0 s 
0.006 L 

IIb Test f ac i l i t y  s tar ted up with ver t ical  hot-mist t r ap  
with wire screen demister (HMP-V2); collection equip- 
ment includes sintered metal f i l t e r  F-3 and wet ice  
cold t r ap  m-WI 

Test f ac i l i t y  shut dovn t o  change hot-mist t r ap  F-3 
C T - W I  

765 
740 

15.1 
6.4 

0.02 s 
0.009 L 

Test f ac i l i t y  s tar ted up with ver t ical  hot-mist t r ap  
with single haff le  plate at inlet; collection equip- 
ment includes f i l ter  Fl-c and wet i ce  cold t r a p  
a-WI 

Test f ac i l i t y  shut down t o  i n s t a l l  horizontal hot-mist 
t r ap  

Test f ac i l i t y  s tar ted up vi th  first horizontal hot-mist 
t r ap  (W-Hl); collection equipment includes sintered 
m e t a l  f i l t e r  F-3 and wet  ice  cold t r ap  CT-WI 

Test f ac i l i t y  shut down t o  change hot-mist t r ap  

TIC 

F l - C  2700 
q - w 1  2700 

50 
12 

0.02 s 
0.005 L 

IIIa 

IIIb 

I I I C  

IBlT-81 
F- 3 
C T - W I  

410 
320 
410 

5.3 
2.5 
3.3 

0.013 s 
0.008 s 
0.008 L 

cn cn Test f ac i l i t y  st&ed up with second horizontal hot-mist 
t r ap  (m-m);  same collection e q u i p n t  

Test f ac i l i t y  shut dam t o  change hot-mist t r ap  1.8 
1.8 
2.5 

HMT-H2 
F-3 
CT-WI 

430 
430 
430 

0.004 S 
0.004 S 
0.006 L 

Test f ac i l i t y  s tar ted up Vith th i rd  horizontal hot-mist 
t r a p  (HMC-H3); sane collection equipnent 

Test f ac i l i t y  shut dam t o  change hot-mist t r ap  and pre- 
pare fo r  water inJection test 

33 
0.4 
5.6 

0.03 S 
O.OOO4 s 
0.006 L 

HMP-H3 lo00 
F-3 1000 
m-WI lo00 

Test f ac i l i t y  s tar ted up t o  run water injection test; 
hot-mist t r a p  I s  same as in test IIIc;  collection equip- 
ment includes wet Ice cold t r ap  m-WI and dry i c e  cold 
t r a p  CT-DI 

Check t r ap  weights m-WI 215 1.8 0.008 L 
m-DI 200 0.24 0.012 L 

m-WI 265 2.7 0.01 L 

CT-DI 265 0.85 0.003 L 

Injected 10 g %O i b to  loop 

Test f a c i l i t y  shut dovn 

"s = salt; L = l iquid.  
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l i n e  w a s  at  t h e  salt melting point  (725°F) at  about 1/4 t o  1 /2  i n .  away 

from t h e  pump bowl. BJ applying power t o  t h e  hea ter ,  t h e  temperature 

p r o f i l e  could be s h i f t e d  so  t h a t  t h e  temperature of t h e  l i n e  d id  not drop 

below t h e  salt melting point  u n t i l  a point  4 i n .  or more away from t h e  

pump bowl. A t  5 1/2 i n .  from t h e  pump bowl, an adapter  w a s  i n s t a l l e d  

t h a t  converted t h e  off-gas l i n e  from 1/2- t o  5/16-in.-ID tube.  About 

30 i n .  downstream of t h e  adapter ,  t r a p s  and f i l t e r s  were i n s t a l l e d  t o  

separa te  and c o l l e c t  t h e  materials t h a t  were emit ted with t h e  off-gas  

stream. 

The f a c i l i t y  w a s  operated with t h e  above arrangement f o r  1900 hr 
The procedure w a s  t o  operate  without power t o  the off-gas  (Table 9 ) .  

l i n e  hea te r  u n t i l  excessive pressure drop at  t h e  pump bowl o u t l e t  i n d i -  

ca ted  t h e  formation of a salt  plug. 

t h e  temperature of t h e  l i n e  increased u n t i l  a sharp decrease i n  pressure  

drop ind ica ted  t h a t  t h e  plug had melted. Using t h i s  method, r e s t r i c t i o n s  

a t  t h e  pump bowl o u t l e t  were c leared  after 670, 1020, and 1870 h r  of c i r -  

cu l a t ion  (F ig .  27 ) .  

cons is ted  of a 3-in.-ID g la s s  s e t t l i n g  tank (ST), a 1-in,-diam wet,-ice 

cold t r a p  (CT-WI), and a porous metal f i l t e r  ( F l - a )  . After 622 h r  t h e  

s e t t l i n g  tank and cold t r a p  were removed, and during t h e  next 630 hr 

two d i f f e r e n t  models of impactor u n i t s  were t e s t e d .  

second impactor u n i t  w a s  removed, and t h e  f i n a l  650 h r  of operat ion 

( tes t  IC) were completed witn only t h e  porous metal f i l t e r  ( F l - b )  i n  t h e  

l i n e .  Table 9 summarizes s o l i d  and l i q u i d  c o l l e c t i o n  rates for t h i s  t es t  

per iod.  Af te r  completion of test  IC, a salt  plug w a s  found ir, t h e  inlet 
t o  t h e  porous metal f i l t e r  (F ig .  2 8 ) .  

The hea te r  w a s  then  turned on and 

A t  t h e  start  of t h e  tests,  t h e  c o l l e c t i o n  equipment 

Af te r  1250 hr t h e  

Following completion of t h e  f i r s t  group of L,ests, it W ~ S  concluded 

t h a t  t h e  bes5 approach t o  t h e  salt  m i s t  problem w a s  t o  use a hot-mist 

t r a p ,  t h a t  i s ,  one t h a t  i s  operated a t  a temperature above t h e  salt 

melting point,, t o  c o l l e c t  a l a r g e  f r a c t i o n  of t h e  sal t  m i s t  and returr ,  

it continuously t o  t h e  salt  system or s t o r e  it u n t i l  s u i t a b l e  d i spos i t i on  

could be made. The salt  overflow, t h a t  is, t h e  f r a c t i o n  not separated 

out by t h e  hot-mist  t r a p ,  would be cooled below t h e  s a l t ' m e l t f n g  point 

and t h e  frozen sal t  p a r t i c l e s  removed by a replaceable  f i l t e r .  The ob- 

j e c t i v e  of t h e  second s e r i e s  of tes ts  w a s  t o  ob ta in  performance dzca on 

hot-mist t r a p s  using d i f f e r e n t  i n t e r n a l  arrangements f o r  i n t e rcep t ion  
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Fig. 27. Pressure drop across  pump bowl off-gas outlet nozzle ,  varia- 
tion with  t i m e .  
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Fig. 28. Salt plug fo n 5 1/16-in. line at filter inlet ,  Mar. 7, 
7 1969. NaBF4 circulation t 



of t h e  salt  m i s t .  The t r a p  housing consis ted of a 1-in.-ID pipe,  13  i n .  

long (Fig.  20),  v e r t i c a l l y  or ien ted .  The lower p a r t  of t h e  t r a p  and t h e  

off-gas l i n e  between t h e  pump bowl and t h e  t r a p  w e r e  heated and insu la ted ,  

s o  t h e  off-gas temperature w a s  he ld  above t h e  salt  melting point  u n t i l  

t h e  gas had reached t h e  upper p a r t  of t h e  t r a p .  I n i t i a l l y  ( t e s t  IIa),  

t h e  hot-mist t r a p  w a s  equipped with b a f f l e  p l a t e s  d r i l l e d  a l t e r n a t e l y  a t  

t h e  center  and periphery t o  c rea t e  continuously reversing cross  flow be- 

tween p l a t e s .  

between p l a t e s .  

A t o t a l  of nine p l a t e s  w a s  used, with 1 /4- in .  spacing 

For t es t  IIb, t h e  b a f f l e s  were removed, and a 2-in.-long bundle of 

w i r e  mesh (York mesh) weighing 14.3 g w a s  i n s t a l l e d .  For t h e  f i n a l  t e s t  

( tes t  I Ic] ,  t h e  wire mesh w a s  removed and t h e  hot-mist t r a p  w a s  operated 

without any i n t e r n a l  hardware except €or a 3/4-in.  -diam de f l ec to r  p l a t e  

a t  t h e  i n l e t  end. 

f o r  s o l i d s  co l l ec t ion  during the  series I1 tes ts .  Operating data f o r  

t es t s  IIa, IB, and I I c  are presented i n  Ta5le 9 .  The tests were s t a r t e d  

on March 25, 1968, and completed on October 30, 1969; t o t a l  c i r cu la t ing  

t i m e  w a s  4600 h r .  Test  I I c  w a s  i n t e r rup ted  twice because of sa l t  plugs 

at t h e  hot-mist t r a p  o u t l e t  and once jecause of a salt  plug at t h e  i n l e t  

t o  t h e  porous metal f i l t e r .  

Three d i f f e r e n t  types of porous metal f i l t e r  w e r e  used 

In  t h e  f i n a l  series of t es t s  (IIIa t o  I I I d ) ,  i nves t iga t ion  of t h e  

hot-mist t r a p  idea  w a s  continued, but  changes were made i n  t h e  geometry, 

o r ien ta t ion ,  and demister material. The s i z e  of t h e  t r a p  w a s  increased 

t o  2 i n .  dim by 18 i n .  long, and it w a s  turned so t h a t  t h e  long axis 

w a s  hor izonta l  (Fig.  20) .  

r i a l  w a s  porous metal type FM-225 (Huyck Metals, Inc . ), while i n  t h e  

second tes t  (11%) it was a perforated metal shee t  material c a l l e d  NEVA- 

CLOG (Multi-Metal Wire Cloth, Inc . )  . 
FM-225 material w a s  again used, and a second piece of FM-225 w a s  i n s t a l l e d  

i n  t h e  cold end of t h e  m i s t  t r a p  t o  catch t h e  frozen salt  p a r t i c l e s .  

Descriptive data f o r  t h e  var ious demister materials are given i n  Fig.  22. 

In  a l l  cases,  a porous metal f i l t e r  (F-3) w a s  used for s o l i d s  co l l ec t ion  

a t  t h e  o u t l e t  of t h e  hot-mist t r a p .  A f t e r  both tes ts  IIIa and IIn, each 

of which l a s t e d  about 400 h r ,  t h e  o u t l e t  l i n e  from t h e  hot-mist t r a p  w a s  

I n  t h e  f i r s t  t e s t  ( I I Ia ) ,  t h e  demister mate- 

For t h e  t h i r d  t es t  ( I I I c ) ,  t h e  

V 



found t o  be blocked with a black material, although only IIIl showed a 

s i g n i f i c a n t  increase  i n  pressure drop across  t h e  hot-mist  t r a p  ( 2 . 3  p s i  

as compared with a clean AP of 0 .4  p s i ) .  

found after tes t  I I I c ,  and no appreciable  r ise i n  AP w a s  noted during 

t h e  1000 h r  of operat ion.  me f i n a l  t es t  ( I I I d )  w a s  a spec ia l  t es t  t o  

determine t h e  e f f e c t s  of i n j e c t i n g  water d i r e c t l y  i n t o  t h e  salt  i n  t h e  

pump bowl. The hot-mist t r a p  w a s  t h e  same design as t h a t  used f o r  t e s t  

I I I C .  

The black deposi t  w a s  not 

For both t h e  series I1 and I11 tests,  t h e  co l l ec t ion  equipment w a s  

e s s e n t i a l l y  t h e  same, t h a t  is, a high-eff ic iency porous m e t a l  f i l t e r  

followed by a wet-ice cold t r a p .  The type  of porous metal f i l t e r  w a s  

va r i ed  i n  some cases (see Figs .  25 and 26 and Table g), and i n  t h e  f i n a l  

t es t  ( I I I d ) ,  t h e  porous metal f i l t e r  w a s  not used and t h e  wet-ice cold 

t r a p  w a s  followed by a dry-ice-trichloroethylene t r a p .  Operating and 

co l l ec t ion  d a t a  f o r  t h e  series 111 tests are shown i n  Table 9. 

5.4.3 Discussion and evaluat ion of tes t  results 

The off-gas  system tests are subject  t o  t h e  v a l i d  c r i t i c i s m  t h a t  

they w e r e  t o o  broad and shallow. That is, a l imited amount of experience 

w a s  obtained over an excessive v a r i e t y  of t es t  condi t ions.  

in-depth study argues f o r  t h e  use of caut ion i n  reaching conclusions based 

on t h e  t es t  r e s u l t s .  With t h i s  i n  mind, we propose t o  examine t h e  t es t  

da t a  first on a q u a l i t a t i v e  basis and then t o  d r a w  whatever quan t i t a t ive  

conclusions seem permissible .  

This l ack  of 

Tests Ia t o  IC v e r i f i e d  t h e  f a c t  that  the  plugs o r  flow r e s t r i c t i o n s  

tend  t o  form a t  t h e  f i rs t  place i n  t h e  l i n e  where t h e  temperature f a l l s  

below t h e  melting poin t  of t h e  salt .  The tests a l s o  showed t h a t  t h e  

r e s t r i c t i o n s  could be c leared  by r a i s i n g  t h e  temperature of t h e  l i n e .  

Although we d i d  not have a measure of t h e  sal t  temperature a t  t h e  exact  

po in ts  where t h e  plugs had formed, we noted t h a t  t h e  l i n e  temperature 

d id  not exceed 1100°F during any of t h e  times when heat  w a s  appl ied t o  

c l e a r  a r e s t r i c t i o n .  We conclude from t h i s  t h a t  t h e  plugs were probably 

NaBF4-NaF e u t e c t i c ,  o r  some o ther  mixture of NaBF4 and NaF, r a t h e r  



than  oxide, which would tend  t o  have a melting point  considerably higher  

than 1100°F. W e  noted a l s o  t h a t  o ther  t e s t s  ( s e e  Sec t .  5 .2 .2)  implied 

t h a t  t h e  off-gas stream tended t o  be i n  equi l ibr ium with t h e  bulk c i rcu-  

l a t i n g  salt ,  and, s ince  t h e  off-gas would be i n  continuous contact  with 

deposi ts  i n  t h e  off-gas l i n e ,  deposited mixtures of  NaBF4 and NaF would 

tend  t o  approach t h e  bulk sal t  i n  composition. F ina l ly ,  we noted t h a t  

chemical analyses of s o l i d s  deposited i n  t h e  off-gas l i n e  (sample PK-20, 

11-4-68) corresponded c lose ly  t o  t h e  NaBF4 -NaF e u t e c t i c  composition. 

Tests I Ia  t o  I I c  and IIIa t o  I I I c  proved t h a t  r e s t r i c t i o n s  could 

be el iminated i f  t h e  l i n e  were maintained a t  a temperature above t h e  

sa l t  melting point  and i f  t h e  l i n e  were pi tched s o  as t o  prevent t rapping 

of t h e  molten salt  i n  low spots ,  as evidenced by t h e  f a c t  t h a t  no flow 

r e s t r i c t i o n s  were experienced i n  t h e  heated l i n e  between t h e  pump bowl 

and t h e  hot-mist t r a p s .  The occurrence of sa l t  plugs at  t h e  hot-mist 

t r a p  o u t l e t  during tes t  IIa indicated t h a t  t he  s i m p l e  s e t t l i n g  tank w a s  

not as e f f e c t i v e  i n  removing salt  m i s t  as t h e  b a f f l e s  or t he  w i r e  mesh. 

Tests IIIa t o  I I I c  seemed t o  ind ica t e  t h a t  e i t h e r  Huyck F e l t  Metal 

or blulti-Metal PSEVA-CLOC- could be used as an e f f e c t i v e  demisting agent .  

This conclusion i s  based  or^ t h e  l ack  of s i g n i f i c a n t  s o l i d s  accumulations 

i n  t h e  porous metal f i l t e r  (F-3) downstream of t h e  hot-mist  t r a p s  and, 

i n  t h e  case of t e s t  I I I c ,  on t h e  f i l t e r  element i n  t h e  cool end of t h e  

hot-mist t r a p .  

l e t  of t h e  hot-mist t r a p  (upstream of f i l t e r  F-3) w a s  plugged with a 

dark-sol id  mater ia l  a f t e r  both tes ts  IIIa and 11I-b. No plug of dark 

mater ia l  w a s  found a f t e r  t e s t  I I I c ,  which had a Huyck F e l t  Metal cold 

elernect i n  t h e  cool zone of t h e  hot-mist t r a p .  Also t e s t  I I I c  w a s  op- 

e ra t ed  more than twice as long as IIIa and IIIb without an appreciable  

increase i n  pressure drop over t h e  "clean" value.  

s t a r t u p  was  0 .5  p s i ,  while t h e  AP a f t e r  1000 h r  w a s  0.75 p s i .  The source 

of t h e  black deposi ts  i s  not known, but  they  possibly could have been 

due t o  decomposition products of l u b r i c a t i n g  o i l  t h a t  inadver ten t ly  

leaked i n t o  t h e  pump bowl; we have no pos i t i ve  evidence, however, t h a t  

such an o i l  l eak  occurred. 

We noted, however, t h a t  t h e  5/16-in.-ID l i n e  a t  t h e  out- 

Thus t h e  clean CIP at  

Ir, order t o  make i n t e l l i g e n t  use of t h e  quan t i t a t ive  da t a  from t h e  

off-gas system tes ts ,  it i s  necessary t o  give due considerat ion t o  t h e  
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W shortcomings t h a t  were present  i n  t h e  experimental design. 

procedure d i d  not provide f o r  per iodic  checks t o  in su re  t h a t  t h e  mass 

flow rate and physical  p roper t ies  of t h e  salt  m i s t  i n  t h e  off-gas stream 

a t  t h e  pump bowl o u t l e t  d i d  not vary s i g n i f i c a n t l y  with t i m e .  

seems l o g i c a l  t o  assume t h a t  t h e  flow of salt  m i s t  i n t o  t h e  t e s t  s ec t ion  

would need t o  be ad jus ted  f o r  holdup of salt  i n  t h e  l i n e  connecting t h e  

pump bowl t o  t h e  f irst  component i n  t h e  t e s t  s ec t ion .  The f r a c t i o n  he ld  

up would d ra in  back i n t o  t h e  pump bowl or it would f reeze  and se t t le  out 

i n  t h e  l i n e ,  depending on whether or not t h e . l i n e  w a s  heated.  The flow 

rate of salt  m i s t  i n t o  t h e  first tes t  component would be t h e  flow rate 

out of t h e  pump bowl t imes t h e  f r a c t i o n  not he ld  up i n  t h e  intervening 

l i n e .  

we make t h e  a r b i t r a r y  assumption t h a t  f o r  t h e  per iods of i n t e r e s t ,  t h e  

flow rate of sa l t  m i s t  out of t h e  pump bowl and t h e  f r a c t i o n  of sa l t  

m i s t  held up i n  t h e  l i n e  connecting t h e  pump bowl t o  t h e  f irst  component 

i n  t h e  t es t  sec t ion  were e s s e n t i a l l y  constant .  

t h a t  t h e r e  were no major changes i n  t h e  s i z e  range and dens i ty  of t h e  

m i s t  p a r t i c l e s .  

F i r s t ,  t h e  

Also, it 

In  comparing da ta  taken over d i f f e r e n t  t i m e  i n t e r v a l s ,  therefore ,  

I n  addi t ion ,  we assume 

Second, t h e  co l l ec t ion  rate determinations were suscept ib le  t o  k r g e  

e r r o r s .  This i s  because t h e  quant i ty  of material co l l ec t ed  w a s  u sua l ly  

on t h e  order of 1 t o  10 g, while t h e  weight of t h e  co l l ec t ion  component 

w a s  on t h e  order of 100 t o  5000 g.  

would cause a 100% o r  l a r g e r  e r r o r  i n  t h e  weight of material co l l ec t ed .  

A n  at tempt w a s  m a d e  to a l l e v i a t e  t h i s  problem by making weighings on a 

l a rge  a n a l y t i c a l  balance t h a t  had a s e n s i t i v i t y  of 0.02 g with a 2000-g 

load.  

A 1% e r r o r  i n  weighing, therefore ,  

Third, t h e r e  w a s  some s e t t l i n g  out or t rapping  of s o l i d s  i n  t h e  

5/16-in.-ID l i n e s  used t o  connect t es t  components. 

g r e a t e r  at  places  where acce le ra t ion  forces  were present ,  such as at  

90" bends. 

based on da ta  obtained from downstream components, t h e  f igu res  may be 

considered t o  be i n  e r r o r  by some amount due to t h e  t rapping  of material 

i n  t h e  intervening l i n e s .  We do not have an estimate of t h e  s i z e  of t h e  

e r r o r  introduced by t h i s  e f f e c t ;  it would tend  t o  be i n  d i r e c t  proport ion 

t o  t h e  s o l i d s  flow rate. I n  t h e  series I1 tests,  t h e r e  w a s  a tendency 

The deposi t ion w a s  

I n  cases where t h e  performance of an upstream component w a s  
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f o r  s o l i d s  t o  accumulate i n  t h e  o u t l e t  l i n e  of t h e  hot-mist t r a p  upstream 

of t h e  f i l t e r .  

were added t o  t h e  f i l t e r  weights i n  order  t o  determine t h e  f i l t e r  co l lec-  

t i o n  rates. The tendency t o  se t t le  out on t h e  sur faces  of interconnect ing 

l i n e s  may a l s o  have a f f ec t ed  t h e  l i q u i d s  co l l ec t ion  da ta .  

pect t h e  e r r o r  t o  be proport ional  t o  t h e  amount of s o l i d s  present  s ince  

t h i s  might g rea t ly  increase  t h e  availa-sle sur face .  

Where possible ,  t h i s  material w a s  co l lec ted ,  and weights 

One would ex- 

In  t h e  f irst  series of tes ts  (Table 9 ) ,  t h e  off-gas  l i n e  between t h e  

pump bowl and t h e  f i r s t  tes t  component w a s  normally cold and t h e  s o l i d s  

co l l ec t ion  da ta  are biased low because of t h e  f r a c t i o n  r e t a ined  i n  t h e  

l i n e .  O f  t h e  t o t a l  material co l l ec t ed  i n  tb-e s e t t l i n g  tank  and f i l t e r  
during t e s t  Ia, about 9 6  w a s  r e t a ined  i n  tk-e  s e t t l i n g  tank.  

pred ic t  from Stokes l a w  t h a t  p a r t i c l e s  l a r g e r  than  10  ~1 should have re- 

mained i n  t h e  s e t t l i n g  tank  (assumtng spher ica l  p a r t i c l e s  of dens i ty  

2.0 g/c$ ) . 
nozzle,? s o  i f  t h e  assumptions regarding p a r t i c l e  s ize  and dens i ty  are 
reasonable, it appears t k a t  t h e  average p a r t i c l e  s i z e  may have been s ig-  

n i f i c a n t l y  l a r g e r  than 10 p or i n e r t i a l  forces  due t o  the  r e l a t i v e l y  high 

inlet  ve loc i ty  (1.6 f p s )  may have had a pronouinced e f f e c t .  

were t a n  and tended t o  " ta l l  up" o r  s t i c k  toge ther  i n  clumps ( r a t h e r  than  

t h e  b r i l l i a n t  white free flowicg appearance c h a r a c t e r i s t i c  of NaBF4-NaF 

powder) . W e  a t t r i b u t e  t h i s  uncha rac t e r i s t i c  appearance t o  adsorpt ion of 

ac id  vapors er,d corrosion p roducb  t h a t  were emitted from t h e  pump bowl 

along with t h e  sal% m i s t .  

We can 

After the t e s t ,  the s o l i d s  w e r e  p i l e d  up under the i n l e t  

The s o l i d s  

In  t es t  Ik t h e  co l l ec t ion  rate i'or impactor 1-1 w a s  about f i v e  times 

t h a t  f o r  t h e  s e t t l i n g  tank  i n  test  Ia; t h e  co l l ec t ion  rate f o r  impactor 

1-2 w a s  only akout one-tenth t h a t  of t h e  s e t t l i n g  tank.  I n  t es t  IC, when 

only a f i l t e r  w a s  used, t h e  co l lec t ior ,  rate w a s  even lower than  t h a t  of 

impactor 1-2. We consider t h e  r e s d t s  of tes ts  Ib and IC t o  be completely 

anomalous. There w a s  no reason t o  expect any d i f fe rence  i n  performance 

between t h e  two impactors because they d i f f e r e d  only i n  t h e  diameter and 

length of t h e  housing. And t h e  co l l ec t ion  rate i n  t es t  IC should have 

been t h e  highest  of a l l ,  because a high e f f i c i ency  f i l t e r  w a s  used. We 

a t t r i b u t e  these  s t range  r e s u l t s  t o  holdup of salt  m i s t  a t  t h e  pump bowl 

off-gas o u t l e t  nozzle and i n  t h e  intervening l i n e s .  If t h e  cumulative 
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t o t a l  of s o l i d s  co l l ec t ed  during t h e  series I t e s t s  (191 g)  i s  divided 

by t h e  t o t a l  c i r c u l a t i n g  t i m e  (1900 h r ) ,  a value of 0 .1  g/hr i s  obtained 

f o r  t h e  average co l l ec t ion  ra te .  This should represent  a lower l i m i t  f o r  

t h e  flow rate of sa l t  m i s t  i n t o  t h e  t e s t  s ec t ion .  If t h e  ca l cu la t ion  i s  

repeated using only t h e  numbers from t e s t s  Ia and Ik (182/830), we ge t  

an average value of 0.2 g/hr,  which we f e e l  i s  probably t h e  b e s t  es t imate  

w e  can obtain from t h e  t e s t  da t a  f o r  t h e  rate a t  which salt  m i s t  w a s  

flowing from t h e  pump bowl. 

we assume t h a t  t h e  flow rate of salt  m i s t  from t h e  pump bowl w a s  constant 

a t  0.2 g/hr  and t h a t  t h e  holdup i n  t h e  l i n e  between t h e  pump bowl and t h e  

salt-mist t r a p  w a s  constant;  thus  t h e  performance of t h e  hot-mist t r a p s  

w a s  d i r e c t l y  proport ional  t o  t h e  s o l i d s  co l l ec t ion  rate i n  t h e  f i l t e r s .  

I n  evaluat ing t h e  s e r i e s  I1 and I11 tests,  

Table 9 shows t h a t  t h e  s o l i d s  co l l ec t ion  rates i n  t h e  f i l t e r s  during 

t h e  series I1 t e s t s  were only 10, t o  15% of t h e  rate (0.2 g /hr )  a t  which 

t h e  salt m i s t  w a s  es t imated t o  be leaving t h e  pump bowl. As  noted pre- 

viously,  t hese  f i l t e r  co l l ec t ion  r a t e s  include t h e  material found i n  t h e  

l i n e  between t h e  hot-mist t r a p  and t h e  f i l t e r .  Note, however, t h a t  i n  

t es t  IIa, 9 g of s o l i d s  were found i n  t h e  cool upper p a r t  of t h e  hot-mist 

t r a p .  If t h i s  material w a s  added t o  t h e  f i l t e r  co l l ec t ion  r a t e ,  t h e  co l -  

l e c t i o n  rate f o r  t es t  IIa would be increased almost 50%. 

from t h e  s e r i e s  I1 tes t s  t h a t  a s i g n i f i c a n t  reduct ion i n  t h e  t r a n s f e r  of 

salt  m i s t  t o  t h e  f i l t e r s  w a s  achieved i n  t h e  case of a l l  t h r e e  models. 

The f r a c t i o n  of salt  m i s t  t h a t  w a s  t ransmi t ted ,  however, tended t o  c o l l e c t  

i n  the l i n e  upstream of the f i l t e r ,  and, i n ' t h e  case of t e s t  I I c ,  these 

accumulations r e s u l t e d  i n  severe f low r e s t r i c t i o n s .  

W e  conclude 

Table 9 a l s o  shows t h a t  t h e  c o l l e c t i o n  d a t a  f o r  t h e  s e r i e s  111 tests 

include quan t i t i e s  co l l ec t ed  i n  t h e  hor izonta l  m i s t  t r a p s  (€D"-Hl, HMT-H2, 
and HMT-H3). 

bu t  w a s  r e t a ined  i n  t h e  hot-mist t r a p  on t h e  downstream side of t h e  hot  

demister element r a t h e r  than  being c a r r i e d  out with t h e  off-gas stream. 

For purposes of  evaluat ing performance, t h i s  material must be added t o  

t h e  material co l l ec t ed  i n  t h e  f i l t e r s .  

t h e  case of t e s t  I I I c ,  however, because t h e  hor izonta l  m i s t  t r a p  con- 

t a i n e d  a cool  zone f i l t e r  element t h a t  w a s  not used i n  t h e  IIIa and IIrU 

models. W e  were not ab le  t o  measure t h e  amount of material r e t a ined  on 

This w a s  salt t h a t  passed through t h e  hot  demister element 

A q u a l i f i c a t i o n  i s  necessary i n  



t h i s  cool zone element, but v i sua l  inspect ion ind ica ted  t h a t  t h e  quant i ty  

w a s  small. If t h e  quant i ty  had been 1 g o r  more, it should have been 

highly v i s i b l e ,  s o  we decided f o r  comparison purposes t o  use a value of 

1 g o r  0.001 g/hr f o r  t h e  1000-hr period. 

co l l ec t ion  rates were 0.02, 0.01 (nea r ly ) ,  and 0.03 g/hr,  respect ively,  

fo r  tests IIIa, IIIb, and I I I c .  We conclude t h a t  t h e  e f f i c i ency  of t h e  

hor izonta l  hot-mist t r a p s  w a s  about t h e  same as t h a t  of t h e  v e r t i c a l  hot  

m i s t .  The hor izonta l  hot-mist t r a p s ,  however, gave less d i f f i c u l t y  

with flow r e s t r i c t i o n s  (due t o  s a l t ) ,  apparent ly  because t h e  salt m i s t  

which passed through t h e  hot  demister element w a s  r e t a ined  i n  t h e  m i s t  

t r a p  housing. I n  t es t  I I I c ,  t h i s  material w a s  found a t  t h e  bottom of t h e  

housing i n  t h e  form of s o l i d i f i e d  drople t s  r a t h e r  than  c r y s t a l s  o r  powder 

which one would expect if frozen sal t  p a r t i c l e s  had s e t t l e d  out from t h e  

gas stream. We conclude t h a t  t h i s  accumulation of material r e s u l t e d  from 
the  dra in ing  of  droplets of salt  from t h e  downstream sur face  of t h e  hot  

demister element. If t h i s  i s  trGe, then  t h e  e f f i c i ency  of t h e  hor izonta l  

hot-mist t r a p s  may have been higher  than w a s  i nd ica t ed  by t h e  co l l ec t ion  

data. 

Considering these  f a c t o r s  t h e  

Except f o r  t h e  l a t t e r  p a r t  of t h e  series I tests,  t h e  off-gas stream 

w a s  passed t h r o w h  a wet-ice cold t r a p  (CT-WI) during t h e  e n t i r e  t es t  pro- 

gram, and a viscous dark-brow- fl-did w a s  rou t ine ly  accumulated. The f i n a l  

t e s t  i n  t h e  program ( I I I d )  w a s  designed t o  determine how t h e  l i q u i d  col-  

l e c t i o n  rate would be a f fec ted  b;- a s lug  of water i n j e c t e d  i n t o  t h e  salt  

pool i n  t h e  p u p  3 o w l .  

D I )  w a s  used as a backup f o r  t h e  wet-ice t r a p .  

are summarized i n  Table 9 .  
co l l ec t ion  rate var ied  randomly between 0.005 and 0.009 g/hr over t h e  

7500 h r  of operation, as though t h e  emission was due t o  t h e  continuous 

in t roduct ion  of a contaminant (such as w a t e r  i n  t h e  BF, or helium gas 

supply) .  
age co l l ec t ion  i s  assumed t o  be 0.007 g/hr, then  t h e  required volumetric 

input  of water would be 

For t h i s  t e s t  a dry-ice-trichloroethylene t r a p  (CT- 

The l i q u i d  co l l ec t ion  da ta  

It may be seen from t h e  t a b l e  t h a t  t h e  l i q u i d  

Thus, if t h e  contaminant i s  considered t o  be water and t h e  aver- 

( 0.007 hr g )(?2.4 l i t e rs / l8  g) = 0.0087 l i t e r s / h r  . 
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If t h e  gas flow i s  F l i t e r s / h r  and t h e  concentrat ion of water i s  C ppm, 

then  t h e  requi red  concentrat ion would be 

( C  X l i t e r / l i t e r ) ( F  l i t e r / h r )  = 0.0087 , 

from which C = 8700/F. 

equation, t h e  r e s u l t s  are as follows: 

If we apply t h e  normal gas flow rates t o  t h i s  

R e  qui r e  d 
concentrat ion of % 0 

Normal flow i n  t h e  gas 
Gas ( l i t e r s / h r  ) 

BF3 3 
H e l i u m  87 

1900 
100 

If we assume t h a t  t h e  trapped f l u i d  i s  BF3.2H,0 r a t h e r  than %O, then  

only one-fourth as much water would be requi red  and t h e  requi red  impurity 

concentrat ion would be 475 ppm f o r  BF, and 25 ppm f o r  helium. 

of t h e  BF3 gas ind ica ted  t h a t  t h e  water concentrat ion w a s  less than 1 ppm. 

The w a t e r  content of t h e  helium w a s  supposed t o  be less than  1 ppm, but  

samples taken from t h e  helium supply header a t  t h e  t e s t  f a c i l i t y  f requent ly  

ind ica ted  water l e v e l s  of as much as 25 ppm. We concluded the re fo re  t h a t  

t h e  helium gas supply w a s  most probably responsible  f o r  t h e  continued low- 
l e v e l  emission of condensable f l u i d  i n  t h e  off-gas stream. The conclusion 

w a s  r e i n f o r c e d  dur ing  the p o s t - t e s t  examination of the pump, when evidence 

of severe eros ion  w a s  noted on t h e  inner  hea t  b a f f l e s  near t h e  point  where 

t h e  sha f t  purge gas helium entered t h e  pump (see Sec t .  6 .lo). 

Analysis 

5.4.4 General conclusions from off-gas  tes ts  

The following i s  a summary of t h e  pe r t inen t  conclusions r e s u l t i n g  

from evalua t ion  of t h e  off-gas  system tests.  

1. The prevent ion of flow r e s t r i c t i o n s  due t o  salt-mist deposi ts  

requi res  a twofold approach. F i r s t ,  a hot-mist t r a p ,  t h a t  i s ,  one t h a t  

operates  above t h e  salt  melting poin t ,  would be i n s t a l l e d  a t  t h e  pump 

bowl o u t l e t  t o  remove as much of t h e  salt m i s t  as poss ib le  from t h e  gas 
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stream. The f r a c t i o n  of salt  m i s t  removed would be e i t h e r  re turned t o  t h e  

pump bowl or s tored  u n t i l  it could ise returned t o  t h e  system or discarded. 

Second, t h e  gas emerging from t h e  hot-mist t r a p  would be c h i l l e d  t o  freeze 

r e s idua l  sa l t  p a r t i c l e s  and then  passed through a f i l t e r  t o  remove t h e  

frozen p a r t i c l e s .  The hot-mist t r a p  would be designed f o r  continuous op- 

e ra t ion .  The p a r t i c l e  f i l t e r  would be arranged s o  t.hat t h e  f i l t e r  u n i t  

or t h e  f i l t e r i n g  material could be replaced when necessary.  The p ipe l ine  

between t h e  pump bowi o u t l e t  and t h e  hot-mist t r a p  would be operated a t  a 

temperature above t h e  sa l t  melting point and would have a continuous re- 

verse  p i t ch  t o  permit deentrained salt  t o  d ra in  back i n t o  t h e  pump bowl. 

2 .  The salt-mist overflow, t h a t  is, t h e  f r a c t i o n  (based on t h e  flow 

rate of salt m i s t  a t  t h e  pump kowl out;&) of sa l t  m i s t  not removed by t h e  

hot-mist t r a p ,  w a s  15% or less f o r  a l l  t h e  hot-mist t r a p  models t e s t e d .  

This would imply 285% renoval e f f ic iency ,  but  it w a s  not  c l e a r  what pa r t  

of t h e  removal w a s  due t o  tke demisting ac t ion  of the hot-mist  t r a p  and 

what p a r t  WRS due t o  g rav i t a f fona l  s e t t l i n g  i n  t h e  pipe connecting t h e  

pump bowl t o  t h e  hot-mist t r a p .  O f  t k e  d i f f e r e n t  demister mechanisms 

t e s t e d ,  t h e  one using a porous metal screen ( F e l t  Metal 225 by Huyck, I n c . )  

appeared t o  have an advantage i n  t ha t  t h e  pressure drop remained acceptably 

low over 1000 h r  of operation and most of t h e  salt, which passed through t h e  

screen s e t t l e d  0 3 ~ t  as drople t s  i n  t h e  t r a p .  

3. The f i l t e r  element f o r  t h e  p m t i c l e  f i l t e r  should be f ab r i ca t ed  

from a porous metal scree!: (such as Huj-ck Felt Metal) t h a t  has a removal 

r a t ing ,  i n  g;as se rv ice ,  cf not less thar?, 9'3$ of par t . i c les  l a r g e r  than 1 g .  

This material should be s t a i n l e s s  s tee l .  

4. I n  the  operation of t h e  p a r t i c l e  f i l t e r ,  t h e  frozen sa l t  p a r t i c l e s  

may tend  t o  se t t le  out i n  t h e  region upstream of t h e  f i l t e r  element. To 

minimize flow r e s t r i c t i o c  problems i n  t h i s  area, t h e  d is tance  between t h e  

hot-mist t r a p  and t h e  p a r t i c l e  f i l t e r  should be kept as shor t  as possible ,  

and t h e  connecting pipe should be of uniform cross  sec t ion  and, i f  possible ,  

without bends. I s o l a t i o n  valves should be h a l l  or gate  type.  

5 .  The continuous low-level emissions of viscous brown f l u i d  were 

probably caused by moisture l e v e l s  of about 25 ppm i n  t h e  helium supply 

gas .  The presence of t h i s  viscous f l u i d  i n  t h e  off-gas stream at  t h i s  
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low l e v e l  (0.007 g/hr o r  about 0.0001 g / l i t e r )  d id  not cause an operat ing 

problem (e .g . ,  s t i ck ing  pressure cont ro l  valve)  as long as t h e r e  w a s  no 

salt  m i s t .  Since corrosion rates i n  f luoroborate  systems are d i r e c t l y  

proport ional  t o  t h e  water l e v e l ,  t h e  helium supply system should contain 

a dryer designed t o  maintain t h e  moisture content a t  a very low l e v e l ,  

with an upper l i m i t  of 1 ppm by volume. 

6 .  CHRONOLOGY, PERTINENT OBSEFWATIONS, AND OTHER TESTS 

6 .1  Chronology 

Planning f o r  t h e  tes t  program w a s  s t a r t e d  i n  mid-1967. By t h e  end 

of t h a t  year ,  a t e n t a t i v e  program had been formulated, and work w a s  i n  

progress on t h e  necessary f a c i l i t y  modifications.  Figure 29 i s  a chrono- 

l o g i c a l  summary of tes t  a c t i v i t i e s  s t a r t i n g  with January 1968. 
batches of salt ,  t o t a l i n g  689 l b ,  were charged i n t o  the  d ra in  tank during 

February. 

Loop operat ion w a s  divided i n t o  a f lush ing  salt period, extending from 

March through June 1968, and a main tes t  period, extending from August 

1968 through Apr i l  1970. 

Four 

I n i t i a l  f i l l i n g  and salt  c i r c u l a t i o n  occurred on March 4, 1968. 

The f lush ing  salt  operation w a s  o r i g i n a l l y  scheduled t o  be completed 

i n  about a week. However, a number of problems arose t h a t  requi red  study 

and r e s u l t e d  i n  seve ra l  shutdowns f o r  r e p a i r s  and design changes, and 

t h i s  phase of the test  lasted about ll5 days. The following i s  a b r i e f  

discussion of s i g n i f i c a n t  events .  

1. While running c a v i t a t i o n  tests,  a number of ingassing t r a n s i e n t s  

occurred when t h e  pump cav i t a t ed  a t  unexpectedly high overpressures (see 

Sec t .  4 .1  and Table 10). 

t h e  pump tank along t h e  t o p  s i d e  of t h e  pump impel ler  and i n t o  t h e  c i rcu-  

l a t i o n  system salt .  It i s  genera l ly  thought t o  occur whenever t h e  head 

produced by t h e  working impel ler  i s  lower than  t h a t  produced by t h e  i m -  

p e l l e r  t o p  sur face  and i s  caused by pump operat ion e i t h e r  a t  excessive 

flow rates o r  i n  deep cav i t a t ion .  When an ingassing t r a n s i e n t  occurred, 

t h e r e  was a sudden increase  i n  c i r c u l a t i n g  volume, and this i n  t u r n  

caused a rise i n  salt l e v e l  i n  t h e  pump tank .  The pump w a s  shut  of f  

within a f e w  seconds, which stopped t h e  ingassing, but t h e  t r a n s i e n t s  

Impeller ingassing i s  t h e  pumping of gas from 
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FINISH UP SYSTEM REVISIONS 
CHECK OUT SYSTEM 
TRANSFER SALT INTO DRAIN TANK 

CAVITATION TESTS -FLUSHING SALT 
PUMP INGASSING 
GAS LINE PLUGGING PROBLEMS 

GREEN SALT 
REVISE OFF-GAS VENTING SYSTEM 
INSTALL MIXED-GAS B F j  FEED 

INSPECT PUMP ROTARY ELEMENT 

-CCT 973hr 

REMOVE FLUSHING SALT 
TRANSFER CLEAN SALT TO SYSTEM 

CAVITATION TESTS-CLEAN SALT 
COMPOSITION CONTROL TESTS 

-CCT 2787 hr 

INSTALL OFF-GAS TEST SECTION 
AT PUMP BOWL OUTLET 

OFF-GAS FILTER TESTS 

-CCT 4680 hr 

INITIAL CIRCULATION MAR. 4. 1968 
FINAL DRAIN APR. 13, I970 
TOTAL ELAPSED TIME 18,480 hr 

CCT = CUMULATIVE CIRCULATING TIME 

ORNL-OWG 72-2091 

INSTALL HOT MIST TRAP 

-CCT 5825 hr 

COLD FINGER TESTS 
MIST TRAP TESTS 

-CCT 8692 hr 

MIST TRAP TESTS 

-CCT 11,089 hr 

}WATER INJECTION TEST 

CIRCULATING TIME (hr) 
FLUSH SALT 973 
CLEAN SALT (0.594 
TOTAL (1.567 

Fig. 29.  Chronology - sodium f luoroborate  c i r c u l a t i o n  t e s t .  
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W were s u f f i c i e n t l y  r ap id  and enough gas w a s  ingested s o  t h a t  t h e  pump tank 

w a s  f i l l e d  with salt and salt  w a s  forced i n t o  t h e  connecting unheated gas 

l i n e s .  Each t r a n s i e n t ,  therefore ,  r e su l t ed  i n  a program delay for clean-  

out o r  replacement of plugged gas l i n e s .  

Table 10. Ingassing t r a n s i e n t s  f o r  NaBF4 c i r c u l a t i o n  t e s t ,  
PKP loop 

Pump time ( h r )  
Date I t e m  

Cmulat  i ve  Net 

3-7-68 23 23 Ingass ing  t r a n s i e n t  

3-13-68 43 20 Ingassing t r a n s i e n t  

4-9-68 187 Remove, inspec t ,  and r e i n s t a l l  ro t a ry  
element; discovery of f i r s t  deposi t  
of green salt  

5 -28-68 472 285 Ingassing t r a n s i e n t  

6-18-68 7 36 264 Ingassing t r a n s i e n t  

6-24-68 872 136 Ingassing t r a n s i e n t  

2. Continuing d i f f i c u l t y  w a s  experienced with gas l i n e  r e s t r i c t i o n s .  

The t roub le  w a s  due i n  p a r t  t o  t h e  ingassing t r a n s i e n t s ,  which forced salt 

i n t o  t h e  pump bowl gas connections, and i n  p a r t  t o  salt  impur i t ies  and 

salt  m i s t  w h i c h  w e r e  being s w e p t  out of the pump b o w l  by the purge-gas 

stream (see Sec t .  5 . 4 ) .  

3. The pump r o t a r y  element w a s  removed t o  check f o r  an o i l  l eak .  

No leak w a s  found, and t h e  apparent loss  of o i l  from t h e  lube-o i l  reser- 

v o i r  was  a t t r i b u t e d  t o  a s h i f t  of inventory from t h e  r e se rvo i r  t o  t h e  

pump bearing cavi ty .  

t i o n ,  s eve ra l  l a r g e  chunks of green salt were found ly ing  on t o p  of t h e  

impel ler  casing ( see  Sec t .  6.11 f o r  f u r t h e r  d e t a i l s  on t h i s  material). 

BF, w a s  normally f ed  t o  t h e  system through a bubbler d ip  tube 

When t h e  pump r o t a r y  element w a s  removed for inspec- 

4. 
i n s e r t e d  i n  t h e  pump bowl. The back pressure i n  t h e  tube w a s  a l s o  used 

as an ind ica to r  of pump bowl salt  l e v e l .  It w a s  des i r ed  t o  keep t h e  

bubbler flow uniform i n  order t o  avoid t h e  need for l e v e l  cor rec t ions  



due t o  flow va r i a t ions  and t o  keep t h e  bubbler flow rate about t h e  same 

as t h a t  used i n  t h e  MSRE coolant pump (370 c$/min) f o r  s imulat ion.  

o r ig ina l  ca lcu la t ions  ind ica ted  t h a t  a BF3 flow of about 300 cn?/min 

would be required,  and t h e  system w a s  designed on t h i s  b a s i s .  Subse- 

quently, an increase  was made i n  t h e  normal s e t t i n g  f o r  t h e  pump bowl 

t o t a l  overpressure, and rev ised  BF3 p a r t i a l  pressure da t a  were received; 

these  changes reduced t h e  normal BF3 flow rate (a t  1025°F) t o  50 c$/min. 

I n  order t o  maintain t h e  des i red  t -o t a l  flow, a mixed-gas system was i n -  

s t a l l e d  i n  which t h e  t o t a l  flow w a s  cont ro l led  a t  370 c$/min, and t h e  

composition of t h e  gas mixture ( r a t i o  of BF3/He) w a s  adjusted as d i c t a t e d  

by t h e  salt  temperature, t h e  pump bowl t o t a l  overpressure,  and t h e  t o t a l  

gas flow. 

f o r  inspect ion of t h e  sal t  pump ro ta ry  element; Sect ion 5.5 descr ibes  t h e  

gas system as it appeared after t h i s  change w a s  made. 

gas BF3 meant t h a t  t h e  normal gas composition i n  the bubbler tube ( a t  

1025°F) was about 12.5% EF3 by volume, whereas t h e  normal composi+,ion ( a t  

1025°F and 24 ps ig )  of t h e  pump howl atmosphere w a s  about 3.5% by volume. 

See Sect ion 6.5 f o r  a discussion of t h e  e f f e c t  of gas composition on 

bubbler tube operat ion.  

The 

The mixed-gas BF3 feed system w a s  i n s t a l l e d  during t h e  shutdown 

The use of a mixed- 

Duricg 2uly and August 1968, t h e  f lush ing  sait. (702 lb) w a s  t r a n s -  

ferred out of t h e  system and replaced with a f r e sh  charge of sodium 

f luoroborate  (765 l b ) .  Pretreatment of t h e  f r e sh  charge w a s  modified i n  

an attempt t o  reduce t h e  wa%er coctent  (Sec t .  6 . 3 ) .  I n i t i a l  c i r c n l a t i o n  

with t h e  clean charge of salt  w a s  on August 19, 1963. 
October 1968 were spent i n  performing cav i t a t ion  tes ts  and i n  evaluat ing 

t h e  performance of t h e  t h e r m 1  c o n d x t i v i t y  cell t o  i nd ica t e  salt compo- 

s i t i o n .  A severe r e s t r i c t i o n  i n  t h e  off-gas l i n e  a t  t h e  pump bowl o u t l e t  

forced a shutdown of t h e  loop on November 4, 1968. 
w a s  rev ised  t o  provide a t e s t  s ec t ion  f o r  st*udying t h e  problem of off-gas 

r e s t r i c t i o n s ,  and operztions were resumed on December 19, 1969. 
point  u n t i l  t h e  fir,al shutdown i n  Apr i l  1970, t h e  p r inc ipa l  a c t i v i t i e s  

were evaluat ion of t h e  cold zone deposi t ion technique (Sec t .  5.3) and 

evaluat ion of var ious techniques f o r  coping with t h e  problem of off-gas 

system r e s t r i c t i o n s  (Sec t .  5 . 4 ) .  The t o t a l  salt  c i r c u l a t i o n  t i m e  w a s  

11,567 h r ,  of which 973 h r  were with t h e  f lush ing  sa l t ,  

u n t i l  November 1968, t h e  set point  f o r  t h e  c i rcu la%ing salt temperature 

September and 

The off-gas  piping 

From t h a t  

From March 1968 



w a s  var ied  f requent ly  t o  accommodate cav i t a t ion  incept ion  t e s t s  and other  

spec ia l  t e s t s ;  s e t t i n g s  used during t h i s  t i m e  i n t e r v a l  were 900, 1025, 

1150, and 1275°F. 

w a s  maintained at  a constant s e t t i n g  of 1025°F. 

pump r o t a r y  element and t h e  salt  l e v e l  bubbler tube were removed from t h e  

system for inspec t ion .  

After  November 1968, t h e  sal t  c i r c u l a t i n g  temperature 

I n  September 1970, t h e  

Findings a r e  summarized i n  Sect ion 6.10. 

6 .2  Analyses of S a l t  Samples 

Samples of salt  were taken from t h e  pump bowl using equipment as de- 

sc r ibed  i n  Sect ion 4.3. 
sa l t  period, t h r e e  i n  dup l i ca t e .  Sixteen samples of t h e  clean batch w e r e  

taken, a l l  bu t  one i n  dupl ica te .  Routine salt  samples w e r e  not taken 

a f t e r  June 1969. 
labora tory  i n  a covered g l a s s  jar t h a t  had been f lushed with argon. 

p l e s  taken during and a f t e r  Apri l  1969 were de l ivered  t o  t h e  ana lys t  with- 

Thir teen samples were taken during t h e  f lush ing  

Normally t h e  samples were t r a n s f e r r e d  t o  t h e  a n a l y t i c a l  

Sam- 

out removing them from t h e  pro tec t ive  pipe housing t h a t  i s  p a r t  of t h e  

sampling u n i t .  

posure t o  moisture i n  t h e  atmosphere. I n  addi t ion  t o  t h e  rou t ine  samples, 

a number of s p e c i a l  samples were taken during t h e  t e s t  program, mostly t o  

i d e n t i f y  materials found i n  t h e  off-gas system. 

The purpose w a s  t o  insure m a x i m u m  pro tec t ion  aga ins t  ex- 

A l l  pump bowl samples were analyzed for N a ,  B, and F and f o r  t h e  

common corrosion cons t i tuents  Fe, Cr, N i ,  and 0. A number of t h e  samples 

were analyzed for t h e  cons t i tuents  of t h e  salt  formerly used i n  t h e  loop  

( L i ,  Be, U, and Th) ,  and samples taken during and after Apr i l  1969 were 

analyzed for H 2 0 .  Average a n a l y t i c a l  values  f o r  t h e  bas i c  cons t i tuents  

are shown below. 

Concentration ( w t  %) 

N a  B F L i  B e  U Th 
- - - - _ I _ - I  

Flushing salt  21.2 9.26 66.9 0.20 0.18 0.26 0.21+ 

Clean salt  20.9 9.33 68.0 0.048 0.016 0.019 0.093 



Values f o r  t h e  impuri t ies  found i n  t h e  salt  samples are p l o t t e d  i n  

Fig. 30. 
cor re l a t e  with anything i n  p a r t i c u l a r .  

f o r  H,O, and t h e  l e v e l  seemed t o  increase with t i m e .  

high-temperature operating period following addi t ion  of t h e  clean salt  
t o  t h e  system i n  August 1968, t h e  results f o r  Fe, Cr, and N i  were r e p e t i -  

t ive .  The concentration of n icke l  w a s  cons i s t en t ly  very low. The concen- 

t r a t i o n  of chromium i n  t h e  clean sa l t  s t a r t e d  out about t h e  same as t h e  

concentration i n  t h e  f l u s h  salt ,  bu t  then leve led  o f f  a t  about twice t h i s  

value.  The i r o n  concentration i n  t h e  clean salt  w a s  uniformly about 

twice t h a t  i n  t h e  f l u s h  sa l t .  

The oxygen r e s u l t s  w e r e  qu i te  s c a t t e r e d  and d i d  not seem t o  

Only a f e w  samples were analyzed 

Except f o r  t h e  

6.1 Pretreatment and Transfer of S a l t  Charges ., v 

Pretreatment of the salt  f o r  removal of v o l a t i l e s  and melting, mix- 

ing, and t r a n s f e r  of t h e  sal t  w e r e  a l l  done using a mobile u n i t  t h a t  w a s  

posi t ioned next t o  t h e  f a c i l i t y  enclosure.  

contained a n icke l - l ined  s t a i n l e s s  steel  pot of 2 f t3  capaci ty  housed i n  

a 23-kW furnace.  

salt  and f o r  t h e  connection of vaculjm and i n e r t  gas l i n e s .  The salt  w a s  

t r ans fe r r ed  through a 3/8-in.-OD tubing l i n e  t h a t  w a s  preheated by passing 

e l e c t r i c  cur ren t  through t h e  w a l l s  of t h e  tubing.  The s ize  of t h e  system 

w a s  such t h a t  four  batches were required t o  load  t h e  sump tank .  

The u n i t  (F igs .  31 and 32) 

Connections w e r e  provided a t  t h e  t o p  f o r  charging of 

The procedure f o r  pretreatment and t r a n s f e r  of t h e  f lush ing  charge 

of salt  w a s  as follows. The ca lcu la ted  amounts of salt  powders, based 

on t h e  e u t e c t i c  mixture, were loaded i n t o  t h e  melting pot through t h e  

3-in.  access pipe.  The pot w a s  sea led  up, heated t o  300°F, and he ld  

under a vacuum (‘1 ps ia )  f o r  a t  least  16 h r .  

w a s  then raised t o  900°F (melting point  of sa l t  = 725°F) and i n e r t  gas 

blown through t h e  d i p  l e g  f o r  about 10 min t o  insure  good mixing of t h e  

charge. The t r a n s f e r  l i n e  w a s  then  connected t o  t h e  d i p  l e g  and t h e  sal t  

t r ans fe r r ed  i n t o  t h e  sump tank  by applying gas pressure t o  t h e  melting 

The furnace temperature 

pot .  

Pr ior  t o  t h e  addi t ion  of t h e  f l u s h  charge of sa l t ,  a temporary d i p  

l e g  tube w a s  i n s e r t e d  i n t o  t h e  sump tank,  and gas pressure w a s  used t o  

W 

I 



I I 
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Fig. 30. Analyses of impur i t ies  i n  NaBF4 sa l t  samples, f luoroborate  
c i r c u l a t i o n  t e s t ,  PKP loop. 
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Fig. 31. 

ORNL-DWG 72-2092 

4 LE OFF-GAS ,-SALT PUMP 

--MAIN LOOP ENCLOSURE 
1 

EXHAUST FAN- 

EQUALIZING 

INERT 
GAS 

VACUUM 
PUMP 

7 NICKEL-LINED 
STAINLESS 

POT 
TANK STEEL 

\ 
‘-SALT FURNACE 23 kW 

Schematic diagram or sa l t  t r a n s f e r  system. 
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Fig. 32. S a l t  t ransfer  system. 
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blow t h e  o ld  BULT-4 salt  from t h e  sump 

f lush  charge of sa l t  w a s  later removed 

tank i n t o  a 55-gal s t ee l  drum. 

t h e  same way. The clean charge of 

The 

sa l t  w a s  processed e s s e n t i a l l y  t h e  same way as t h e  f l u s h  charge, except 

t h a t  t h e  BF, p a r t i a l  pressure of t h e  batch a t  925°F w a s  used as a c r i t e r i o n  

f o r  t h e  e f fec t iveness  of t h e  evacuation t reatment .  The l i m i t i n g  pressure 

rise w a s  a r b i t r a r i l y  se l ec t ed  as 10 p s i .  

showed pressure rises of 4 t o  6 p s i  were t r a n s f e r r e d  without f u r t h e r  pro- 

cessing. 

w a s  cooled down and reevacuated, remelted, and t r ans fe r r ed .  The pressure 

r ise during t h e  second m e l t  w a s  only 1 . 5  p s i .  

Three of t h e  four  batches t h a t  

The remaining batch, which r eg i s t e red  a 13-psi  r i se  a t  925"F, 

All salt  batches were t r ans fe r r ed  without inc ident .  There w a s  i n t e r -  

mi t ten t  plugging of t h e  d i p  l e g  during t h e  process of mixing with t h e  

helium stream (see Sec t .  6 . 5 ) .  
given below. 

The quan t i t i e s  of material t r a n s f e r r e d  are 

Date Weight 
of t r a n s f e r r e d  

t r a n s  f e r  O b )  

Flush charge added t o  surnp tai.lk Feb. 1968 687 
Flush charge removed from sump tank Ju ly  1968 702 

Clean charge added t o  s m p  tank  Ju ly  1968 765 

6.4 Freeze Valve ODeration 

The f reeze  valve consis ted of a 2-in.-long squeezed-down sec t ion  a t  

t h e  center  of a 12-in.-long piece of 3/4-in.-IFS sched-40 Inconel pipe.  

Pipe w a l l  spacing a t  t h e  narrow pa r t  w a s  1 /4  i n .  

cated from a piece of 1 1/2-in.-IPS sched-40 Inconel pipe.  

system w a s  minimal. 

a t  t h e  center  of t h e  valve and a t  t h e  shoulders and hand-operated Variacs 

t o  ad jus t  hea te r  power and a hand-operated valve t o  ad jus t  air  flow. The 
thermocouple and hea ter  layout  i s  shown i n  Fig.  33. Additional thermo- 

couples were added f o r  t h e  f luoroborate  t e s t  i n  order  t o  obta in  b e t t e r  

simulation of t h e  MSRE freeze valves .  

The a i r  tube w a s  fabri-  

The cont ro l  

There w e r e  thermocouples t o  monitor t h e  temperature 
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HEATER 28 

C L A M S H E L L  (2) 
0 5 0  W 115 V -._ 
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Fig. 33. Heater and thermocouple layout  d ra in  l i n e  freeze valve,  
NaBF4 c i r c u l a t i o n  t e s t ,  PKP loop. 



The f reeze  valve w a s  operated through s i x  f i l l  and d ra in  cycles 

during t h e  f lu sh  salt  program and t e n  f i l l  and d ra in  cycles  during t h e  

clean salt  program. There w a s  never any d i f f i c u l t y  i n  e s t ab l i sh ing  or  

thawing the  frozen sa l t  plug i n  t h e  valve.  The temperature a t  t h e  

center  of t h e  valve w a s  maintained between 200 and 400°F while t h e  valve 

w a s  frozen. The t i m e  required f o r  draining var ied  between 3 min and 3 h r .  

Although t h e  longer d ra in  t i m e s  w e r e  a t t r i b u t e d  to var i a t ions  i n  operating 

techniques, an a l t e r n a t e  p o s s i k i l i t y  would be flow r e s t r i c t i o n s  due t o  

accumulations of corrosion products.  The last  s i x  dra ins  a l l  required 

7 t o  10 min, which ind ica t e s  t h a t  t h e  s i t u a t i o n  improved with p rac t i ce .  

On March 21, 1968, t h e  freeze valve was used t o  pro5ect t h e  d ra in  

tank from excessive pressure while making a c a l i b r a t i o n  check on t h e  salt  
pressure t r ansmi t t e r s .  

which w a s  a t  0 psig,  during t h e  30-min per iod when t h e  loop w a s  pressur-  

ized  w i t h  helium at  varioils l e v e l s  between 50 and 100 ps ig .  

No pressure r ise  w a s  noted i n  t h e  d ra in  tank, 

During t h e  preparat ion of t h e  charge of f lu sh  salt  i n  t h e  salt fur-  

nace (Sec t .  6 . 3 ) ,  helium w a s  buk,bled through a tube submerged i n  t h e  

molten mass t o  insure  good mixing. It w a s  observed t h a t  t h e  gas-feed 

pressure would b u i l d  up and drop o f f  i n t e rmi t t en t ly ,  as though t h e  tube 

w a s  a l t e r n a t e l y  plugging and unpluggirg. The implicat ion w a s  t h a t  t h e  

helium w a s  s t r i pp ing  BFa away from the  sa l t  at t h e  end of t h e  tube,  

leaving a high-melting XaF-enriched phase t h a t  p rec ip i t a t ed  out and 

caused t h e  flow r e s t r i c t i o n .  

I n  September and October 1968, t h r e e  tests were run i n  an attempt t o  

confirm t h i s  observation. I n  each case t h e  BF3 flow t o  t h e  pump bowl bub- 

b l e r  tube (see Fig.  7)  w a s  reduced t o  zero and allowed t o  remain t h e r e  un- 

til plugging of t h e  tube w a s  indicated,  t h a t  i s ,  u n t i l  t h e  ind ica ted  salt  

l e v e l  went of f  s ca l e  on t h e  high s ide  ( t h e  aP at  fu l l  sca l e  w a s  20 i n .  

HzO or 0.72 p s i ) .  While t h e  BF3 flow w a s  a t  zero, t h e  helium flow w a s  

increased s o  as t o  maintain t h e  t o t a l  bubbler flow at  370 cr$/min. 

salt temperature w a s  mostly 900°F during two of t h e  tes ts  and mostly 

1025°F f o r  t h e  t h i r d  t es t .  Some va r i a t ions  i n  salt  temperature were 

The 



W caused by o ther  t es t  work t h a t  w a s  being c a r r i e d  out a t  t h e  same t i m e .  

The BF3 flow w a s  r e s to red  t o  normal immediately a f t e r  t h e  ind ica ted  

l e v e l  went o f f  s c a l e .  me r e s u l t s  (see Fig.  34) show t h a t  where t h e  

average temperature w a s  900°F, t h e  bubbler tube plugged i n  about 140 h r ,  

and where t h e  sal t  temperature was lO25"F, plugging occurred i n  about 

54 h r .  In  each case t h e  salt l e v e l  i nd ica t ion  re turned  t o  normal within 

an hour after t h e  BF, flow w a s  r e s to red .  The t i m e  requi red  t o  develop a 

plug w a s  less a t  higher  salt  temperature, presumably because t h e  higher  

BF, p a r t i a l  pressure permitted more rap id  removal of t h e  BFa. 

i n t e r e s t i n g  t o  note t'nat t h e  plugging t i m e  requi red  during t h e  salt pre- 

para t ion  operat ion w a s  lower by a f a c t o r  of more than  100 than  t h e  

plugging t i m e  requi red  during t h e  bubbler tube  t e s t .  A probable expla- 

na t ion  i s  t h a t  t h e r e  w a s  much b e t t e r  mixing i n  t h e  pump bowl due t o  t h e  

r e l a t i v e l y  high rate of  exchange of sa l t  (es t imated t o  be one loop vol-  

ume every 2 min) between t h e  pump bowl and t h e  bulk sal t  c i r c u l a t i o n  

system. 

geometry ( t h e  sal t  t r a n s f e r  tube w a s  1/4 i n .  I D ,  whereas t h e  bubbler tube 

w a s  1 /2  i n .  I D )  or t h e  gas flow i n  t h e  salt  prepara t ion  tank ( a  flowmeter 

w a s  not used and s o  t h e  a c t u a l  flow w a s  not known) may have been s i g n i f i -  

can t ly  higher  than  t h e  bubbler tube flow. 

It i s  

Other cont r ibu t ing  f a c t o r s  may have been t h e  d i f fe rence  i n  tube 

Although t h e  above tes ts  ind ica t e  t h a t  a continuous bubbler flow 

cannot be maintained using pure helium, it must be concluded t h a t  t h e  

use of a pure BF, flow might a l s o  cause plugging problems of a d i f f e r e n t  

na ture .  A s  a n  example, assume operating condi t ions of 1025°F (BF, partial  

pressure = 1.35 p s i a ) ,  24 psig,  and a 100% BF3 feed  t o  t h e  bubbler .  

assume t h e  BF, flow i s  inadver ten t ly  cut  of f  at  a valve i n  t h e  BF3 header.  

The BF, downstream of t h e  valve will r e a c t  with t h e  sal t ,  and t h e  header 

pressure w i l l  approach t h e  equi l ibr ium value of 1.35 p s i a .  

pressure drops, salt w i l l  be dr iven back through t h e  bubbler tube,  and 

t h e  unheated po r t ion  of t h e  BF, feed header w i l l  be plugged with frozen 

salt .  

Now, 

As t h e  header 
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6.6 Ekperience with S a l t  Level Instruments 

Pr ior  t o  t h e  f luoroborate  t es t  program, t h e  loop was equipped with 

f i v e  s ingle-point ,  or spark plug, salt  l e v e l  i nd ica to r s ,  one each for 

m a x i m u m ,  minimum, and normal pwnp bowl l e v e l  and one each f o r  m a x i m u m  

and minimum dra in  tank l e v e l .  The operating p o t e n t i a l  w a s  110 V, and 

when salt  contacted t h e  probe, t h e  c i r c u i t  w a s  closed, causing an i n d i -  

ca to r  bulb t o  l i g h t  up. The probe material w a s  changed from Inconel t o  

Hastelloy N f o r  t h e  f luoroborate  serv ice .  The normal and minimum l e v e l  

probes i n  t h e  pump bowl were removed from serv ice  e a r l y  i n  t h e  program 

i n  order t o  provide access f o r  o ther  tes ts .  The t h r e e  remaining level 

probes gave exce l len t  se rv ice  f o r  t h e  durat ion of t h e  tes t  program. 

only t roub le  w a s  i n  Apri l  1968, when the  d ra in  tank m a x i m u m  probe shorted 

out .  The failure was  t r a c e d  t o  a leaky tube f i t t i n g .  Wet a i r  d i f fused  

i n  through t h e  leak,  and t h e  r e s u l t i n g  accumulation of corrosion products 

bridged t h e  gap between t h e  probe and t h e  nearby vesse l  w a l l .  

The 

During normal operation, a continuous ind ica t ion  of t h e  pump bowl 

salt level w a s  provided by monitoring t h e  back-pressure i n  t h e  EF3 feed 

l i n e  (see Fig.  7). 
w a l l  Inconel tubing welded i n t o  t h e  nozzle formerly occupied by t h e  pump 

bowl minimum l e v e l  probe. The bottom of t h e  bubbler tube w a s  12 1/2 f n .  

below t h e  t o p  of t h e  nozzle; a study of t h e  pump drawings ind ica t e s  t h a t  

t h i s  should have placed t h e  tube end about 3/4 i n .  below t h e  volu te  center  

l i n e .  

wide by 1/8 i n .  deep. 

salt dens i ty  w a s  116 lbm/f't3 and t h e  instrument range w a s  10.8 i n .  salt 

a t  f u l l  s c a l e .  During t h e  e a r l y  phases of t h e  tes t  program, t h e  salt  

l e v e l  w a s  ad jus ted  t o  25 t o  35% of t h e  l e v e l  sca le ;  later on, t h e  level 

w a s  ad jus ted  t o  45 t o  50% t o  in su re  t h a t  t h e  pump bowl thermocouple w e l l  

would be adequately covered with salt .  

l i m i t  of 54% (6 i n .  sa l t )  w a s  maintained on t h e  salt  level.  

preventer,  a piece of 1 1 / 2 - i n . - 1 ~ ,  g- in . - long s t a i n l e s s  steel  pipe,  w a s  

i n s t a l l e d  j u s t  upstream of t h e  bubbler tube t o  minimize plugging of t h e  BF3 

feed l i n e  when pressure l e v e l  changes (e .g . ,  during pump ingassing)  caused 

The BF3 bubbler feed tube w a s  5/8-in.-OD by 0.065-in.-  

The end of t h e  tube had a s i n g l e  45" notch approximately 1/4 i n .  

A t  t h e  normal operat ing temperature of lO25OF, t h e  

I n  normal operation, an upper 

A backflow 



backflow of salt  from t h e  pump bowl. A Calrod hea te r  w a s  provided so  t h a t  

any salt  i n  t h e  backflow preventer could be melted and allowed t o  d ra in  

back i n t o  t h e  pump bowl. Some d i f f i c u l t y  w a s  experienced with plugging 

of t h e  BF3 feed l i n e  during t h e  e a r l y  p a r t  of t h e  loop operation, bu t  

t h e  plugs w e r e  bel ieved t o  be assoc ia ted  pr imari ly  with t h e  ingassing 

t r a n s i e n t s  t h a t  occurred during cav i t a t ion  tes ts .  It w a s  a l s o  noted t h a t  

plugging d i f f i c u l t i e s  would occur i f  t h e  proper gas feed composition w a s  

not maintained. J u s t  p r i o r  t o  t h e  f i n a l  shutdown, an apparent r ise i n  

salt  l e v e l  ind ica ted  t h a t  t he re  might be a flow r e s t r i c t i o n  i n  t h e  bubbler 

tube l i n e .  Then a t  t h e  shutdown t h e  r e s t r i c t i o n  became worse, s o  t h a t  

t he re  w a s  an apparent sa l t  l e v e l  even a f t e r  t h e  loop had been drained. 

For t h e  bubbler flow conditions (0.37 l i t e r / m i n ) ,  an o r i f i c e  of about 

0.030 i n .  diameter (0.0036% of t h e  o r i g i n a l  c ross -sec t iona l  area) would 

be required t o  cause a de tec tab le  change (21% s c a l e )  on t h e  salt  l e v e l  

instrument . 
A f t e r  shutdown, t h e  bubbler tiAbe w a s  removed from t h e  pump bowl. 

The end of t h e  tube w a s  found t o  be completely f i l l e d  with a hard, grainy, 

metall ic-appearing magnetic deposi t  ( s e e  Sec t .  6.11).  Lesser amounts of 

t h e  deposi t  were found ins ide  t h e  tube as f a r  as 5 1 /2  i n .  from t h e  end. 

We conclude t h a t  t h e  performance of t h e  bubbler tube l e v e l  i nd ica to r  w a s  

r e l i a b l e  and appeared t o  be reasonably accurate ,  although ser ious  plugging 

w a s  noted at t h e  f i n a l  inspec t ion .  Further  study should ind ica t e  whether 

t h e  plugging prDblem caT= be moderated ky design o r  opera t iona l  changes. 

A t  worst, we should be alsle t o  accommodate tube replacement on a two-year 

cycle .  

In  June 1968, i n  response t o  a suggestion by J. W .  Krewson, ORNL 

Instrumentation and Control Division, a b r i e f  t es t  w a s  made using a 

r e s i s t ance  probe f o r  i nd ica t ing  salt  l e v e l  i n  t h e  pump bowl. The input  

s i g n a l  w a s  1000 Hz a t  low vol tage,  and t h e  output s igna l  w a s  a s t r a i g h t -  

l i n e  funct ion of salt  l e v e l  over t h e  lower t h i r d  of t h e  probe. Cal ibra t ion  

t o  a depth of 2 i n .  produced a reasonably s t r a i g h t  l i n e  with a s lope of 

75 mV/in. 

rosion of t h e  s t a i n l e s s  steel  probe by t h e  f luoroborate  environment. 

Subsequently, corrosion tes ts  were run using probes made from Hastel loy N 

material, and t h e  r e s u l t s  ind ica ted  t h a t  t h e  severe corrosion of t h e  

The t e s t  w a s  terminated after one week due t o  ca tas t rophic  cor- 

W 
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W 

W 

s t a i n l e s s  s t e e l  probe w a s  normal f o r  operat ion i n  f luoroborate  sa l t  a t  

lO25"F, t h a t  acceptable corrosion rates could be achieved by using an 

appropriate  material such as Hastel loy N, and t h a t  t h e  use of a high- 

frequency e l e c t r i c a l  cur ren t  d i d  not appear t o  cont r ibu te  t o  t h e  corro- 

s ion .  We d id  not have an opportunity t o  repea t  t h e  salt l e v e l  c a l i b r a t i o n  

using t h e  Hastel loy N probe. 

6.7 Back Diffusion a t  t h e  Pump Shaft  

The purge gas t h a t  entered t h e  pump s h a f t  annulus w a s  s p l i t  i n t o  

two streams; t h e  l a r g e r  stream flowed down t h e  s h a f t  and i n t o  t h e  pump 

bowl vapor space, and t h e  o ther  stream, 100 c$/min o r  about 11% of t h e  

t o t a l  flow, flowed up t h e  s h a f t ,  pas t  t h e  s h a f t  s e a l ,  through t h e  o i l  

catch tank, and f i n a l l y  w a s  vented i n t o  t h e  loop enclosure.  

t h i s  vent l i n e ,  a 1/4- in .  tube,  would gradual ly  plug over a per iod of 

s eve ra l  months of operation, i nd ica t ing  t h a t  t h e  gas contained some BF3. 

The composition of t h e  plug material w a s  not determined. 

The end of 

Several  t es t s  were made i n  which t h e  s e a l  purge stream w a s  passed 

through t h e  thermal conduct ivi ty  c e l l  when t h e  s h a f t  purge w a s  at  t h e  

normal s e t t i n g  of 850 c$/min and t h e  salt  temperature w a s  at  1025°F. 

I n  none of t h e  tests w a s  t h e r e  any d i sce rn ib l e  change i n  s igna l  when com- 

pared with pure helium sample gas.  

c a l i b r a t i o n  s lope  of 4.7% BF3 per  mV, and t h e  smallest cha r t  change t h a t  

could be de tec ted  with confidence w a s  0.02 mV, which would be equivalent  

t o  0.1% o r  1000 ppm. It w a s  concluded from t h i s  t h a t  t h e  BF3 content of 

t h e  seal purge stream w a s  less than  1000 ppm and t h a t  t h e  concentrat ion 

r a t i o  between t h e  purge stream and t h e  pump bowl gas w a s  not more than  

0 .O3 (0.1%/3.5%) 
run on t h i s  pun$ using 8 5 K r ,  where a concentrat ion r a t i o  of 0.01 w a s  

observed for t h e  same purge flow. I n  another t e s t ,  wi th  t h e  system a t  

s teady state, we reduced t h e  s h a f t  purge rate by a f a c t o r  of 2 and d i d  

not g e t  any response from t h e  thermal conduct ivi ty  c e l l .  Data from 

R e f .  8 i n d i c a t e  t h a t  a f a c t o r  of 2 i n  t o t a l  purge would change t h e  con- 

cen t r a t ion  r a t i o  by an order of magnitude. 

The thermal conduct ivi ty  c e l l  had a 

This r e s u l t  i s  i n  agreement with back-diffusion tes ts  

From t h i s  we might i n f e r  t h a t  
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a t  t h e  normal sha f t  purge rate of 950 c+/min t h e  BF3 content of t h e  lower 

purge stream could have been as low as 100 ppm. 

6.8 A S a l t  Leak t o  t h e  AtmosDhere 

On t h e  morning of September 23, 1969, after 8700 h r  of operat ion with 

t h e  f luorohorate  sa l t ,  a salt  l eak  w a s  discovered. The i n i t i a l  ind ica t ions  

of t roub le  were a decrease i n  pump bowl l i q u i d  l e v e l  of 8% (-0.8 i n .  sa l t ) ,  

an apparent decrease i n  t h e  temperature of c i r c u l a t i n g  sal t ,  and i r r e g u l a r  

temperatures a t  t h e  two ven tu r i  pressure t r ansmi t t e r s .  A v i s u a l  inspect ion 

in s ide  t h e  loop enclosure revealed a s t a l a c t i t e  of f rozen salt  hanging from 

t h e  in su la t ion  surrounding both ven tu r i  pressure t r ansmi t t e r s  and a s m a l l  

quant i ty  of sa l t  i n  t h e  floor pan beneath them. Using normal shutdown pro- 

cedures, t he  pump w a s  stopped and t h e  salt w a s  drained i n t o  t h e  sump tank.  

The l eak  w a s  found t o  3e at t h e  ven tu r i  i n l e t  pressure t r ansmi t t e r  (FT 

104A) i n  t h e  weld t h a t  j o ins  a 1/2-in.-IPS pipe t o  t h e  boss on t h e  d ia -  

phragm f lange (F ig .  35).  This i s  a stagnant sa l t  zone serving only t o  

sense ventur i  i n l e t  pressure,  which i s  about 100 ps ig  with t h e  pump on. 

The defect ive pressure t r ansmi t t e r  w a s  removed from t h e  system, t h e  

pipe nozzle t o  which it had been at tached w a s  capped o f f ,  and operat ion 

of t h e  loop  w z s  resumed. 

Metal lurgical  examination of t h e  pressure t r ansmi t t e r  ind ica ted  t h a t  

t he  weld (made i n  1956) P a d  been defec t ive  when made by t h e  vendor, and 

t h a t  t h e  defec t  had been repa i red  by applying braze metal t o  t h e  i n t e r i o r  

surface.  It i s  estimated t h a t  t h e  pressure t r ansmi t t e r  had been i n  se rv i ce  

i n  t h e  loop f o r  a t  least e igh t  years  and, p r i o r  t o  t h e  cur ren t  f luoroborate  

serv ice ,  w a s  operated f o r  t h r e e  years  with a salt  similar t o  t h e  MSRE f u e l  

sa l t .  

The conclusions r e s u l t i n g  from t h e  inves t iga t ion  of t h e  l eak  were as 

follows : 

1. The salt  leak  w a s  a t t r i b u t e d  t o  t h e  failure of a welded closure 

t h a t  w a s  defec t ive  when o r i g i n a l l y  made and which had been repa i red  by a 

technique, which based on cur ren t  technology, could not be recommended 

f o r  molten-salt  s e rv i ce  a t  1000°F. The f a c t  t h a t  t h e  l eak  occurred during 

NaBF, se rv i ce  w a s  co inc identa l .  
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ORNL DWG 72 -2095  

Fig.  35.  Location o f  leak on v e n t u r i  i n l e t  p r e s s u r e  t r a n s m i t t e r  
(PT 104A), Nai3F4  c i r c u l a t i o n  t e s t ,  PKF’ loop. 
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2 .  Corrosion i n  t h e  stagnarit l e g  between t h e  pressure t r ansmi t t e r  

and the  loop w a s  r e l a t i v e l y  mild and w a s  similar t o  t h a t  experienced with 

Inconel i n  other  NaBF4 loops.  

3. The consequences of t h e  leak  can be character ized as r a t h e r  mild.  

If t h e r e  were any v i s i b l e  fumes, they were ca r r i ed  o f f  t o  t h e  s tack  by t h e  

cont ro l led  v e n t i l a t i o n  system. 

ene rg j  release. 

v i c i n i t y  of t h e  hole  seemed t o  ind ica t e  t h a t  t h e  l eak  w a s  not self-  

aggravating, t h a t  i s ,  continued leakage d id  not r e s u l t  i n  an increase  i n  

tne  rate of leakage. 

There w a s  no ind ica t ion  of f i r e  or sudden 

The condition of t h e  containment system metal i n  t h e  

6.9 Experience with Handling BF, 

Propert ies  of BF3 and suggestions f o r  handling and s torage  have been 

excerpted from manufacturers'  l i terature and included i n  Appendix A.  I n  

general ,  our experience during t h e  tes t  program w a s  i n  agreement with t h e  

l i t e r a t u r e ,  and t h e  following comments are included f o r  emphasis or t o  

present observations wlzich should be of s p e c i a l  i n t e r e s t .  

1. There was no evidence of corrosive a t t a c k  i n  tubing, pipe,  and 

vesse ls  where t h e  gas w a s  dry,  t h a t  i s ,  excluded from contact  with moist 

a i r .  Converselj;, where t h e r e  w a s  opportunity f o r  contact  with moist air ,  

t h e  r e s u l t i n g  comk'ination w a s  extremelji corrosive.  Handling problems 

w i l l  be minimized i f  e x t r a  precautions are taken t o  insure  a dry, leak-  

t i g h t  system lciefore admitt ing 3F3. 

2 .  A flow r e s t r i c t i o n  developed pe r iod ica l ly  a t  t h e  point  where 

the  off-gas stream ( 3  1/2$ BF3 i n  helium) w a s  vented i n t o  t h e  s t ack  

suc t ion  l i n e  (see Sec t .  5 . 4 ) .  

3.  

m 

I n  September 1967, seventeen 1800-psig cy l inders  of BF3 (nominally 

60 l b  

t h e  tes t  program. The use rate w a s  lower than o r i g i n a l l y  predicted,  s o  

t h a t  most of t h e  cyl inders  were s t i l l  on hand by t h e  summer of 1968. 
May, June, and Ju ly  1968, f i v e  of t h e  s to red  cyl inders  developed leaks  t o  

t h e  atmosphere. One of t h e  leaks  w a s  due t o  defec t ive  packing, but  t h e  

other  leaks  r e su l t ed  from t h e  f a c t  t h a t  t h e  cyl inder  valves  were equipped 

with improperly rated sa fe ty  devices.  

per cy l inder )  were purchased t o  provide f o r  expected usage during 

I n  

The leaky cy l inders  were 



W vented t o  t h e  atmosphere a t  a remote loca t ion ,  and e igh t  of t h e  remaining 

cyl inders  w e r e  re turned t o  t h e  vendor. 

4. J u s t  before  venting t o  t h e  s tack  suct ion,  t h e  off-gas stream w a s  

passed through a mineral-oi l  t r a p  t o  i n h i k i t  back d i f fus ion  of moist air .  

There w e r e  no v i s u a l  ill e f f e c t s  on t h e  mineral  o i l  during t h e  tes t  per iod.  

The e f fec t iveness  of t h i s  device i n  preventing back d i f fus ion  of moisture 

w a s  not measured quant i ta t ive ly ,  bu t  two observations ind ica ted  t h a t  it 
w a s  s a t i s f a c t o r y .  F i r s t ,  t h e r e  were no accumulations of moisture i n  t h e  

mineral  o i l  bubbler tank .  Second, t he re  w a s  no evidence of  corrosive 

a t t a c k  i n  t h e  tubing on t h e  upstream side of  the bubbler,  ind ica t ing  t h e  

absence of s ign i f i can t  moisture l e v e l s .  

6.10 Corrosion Ekperience 

The development and evaluat ion of container materials f o r  i'luoro- 

How- bora te  se rv ice  i s  being done by o thers  i n  o ther  t e s t  equipment.' 

ever,  t h e r e  were c e r t a i n  pieces  of hardware i n s t a l l e d  new i n  t h e  f luoro-  

bora te  system t h a t  w e r e  exposed t o  serv ice  conditions of  i n t e r e s t .  A 

b r i e f  h i s t o r y  and general  descr ip t ion  are presented below. 

The pump tank salt  l e v e l  bubbler tube i n s t a l l a t i o n  i s  described i n  

Sect ion 6.6.  
Inconel tube,  w a s  i n s t a l l e d  before t h e  loop s t a r tup ,  and it w a s  removed 

on October 23, 1970. The pos t - t e s t  e x t e r i o r  appearance i s  shown i n  

Fig. 36. The tube w a s  cut i n t o  four pieces by making t ransverse  cuts a t  

1, 4 1/2, and 7 1/2 i n .  from t h e  lower end. The three lower pieces  w e r e  

t hen  s l i t  a x i a l l y .  Figure 37 shows t h e  i n t e r i o r  appearance of t h e  tube .  

The bubbler tube w a s  examined chemically and meta l lurg ica l ly ,  and t h e  re- 

sults are presented i n  R e f s .  10 and 11. 

The tube,  which w a s  made from a 5 / 8 - i n . - 0 ~ ,  O.O65-in.-wall 

The pressure cont ro l  valve w a s  used throughout t h e  tes t  program. 

The valve operated at room temperature and absorbed t h e  f u l l  pressure 

drop of 24 p s i .  It had t o  be opened and cleaned a number of times t o  

remove accumulations of salt and l i q u i d  impur i t ies .  The s t a i n l e s s  s teel  

valve t r i m  (Fig.  38) appeared t o  be e s s e n t i a l l y  free of corrosive a t t ack  

when examined v i s u a l l y  on October 26, 1970. 
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Fig. 36. Post-test appearance of salt level bubbler tube exterior. 
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Fig. 37. Post-test appearance of s a l t  l eve l  bubbler tube inter ior .  

4 
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Fig. 38. Post-test appeazance of pressure control valve t r i m .  

. 



During t h e  f i n a l  examination of t h e  pump r o t a r y  element, pieces  of 

gray-black, magnetic, metall ic-appearing material, shaped somewhat l i k e  

automobile t i r e  weights, were found ly ing  i n  t h e  annulus next t o  t h e  i m -  

p e l l e r  hub. The chemical ana lys i s  [ N a - 5 ,  B-3, Fe-2.5, Cr-0.2, and ~ i - 6 6 . 3  
( w t  %)]  ind ica ted  t h a t  t h e  material w a s  elemental n icke l  mixed with some 

NaBF4. We speculate  t h a t  t h e  material w a s  formed near t h e  upper end of 

t h e  impel ler  hub by mass t r a n s f e r  of n icke l  from t h e  sal t  t h a t  flowed 

through t h e  impel ler-shaf t  l aby r in th  seal ( founta in  flow) . 
severe corrosion w a s  found on t h e  inner  hea t  baff les ,12 and t h i s  condi t ion 

w a s  ascr ibed  t o  continuous low l e v e l s  of moisture (es t imated t o  be about 

25 ppm) i n  t h e  s h a f t  purge helium gas .  The mechanism i s  be l ieved  t o  have 

been as follows: r e s i d u a l  drople t s  of f luoroborate  salt  were l e f t  on t h e  

heat  b a f f l e  surfaces  as a result of t h e  ingassing t r a n s i e n t s  which occurred 

during t h e  c a v i t a t i o n  incept ion tes t s  and t h e  moisture i n  t h e  incoming 

purge gas combined with these  salt  drople t s  t o  form corrosive r eac t ion  

products.  

Evidence of 

6 .11  Green S a l t  

When t h e  

seve ra l  l a r g e  

pump r o t a r y  element w a s  removed 

chunks of green salt  were found 

f o r  inspec t ion  i n  May 1968, 
ly ing  on t o p  of t h e  upper 

impel ler  casing.  

inso luble  phase t h a t  r e s u l t e d  from mixing t h e  f luoroborate  f lush ing  salt  

with t h e  res idue  of MSRE-type salt l e f t  over from t h e  previous tes t  pro- 

gram. The co lo r  w a s  similar t o ,  but  not qu i t e  as dark as, t h e  green de- 

p o s i t s  (N+ CrFG ) obtained during t h e  cold-f inger  t es t  work. 

1970, when t h e  r o t a r y  element w a s  again removed from t h e  pump, a similar 

deposi t  of green salt w a s  found on t h e  upper impel ler  casing.  

cases,  it w a s  obvious t h a t  t h e  depos i t s  had been formed on t h e  under s ide  

of t h e  outer  thermal baffles and had been dislodged during removal of t h e  

r o t a r y  element. This thermal b a f f l e  sur face  w a s  probably somewhat colder  

than  t h e  bulk salt temperature, which would account f o r  p r e c i p i t a t i o n  of 

t h e  l e s s - so lub le  phase; bu t  t h e  sur face  w a s  about 4 i n .  above t h e  maximum 

normal pump bowl sal t  l e v e l ,  and it i s  not c l e a r  how t h e  salt  came i n t o  

contact  with t h i s  sur face .  There are two p o s s i b i l i t i e s :  f irst ,  splashing 

It w a s  concluded t h a t  t h i s  material w a s  a r e l a t i v e l y  

I n  September 

I n  both 



or spraying of t h e  salt  due t o  impel ler  fountain flow, and second, t h e  

v io l en t  but  momentary expansions of t h e  salt  t h a t  occurred during t h e  

ingassing t r a n s i e n t s  (see Sect .  6 . 1 ) .  The f irst  mechanism seems more 

probable, s ince  t h e  ingassing t r a n s i e n t s  were s o  brief t h a t  it i s  d i f f i -  

c u l t  t o  see how t h e r e  could have been s u f f i c i e n t  contact  t i m e  t o  allow 

t r a n s f e r  of t h e  material. On t h e  o ther  hand, t h e  first deposi t  w a s  found 

after only 187 h r  of salt c i r cu la t ion ,  which implies  a r a t h e r  r ap id  t r a n s -  

f e r  rate even f o r  t h e  spray theory.  Table 11 compares t h e  chemical analy- 

ses of t h e  green salts with t h e  var ious charges of c i r c u l a t i n g  salt,  and 

Table 12 compares molecular compositions of t h e  c i r c u l a t i n g  salts with 

possible  molecular compositions f o r  t h e  green salts .  

The discovery of t h e  deposi ts  of green salt suggests t h e  p o s s i b i l i t y  

of similar deposi ts  i n  an MSBR secondary coolant system i f  t h e r e  were 

leakage of t h e  f u e l  salt  i n t o  t h e  coolant sa l t .  The poss ib le  ramif icat ions 

of such an inc ident  need t o  be thoroughly considered t o  in su re  that there 

would 5e no in to l e rab le  s i d e  e f f e c t s .  

Takle 11. Comparison of green sal t  with present  and 
former salts f o r  NaBF4 c i r c u l a t i o n  tes t ,  PKP-1 loop 

NaBF, salt  ( w t  $) Green sal t  ( w t  4) 
May Sept . 

BULT-4 salt  
formerly i n  loop 

1968 1970 ( w t  k) Flush charge" Clean batch 

W 

L i  
Be 

U 

Th 

N a  

B 

F 

Fe 

Cr 

N i  

9 e72 0.21 

5.82 0.17 

5.12 0.25 

20 .o 0.25 

9.45 
21.6 

59.34 67.7 
0.02 

0.01 

0.04 

0.048 
0.016 
0.019 

0.093 
20.9 
9.3 
68.0 
0.06 

0.005 

0.04 

0.21 

0.04 
12.2 

26.5 
10.9 

43.5 
3 -91- 

1.48 
0.27 
0.03 

0.17 
0.10 

0.35 
13.9 
17.8 
2.6 
45.3 
9.45 
8.9 
0.08 

After mixing with hee l  of salt  l e f t  i n  d ra in  tank from previous a 

tes t  program. 

1 



W 

NaBFB 

NaF 

LiF 

BeF2 

UF4 

mF4 
N@ CrF6 

FeF2 

a Table 12. Comparison of molecular compositions of 
c i r c u l a t i n g  salts and green salts  

~ - ~~ ~- - .  

Green salt  Fluoroborate salt  
BULT-4 salt  

formerly i n  loop May Sept .  
1968 1970 Flush charge Clean charge 

65 
30 
1 
4 

88 
6 
3 
2 

0.1 

0.1 

0.02 

0.04 

93 
5 
0.1 

0.2 

0.01 

0.04 

0.08 
0 .1  

53 
13 

4 
0.7 
7 
17 
0.7 
4 

32 
8 

3 
2 

0.2 

9 
23 
23 

a In fe r r ed  from chemical analyses;  a l l  values i n  mole $. 

6.12 Valves i n  BF? Service 

W 

I n  general ,  t h e  performance of i n - l i n e  valves,  whether packed stem 

seal o r  bellows stem seal, w a s  very s a t i s f a c t o r y .  We a t t r i b u t e  success 

i n  t h i s  area t o  t h e  use of r e s i s t a n t  materials ( f luo r ina t ed  polymers) 

f o r  gaskets  and packing and t o  care  i n  l eak  t e s t i n g  t o  insure  a t i g h t  

system. I n  a f e w  ins tances  a valve s tuck  i n  t h e  closed pos i t ion .  This 

d i f f i c u l t y  w a s  a t t r i b u t e d  t o  accumulation of f l u i d  or s o l i d s  and t o  t h e  

f a c t  t h a t  t h e  valves opened on spr ing  ac t ion ,  t h a t  i s ,  t h e  stems were 

not d i r e c t l y  connected t o  t h e  valve wheel. 

I n  cases where a valve w a s  used t o  separa te  t h e  BF3 system from t h e  

atmosphere, t h e  experience w a s  not s o  good. One example w a s  t h e  1 - i n .  

b a l l  valve t h a t  w a s  i n s t a l l e d  on t h e  salt sample access l i n e  on t h e  pump 

bowl. !This valve had a s t a i n l e s s  steel body and Teflon t r i m ,  but  we had 

cont inua l  t roub le  with seat leakage. 

by corrosive materials produced by t h e  r eac t ion  of BF3 with atmospheric 

moisture.  Another example w a s  t h e  s a f e t y  r e l i e f  valve t h a t  w a s  i n  a l i n e  

connected t o  t h e  BF, feed header.  

W e  a t t r i b u t e d  t h e  t roub le  t o  a t t a c k  

This valve had a spring-loaded brass 



poppet and a synthet ic-rubber  elastomer (Buna N )  seat. A check after 

the  f i n a l  shutdown of t h e  loop showed t h a t  t h e  poppet opened a t  about 

t h e  r i g h t  cracking pressure but  f a i l e d  t o  reseat when t h e  pressure w a s  

lowered. We be l ieve  t h e  failure t o  reseat w a s  due t o  BF3-H,0 r eac t ion  

products which caused a change i n  t h e  proper t ies  of t h e  elastomer.  A 

t h i r d  example w a s  t h e  check valve i n  t h e  off-gas l i n e  j u s t  before  t h e  

s tack  suc t ion .  The o r i g i n a l  valve,  which had a spring-loaded b ras s  

poppet with a Buna N s e a t ,  s tuck closed a f t e r  766 h r  of operat ion.  

ure w a s  a t t r i b u t e d  t o  de t e r io ra t ion  of t h e  elastomer s e a t .  We changed 

t h e  rubber r i n g  t o  a Poly-TFE r i n g  and had no f u r t h e r  d i f f i c u l t y .  

F a i l -  

I n  s-xy, t h e  valve appl ica t ions  t h a t  :?quire c lose  a t t e l l t i on  are 

i n  loca t ions  where t h e r e  i s  an opportunity f o r  t h e  BF, t o  come i n t o  con- 

t a c t  with atmospheric moisture.  Good performance can be obtained by t h e  

use of well-designed valves  having proper materials of construct ion.  

For infrequent ly  used l i n e s ,  it may be advisable  t o  provide for purging 

and capping off  t h e  l i n e  on t h e  atmospheric side of t h e  valve.  

7 .  RECOJDENDATIONS FOR FL’RTHER DEVELOPMENT WORK 

7.1 Impuri t ies  i n  t h e  S a l t  

Certain impur i t ies ,  v a r i o u s l j  i d e n t i f i e d  as w a t e r ,  hydroxyfluoroboric 

ac id ,  BF, -H, 0 reac t ion  products,  e t c  . , cause increased corrosion rates’ 

i n  t h e  c i r c u l a t i o n  system and flow r e s t r i c t i o n s  i n  t h e  off-gas system. 

Work i s  needed i n  t h e  following areas :  

c a l  p roper t ies  ( e .g . ,  vapor pressure)  of t h e  impur i t ies ,  (2 )  m a x i m u m  

concentrat ion of t h e  impur i t ies  which can be t o l e r a t e d  i n  t h e  salt,  and 

(3)  procedure f o r  p re t r ea t ing  salt  t o  remove impur i t i e s .  

(1) i d e n t i t y  and pe r t inen t  physi- 

7.2 Corrosion Product Deposition 

Additional work i s  needed t o  v e r i f y  t h e  s u i t a b i l i t y  of a cold t r a p -  

ping technique t o  i n h i b i t  t h e  deposi t ion of corrosion products on steam 

generator tubes and o ther  func t iona l  surfaces  where foul ing  i s  unwanted. 



7.3  S a l t  Level Instruments 

We need a r e l i a b l e ,  accurate  method f o r  continuous ind ica t ion  of 

salt  l e v e l .  Two devices were t e s t e d .  The tes t  of t h e  r e s i s t i v i t y  probe 

w a s  cursory,  and add i t iona l  work i s  needed t o  provide a r e l i a b l e  evalu- 

a teon of it. Additional work i s  needed with t h e  bubble-tube ind ica to r  

t o  in su re  t h a t  we have a s u i t a b l e  construct ion material and t o  develop 

a design t h a t  w i l l  not be suscept ib le  t o  plugging. 

s t a b i l i t y  of both types need t o  be es tab l i shed .  

The accuracy and 

7.4 O f f - G a s  System Res t r i c t ions  

We have proposed t h e  use of a hot-mist t r a p  and a replaceable  f i l t e r  

t o  he lp  el iminate  flow r e s t r i c t i o n s  i n  t h e  off-gas  system. 

"replaceable" implies a p a r a l l e l  f i l t e r  i n s t a l l a t i o n  with provis ions f o r  

i s o l a t i n g  and serv ic ing  t h e  off-stream u n i t .  

an arrangement t h a t  does not tend  t o  plug a t  t h e  i s o l a t i o n  valve between 

t h e  hot-mist t r a p  and t h e  f i l t e r .  

would be unsui ted f o r  t h i s  appl ica t ion .  

s t ra ight- through flow pa t te rn ,  might be s a t i s f a c t o r y  from t h e  s tandpoint  

of s o l i d s  accumulation, bu t  t h e i r  packed-stem s e a l  design might be un- 

acceptable f o r  a nuclear  r eac to r  i n s t a l l a t i o n .  One poss ib le  approach 

would be t o  dodge t h e  problem a l toge the r  by e l imina t ing  t h e  i s o l a t i o n  

valves  and s i z i n g  the  f i l t e r  so t h a t  replacement would be necessary only 

during scheduled r eac to r  shutdowns. 

a l t e r n a t i v e s  and t o  def ine  and perform tests t h a t  w i l l  demonstrate t h a t  

we have a s a t i s f a c t o r y  so lu t ion  t o  t h i s  problem. 

The word 

The problem i s  t o  design 

Our tes t  work showed t h a t  globe valves  

B a l l  valves ,  which have a 

We need t o  examine t h e  var ious 

7.5 Control of S a l t  Composition 

I n  connection with t h e  use of t h e  thermal conduct ivi ty  c e l l  t o  moni- 

(1) t h e  instrument t o r  t h e  composition of t h e  salt two tes ts  are needed: 

should be used t o  check a sal t  t h a t  i s  known t o  be noneutectic,  and (2)  

tests should be run t o  determine t h e  v a r i a t i o n  of BF, p a r t i a l  pressure 

as a func t ion  of t h e  quant i ty  of f u e l  salt  t h a t  i s  mixed with t h e  f luoro-  

bo ra t e .  
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7.6 Intermixing of Molten S a l t s  

Additional study i s  needed t o  examine t h e  r e l a t i v e  m i s c i b i l i t y  of 

various mixtures of t h e  f luoroborate  salt  with t h e  r eac to r  fuel sa l t .  

The purpose i s  t o  insure  t h a t  cross  mixing of salt between t h e  f u e l  and 

coolant systems would not cause any insoluble  sa fe ty  or  operat ing prob- 

lems. This study can probably be ca r r i ed  out i n  conjunction with t h e  

work noted i n  Sect ion 7.5 above. 

7.7 So l id  Phase Trans i t ion  

Studies  should be made t o  determine i f  spec ia l  designs or operating 

techniques are needed t o  prevent damaging stresses when s a l t - f i l l e d  com- 

ponents are heated upward through t h e  s o l i d  phase t r a n s i t i o n  temperature 

(469°F). A b r ie f ,  simple t e s t  w a s  run (see Appendix E )  t h a t  i nd ica t e s  

t h a t  proper adjustment of hea te r  temperatures i s  probably an important 

f ac to r .  Additional study i s  needed, however, t o  i n su re  t h a t  w e  can cope 

with t h i s  prok,lem i n  complex c i r cu la t ing  systems. 

The s o l i d  phase t r a n s i t i o n  might a l s o  be expected t o  cause problems 

with the  operation of freeze valves ,  although t h i s  hypothesis w a s  not 

supported by o w  experience (see Sec t .  6.4) during t h e  t es t  program. 

recommend a c r i t i c a l  review of t h e  design and operat ion of f luoroborate  

f reeze  valves followed k ; ~  t h e  executior, of any experimental work t h a t  

lie 

might be icd ica ted  by t h i s  review. 

7.8 EF3 Recycle System 

The 3F3 usage rate i s  d i r e c t l y  proport ional  t o  t h e  BFs p a r t i a l  pres-  

sure. 

high (about one-third of an atmosphere) and t h e  usage rate f o r  a once- 

through BF3 feed system would be  on t h e  order  of 100 ft3/day o r  20 lbm/day 

(based on a t o t a l  pressure of 2 ztm and t o t a l  flow of 12 l i t e r s / m i n ) .  

The problem of BF, supply and d isposa l  would be minimized i f  a system 

were provided t o  recycle  a l a rge  f r a c t i o n  of t h e  BF,, and a study should 

be made t o  examine t h e  f eas ib ' i l i t y  and d e s i r a b i l i t y  of such a recyc le  

system. 

I n  t h e  MSBR concept, t h e  BF, p a r t i a l  pressure w i l l  be r e l a t i v e l y  
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Appendix A 

SEUCTED PHYSICAL AND CHEMICAL PROPERTIES OF 
PROCESS MATERIALS 

A . l  NaBF, and NaF 

Name 

Formula 

Molecular weight 

Density, g/cm', 20°C 

Melting po in t ,  "F 

S o l u b i l i t y ,  g/100 g %O 

A t  25"c 
A t  100 "C 

A.2 The System NaE3Fd-NaF 

Phase diagram 

BF, dec ompos it i on 
pressure 

Mole f r a c t i o n  NaBF4 

Sodium f luorobora te  Sodium f l u o r i d e  

NaBF, NaF 

109.8 42 
2.47 2.79 
765 1818 

108 
210 

See Fig.  A . l  

See Fig.  A . 2  

( 2 .126 ) (w) o sodium 

4 
5 

1 
(O.569R - 3)-  , where R = 

A. 3 NaBF, -NaF Eu tec t i c  

Com-oosit i on  

F - B - N a  - N&F,-NaF NaBF, NaF - 
Moles 1 0.92 0.08 1 0.92 3.76 
Grams 104.39 101.3 3.36 23 9.95 71.44 
Weight % 100 96.77 3.22 22.02 9.53 68.44 



Pro-oerties 

(Note: 
w i s e  indicated.  ) 

The following proper t ies  are f o r  t h e  l i q u i d  unless other-  

Conductivity 
1 3 

E l e c t r i c a l ,  (0-cm)' u = 2.7 + 7.2 x 10- (T OF - 932) 
1 1 

Thermal, Btu h r -  f t - ' (  OF)- k = 0.3 

Density 
4 

g/c* 

lbm/ft3 

p = 2.27 - 4.1 x 10- T OF 

p = 142.5 - 2.56 X 10- T OF 

p = 1.86 g/C$ = 116 l b  /ft3 

p = 1.81 g/C$ = 1-13 lbm/f t3  

2 

1025 "F (551.7"~) m 

1150"~ ( 6 2 1 . 1 " ~ )  

Density of so l id ,  g/cn? So l id  phase t r a n s i t i o n  a t  469.4"F 
(243°C) 

5 
<469"F: p = 2.52 - 6.67 X 10- T O F  

5 
2469"~: p = 2.15 - 6.67 x io- 

(T OF - 469.4) 

Expansion 
1 4 

Thermal, ( OF)- cy = 1.1 x 10- 

Q/ = 6.7 x 10- 
3 

So l id  

Heat capaci ty  
1 1 

c = 0.36 
4 

P 

P 

P 

B t u  lbm- (OF)- 

Solid,  77 - 469°F 

469 - 718°F 

C 

C = 0.34 

= 0.22 + 3.2 x 10- T OF 

Heat of fus ion  

Btu/lbm rn = 55.8 

Sol id  t r a n s i t i o n ,  469.4"F AH = 26.1 

Melting poin t ,  OF 723 



5 
S o l u b i l i t y  of i n e r t  gases ,  10- lbi/mole 

of gas per  ft3 melt per a t m  He - 4.7 
K r  - 9.2 
XE! - 8.5 

Surface tension,  dynes/cm 

Decomposition pressure 

Viscosi ty ,  CP 

1025 "F 

Name 

Formula 

Molecular weight 

Spec i f i c  volume, f t 3  /lbm 

Boil ing point ,  "F 
Freezing point ,  "F 

Spec i f ic  grav i ty ,  5 0 " ~  ( a i r  = 1) 

C r i t i c a l  temperature, "F 
C r i t i c a l  pressure,  p s i a  

Spec i f ic  hea t  of gas a t  4 4 " F ,  
Btu lb- I  mole- ( O F ) - '  

1 

= 121.3 - 0.0417T "F 

See Fig.  A . 2  

7 = 0.04 exp(T 5 400 

7 = 1.52 

Boron t r i f l u o r i d e  ( a l s o  boron 
f luo r ide  ) 

BF3 
67.82 
5.6 

-196.8 
-148.5 

2.37 
10 

7 32 
10 

Descr ipt ion.  - Boron t r i f l u o r i d e  i s  a co lo r l e s s  gas t h a t  fumes i n  

moist a i r  and has a pungent, suf foca t ing  odor. It i s  nonflammable and 

does not support combustion. It i s  normally packaged i n  cyl inders  as 

a nonl iquefied gas a t  a pressure of 2000 ps ig  at 70"~. 
b l e  i n  water with decomposition (forming f luorobor ic  and bo r i c  ac ids )  

and i s  heavier  than  a i r .  

It i s  very so lu-  

*"Boron Tr i f luo r ide , "  p .  33 f f .  i n  Matheson Gas Data Book, The 
Matheson Co., Inc. ,  East Rutherford, N . J . ,  1961. 



Toxici ty .  Boron t r i f l u o r i d e  i s  very i r r i t a t i n g  t o  t h e  r e sp i r a to ry  

t r a c t .  

f luor ide  should be avoided. Although t h e  r e l a t i v e  t o x i c i t y  of t h e  gas 

t o  humans has not been es tab l i shed ,  no medical evidence of chronic ef- 

f e c t s  has been found among workmen who have f requent ly  been exposed t o  

small amounts f o r  periods up t o  seven years .  A t  high concentrations 

boron t r i f l u o r i d e  will cause burns on t h e  sk in  similar t o ,  bu t  not as 

penetrat ing as, hydrogen f luo r ide .  

Exposure of t h e  sk in  or eyes or t h e  breathing of boron tri- 

F i r s t - a i d  suggestions.  Observe procedures spec i f i ed  by t h e  Indus- 

t r i a l  Hygiene Department. 

treat i r r i t a t i o n  or burns of t h e  eyes or sk in  with copious amounts of 

water and obtain serv ices  of a physician or t r a i n e d  c l i n i c i a n  as soon 

as possible .  The treatment of BFa burns i s  normally t h e  same as t h a t  

used f o r  anhydrous hydrogen f luo r ide  burns.  

If o f f i c i a l  procedures are not ava i lab le ,  

Precautions i n  handling and s torage .  The following rules should be 

followed i n  t h e  handling and s torage  of boron t r i f l u o r i d e .  

1. Cylinders should be s to red  i n  a dry, cool,  wel l -vent i la ted  area. 

Cylinders may be s to red  i n  t h e  open, but i n  such cases  should be pro- 

t e c t e d  aga ins t  extreme weather and from t h e  dampness of t h e  ground t o  

prevent r u s t i n g .  

2 .  Since Ssoron t r i f l u o r i d e  i s  r eac t ive  with water, a lcohol ,  e the r ,  

and other  compounds, i a t roduct ion  of t h e  gas below t h e  surface of a 

l i q u i d  may c rea t e  a hazard owing t o  t h e  p o s s i b i l i t y  of suckback i n t o  t h e  

cy l inder .  This should be guarded aga ins t  by t h e  use of t r a p s  or check 

valves .  

3. Equipment exposed t o  boron t r i f l u o r i d e  should not be  used with 

other  gases ,  p a r t i c u l a r l y  oxygen, s ince  t h e  gas may have o i l  kapors t h a t  

w i l l  coat out on equipment and may cause f i r e s  when combined with oxygen 

under pressure.  

Leak detec t ion .  Small l eaks  may be detected v i s u a l l y  by checking 

f o r  an accumulation of f l u i d  (product of r eac t ion  between BF, and atmo- 

spheric  moisture) or with t h e  a i d  of an aqueous ammonia squeeze b o t t l e  

(formation of white fumes). 

atmospheric moisture will produce v i s i b l e  "smoke. I t  

If t h e  l eak  i s  l a r g e  enough, r eac t ion  with 
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W Materials of construct ion.  Dry boron t r i f l u o r i d e  does not r e a c t  

with t h e  common metals of construct ion,  but  i f  moisture i s  present ,  t h e  

hydrate ac ids  i d e n t i f i e d  above can corrode a l l  common metals rap id ly .  

I n  consequence, l i n e s  and pressure reducing valves  i n  boron t r i f l u o r i d e  

serv ice  must be w e l l  protected from moist a i r .  

used because a c t i v e  f luo r ide  a t t acks  it s t r u c t u r e .  If s tee l  piping i s  

used f o r  boron t r i f l u o r i d e ,  forged s teel  f i t t i n g s  must be used with it 

Cast i r o n  must not be 

ins tead  of c a s t  i ron  f i t t i n g s .  Materials recommended f o r  t h e  handling 

of dry boron t r i f l u o r i d e  are steel  tubing o r  pipe,  s t a i n l e s s  s teel ,  

copper, n icke l ,  Monel, brass, and aluminum, and t h e  more noble metals. 

These metals w i l l  s tand  up adequately t o  a t  least  200°C. 

i s  a l s o  suitable up t o  about 200°C at  low pressures .  

copper, Saran tubing, hard rubber, pa ra f f in  w a x ,  and Pyrex g l a s s  show 

fa i r  res i s tance ;  p l a s t i c  materials, such as Teflon, Epons, polyethylene, 

and pure polyvinyl chlor ide are not a t tacked a t  80"c; rubber tubing, 

phenolic r e s i n s ,  nylon, ce l lu lose ,  and commercial polyvinyl chlor ide are 

r ead i ly  a t tacked .  

Pyrex g l a s s  

For moist gas:  

Chemical p rope r t i e s .  ( a )  With elements: Alka l i  and a lka l ine-ear th  

metals reduce boron t r i f l u o r i d e  t o  elemental boron and t h e  metal f luo r ide .  

Gaseous o r  l i q u i d  boron t r i f l u o r i d e  does not r eac t  with mercury or 
chromium, even a t  high pressures  f o r  long per iods.  

a t tacked  by boron t r i f l u o r i d e .  

Red-hot i r o n  i s  not  

( b )  With oxides: When boron t r i f l u o r i d e  i s  allowed t o  r e a c t  with 

s laked l i m e ,  calcium bora t e  and f luoroborate  are formed with evolut ion 

of hea t .  With anhydrous calcium oxide o r  magnesium oxide, t h e  metal 

f luo r ide  and t h e  v o l a t i l e  boron oxyfluoride are formed. 

( c )  With ha l ides :  BCl, and BF, do not r eac t  when heated t o  500°C. 

Aluminum chlor ide  or aluminum bromide r eac t  with boron t r i f l u o r i d e  when 

gent ly  heated t o  give t h e  corresponding boron ha l ide  and aluminum f luo-  

r i d e .  Boron t r i f l u o r i d e  forms no coordination compounds when passed a t  

1 a t m  over t h e  s o l i d  ch lor ides  of copper, s i l v e r ,  or potassium a t  t e m -  

pera tures  from -75 t o  530°C. 
(d) A s  a c a t a l y s t :  Boron t r i f l u o r i d e  a c t s  as an ac id  c a t a l y s t .  It 

ca ta lyzes  numerous types of reac t ions ,  namely, e s t e r i f i c a t i o n ,  n i t r a t i o n s ,  

oxidat ions,  reduct ions,  halogenations,  e t c .  



A.5 Inconel and Hastelloy N 

Nominal composition ( w t  %) 

C Mn Si C r  Ni Fe Mo - - - - - - - 
Inconel 0.04 0.35 0.20 15  78 7 
Hastelloy N 0.06 0.50 0.50 7 70 4 17 

A.6 Helium and Argon 

Helium Argon 

Molecular weight 

Specific volume, ft3 /1bm 

Specific heat, Btu l b - I  mole- ( " ~ ) - l  
1 

4 40 

90 9 

5 .oo 5 .oo 
1 1 

Thermal conductivity, Btu hr- ft-' ( O F ) -  0.082 0.0094 

- 

1 -1 5 5 
Viscosity, l bm ft- sec , 32"F, 1 atm 1.25 x io- 1.43 x io -  
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Fig.  A . l .  Phase diagram for the system NaF-NaBF4. 
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Fig. A.2. BF3 p a r t i a l  p ressure  vs temperature f o r  NaF-NaBF4 mixtures.  
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Appendix B 

REFEREINCE DRAWINGS" 

T i t l e  

Flow Diagram for Fluoroborate Circulat ion Test 

Elementary E l e c t r i c  Schematic for Fluorokorate 

Flow Diagram Be Molten S a l t  PKP-1 Pump T e s t  Loop 

A l a r m  Schematic 

E l e c t r i c  Heater Layout 

Thermocouple Layout 

Gas Control Cabinet 

Capi l lary Res t r i c to r  

Thermal Conductivity C e l l  Power Supply 

Resistance Type Level Indica tor  

Fluid Line for Freeze Valve 

A i r  Tube for Freeze Valve 

Sample Device 

Ci rcu la t ion  Test 

*Pa r t i a l  l i s t i n g .  
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Appendix C 

MATERIAL SPECIFICATIONS 

C . l  NaBF, - 
The sodium f luoroborate  used i n  t h e  PKP f luorobora te  c i r c u l a t i o n  

tes t  w a s  received under Order No. 33~-63903, Apr i l  10, 1967, from t h e  

Harshaw Chemical Company. 

c a l  ana lys i s  as follows ( w t  %) : 
The vendor gives  (memo of 5-12-67) t h e  chemi- 

NaBF, 99.08 Ca 0.01 

Oa 0.025 Fe 0.023 

S i  0.01 Hi30 0.01 

m, 0.004 Water inso luble  <O .01 

C.2  NaF - 
The sodium f luo r ide  used w a s  cp grade obtained from Laboratory 

S to res .  

(2.3 BF3 - 
The BF3 w a s  purchased from J. T. Baker Chemical Company under Order 

No. 79s-1266, August 28, 1967. Our spec i f i ca t ion  w a s  as follows: 

EF3 minimum, 99.7$ v/v 
M a x i m u m  impur i t ies ,  ’$ v/v 

A i r  o r  noncondensables 0.65 

SOa 0.001 

so3 0.001 

SiF4 0.02 

We d id  not analyze f o r  impur i t ies  a t  ORNL. We did,  however, make 

a tes t  a t  t h e  f a c i l i t y  i n  an attempt t o  determine i f  t h e r e  w a s  any 

water or hydroxyl compounds i n  t h e  BF,. 

several l i t e r s  of t h e  BF3 through a dry-ice t r a p  and then  analyzing t h e  

t r a p  contents  using t h e  K a r l  Fischer method. 

found . 

The tes t  cons is ted  i n  passing 

No evidence of water w a s  

3 
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Appendix D 

DERIVATION OF EQUATION FOR CALCULATION OF BF3 PARTIAL PRESSURE 

From R e f .  6: 

where f = mole f r a c t i o n  NaBF,, €$ = equi l ibr ium quot ien t ,  and Pb = 

p a r t i a l  p ressure  of BF,. Rearranging: 

Also, from R e f .  5, Q v a r i e s  with temperature:  
P 

B 
Q = exp(C - F) . 
P 

Then 

f B 
'b = (m) [ex??(c - F)] * 

For a 92-8 mix: 

and 

a l s o  

P b = 11.5 jexp(C - i)] 

T o  In Pb = 2.442 + C - 

From R e f .  5: 
5920 
T "K ' 10g(Pb, mm Hg) = 9.024 - 

bu t  

13~633 = 20.782 - .+ 24 540 ; 
T O K  T R  In P = 2.303 l o g  pb = 20.782 - 

b 



Then 

24 540 ln(Pb,  p s i )  = 16.837 - . 

Comparing Eqs. (7 )  and (11): 

2.442 + C = 16.837 and C = 14.395; B = 24,540 . 
Subst i tut ing i n  Eq. ( 4 )  : 



Appendix E 

FREEZE-THAW STRESS TEST 

A s  t h e  salt temperature i s  being increased, t h e r e  i s  an abrupt s o l i d -  

state expansion (dens i ty  decrease) of about 15% when t h e  temperature 

reaches 469°F. 
i n  s a l t - f i l l e d  components i f  t h e  salt  i s  cooled below t h e  t r a n s i t i o n  t e m -  

perature  and then reheated. 

This phenomenon introduces t h e  t h r e a t  of damaging s t r e s s e s  

A bench tes t  w a s  run t o  study t h e  e f f e c t  of va r i a t ions  i n  hea t ing  

A 2-in.-ID by 18-in.-long Pyrex g l a s s  tube w a s  f i l l e d  with technique. 

t h e  f luoroborate  e u t e c t i c  mixture t o  a depth of about 8 i n .  

furnished by a Calrod h e l i x  whose in s ide  diameter w a s  about 1/4 i n .  

l a r g e r  than  t h e  outs ide diameter of t h e  g l a s s  tube,  s o  t h a t  hea t  t r a n s -  

mission w a s  l a r g e l y  by r ad ia t ion .  An aluminum f o i l  r e f l e c t o r  surrounded 

t h e  assembly. Thermocouples were used t o  ind ica t e  t h e  surface temperature 

of t h e  hea ter  and t h e  sal t  temperature on t h e  tube center  l i n e  about 2 i n .  

from t h e  bottom. The tes t  assembly w a s  then operated through t h r e e  t h e r -  

m a l  cycles  during which t h e  salt  w a s  melted and then  re f rozen .  I n  a l l  

t h r e e  heatups, t h e  hea ter  temperature (Th i n  Fig.  E.l) w a s  cont ro l led  a t  

from 75 t o  300°F above t h e  salt  melting temperature, and i n  a l l  t h r e e  

cases t h e  melting w a s  accomplished without d i f f i c u l t y .  Then a four th  

heatup w a s  made wherein t h e  hea te r  temperature w a s  cont ro l led  below t h e  

melting point  of t h e  sa l t .  

r e g i s t e r e d  about 455 OF, t h e  Pyrex tube suddenly sha t t e red .  

Heat w a s  

I n  t h i s  case, when t h e  salt  temperature Ts 

The conclusion i s  t h a t  t h e  poor thermal conduct ivi ty  of t h e  frozen 

salt  causes a s t e e p  temperature grad ien t ,  and, where t h e  hea te r  tempera- 

ture is  above t h e  melting poin t ,  a f i l m  of l i q u i d  salt  forms at t h e  salt 

container  i n t e r f a c e  before  t h e  bulk salt  temperature reaches t h e  s o l i d  

phase t r a n s i t i o n  po in t .  

space t o  p ro tec t  t h e  container  during t h e  phase t r a n s i t i o n  of t h e  bulk 

sal t .  The results of t h i s  t es t  suggest t h a t ,  whenever t h e  salt  tempera- 

ture i s  r a i s e d  through t h e  s o l i d  phase t r a n s i t i o n  poin t ,  mechanical 

stresses can be minimized by proper cont ro l  of hea te r  temperature.  It 

w i l l  be necessary t o  consider o ther  f ac to r s ,  however, such as system 

The l i q u i d  f i l m  serves  t o  provide an expansion 
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geometry and t h e  p robab i l i t y  and poss ib le  e f f e c t s  of s h i f t i n g  and packing 

of salt  c r y s t a l s ,  before  one can properly assess t h e  s o l i d  phase t r a n s i -  

t i o n  problem. 
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