
.. * .b .. 

L 
ST 

3 

O A K  RIDGE NATIONAL LABORATORY 
operated by 

U N I O N  CARBIDE CORPORATION 
for the 

U.S. ATOMIC ENERGY COMMISSION 

ORNL- TM- 3144 

COPY NO. - cs 
DATE - September 30, 1970 

FLUORINE PRODUCTION AND RECOMBINATION I N  

F'ROmN MSR SALTS AFTER REACTOR OPERATION 

P. N. Haubenreich - -  

ABSTRACT 

Exposure of capsules  of MSR f u e l  sa l ts  i n  t he  MTR between 1961 
and 1964 showed that  when the  sa l t  was c h i l l e d  below about 80°c, F2 
w a s  produced by r a d i o l y s i s  a t  a r a t e  of 0.02 molecules/100 ev. Other 
experiments confirmed the r a d i o l y s i s  of f rozen  sa l t  and provided da ta  
on the e f f e c t  of temperature on recombination, The d a t a  on y i e l d  and 
recombination have r e c e n t l y  been reviewed and used i n  answering ques- 
t i o n s  involved i n  s t o r i n g  and disposing of i r r a d i a t e d  sa l t  from the MSRE 
and f u t u r e  mol t en - sa l t  r e a c t o r s .  The energy source i n  the  MSRE sa l t  i s  
low enough t h a t  no f l u o r i n e  evolu t ion  i s  expected f o r  over a year  after 
hea t ing  t o  induce recombination. 
s t o r e d  i n  bare  cans with no f l u o r i n e  evolu t ion  i f  the surroundings a r e  
k e p t  a t  about  200°F. 

Salt from a high-power MSR can be 
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s torage ,  waste d i sposa l ,  af t e rhea t ,  ana lys i s ,  experiment, h e a t  t r a n s f e r ,  
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INTRODUCTION 

The phenomenon with which t h i s  r e p o r t  i s  concerned, t h a t  i s ,  the  

evo lu t ion  of f l u o r i n e  gas  from f rozen  f l u o r i d e  sal ts  subjec ted  t o  radi- 

a t i o n  from included f i s s i o n  products ,  was f i r s t  observed i n  1962 i n  cap- 

s u l e s  t h a t  had been exposed i n  the  MTR.l 
when opened s e v e r a l  weeks a f t e r  withdrawal from the  r e a c t o r  were found t o  

have f l u o r i n e  p re s su res  as high as 50 atmospheres. It was evident ,  bo th  

from the l a c k  of metal cor ros ion  and from s t r e n g t h  cons idera t ions ,  t h a t  

t h i s  much F2 could n o t  have been p r e s e n t  while the  capsules  were a t  high 

temperature i n  the r eac to r .  The next  experiment included capsules  wi th  

p rov i s ions  f o r  gas  sampling and pressure  measurement. 

Fz was evolved only  when the  s a l t  was c h i l l e d  well below the  f r e e z i n g  

p o i n t .  

t h a t  a t  room temperature the rate of f l u o r i n e  r e l e a s e  was p ropor t iona l  t o  

the  f i s s i o n  product  decay energy. A t  s l i g h t l y  h igher  temperatures,  the  

F2 apparent ly  recombined wi th  the  sal t .  

had been done i n  which f rozen  f l u o r i d e s  were subjec ted  t o  var ious  kinds 

of r a d i a t i o n  from e x t e r n a l  sources .’, 
with  y i e l d s  comparable t o  those i n f e r r e d  from the  i n - p i l e  capsules .  I n  

one experiment, with a 6oCo gamma-ray source, the e f f e c t  of temperature 

on f l u o r i n e  evolu t ion  and recombination was explored during more than 

7000 hours of opera t ion .  

Some capsules  (Expt.  47-4) 

These proved t h a t  

Monitoring of these  capsules  a f t e r  removal from the  r e a c t o r  showed 

Meanwhile s e v e r a l  experiments 

These experiments produced f l u o r i n e  

One conclusion from the experiments was t h a t  f l u o r i n e  evo lu t ion  from 

New ques- f rozen  s a l t  would pose no t h r e a t  t o  the  opera t ion  of the  MSRE. 
t i o n s  were raised, however, when i n  December 1969 the r e a c t o r  was s h u t  

down and, f o r  the f i r s t  time a t  the  MSRE, tanks of f u e l  s a l t  were allowed 

t o  f r e e z e .  During the  in t e r im  between the  end of nuc lear  opera t ion  and 

the  pos t -opera t ion  examinations (scheduled f o r  the  f a l l  of 1970) it was 

a simple matter t o  keep the  f rozen  s a l t  warm enough (>2OO0C) t o  p o s i t i v e l y  

preclude any f l u o r i n e  evolu t ion .  During the next  phase (Phase 111) before  

the  u l t ima te  d i s p o s a l  of the  f i s s i l e  and r ad ioac t ive  materials, it would 

be convenient t o  tu rn  off  the  heaters and l e t  the sal ts  cool  t o  near  am- 

b i e n t  temperature.  I n  a n t i c i p a t i o n  of t h i s  phase, then, the  data on 

f l u o r i n e  evolu t ion  and recombination were reexamined. 
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RESULTS OF THE 6oC0 EXPERlMENT 

O f  the var ious  experiments, the  one t h a t  conta ins  the most informa- 

t i o n  on temperature e f f e c t s ,  which a r e  of paramount importance i n  the con- 

s i d e r a t i o n  f o r  the shutdown MSRE, i s  the 6oCo experiment.  

Descr ipt ion of the  Experiment2 

The equipment f o r  t h i s  experiment cons i s t ed  of a 25-cm3 Hastelloy-N 

autoc lave  with provis ions  f o r  temperature c o n t r o l  and measurement and wi th  

two 1/8-in.  n i c k e l  tubes f o r  gas  sampling and pressure  measurement. 

Powdered sal t  (35 g) of a composition similar t o  t h a t  proposed f o r  the 

MSRF: f u e l  was melted i n  the  autoclave,  an a r r a y  of 24 small g raph i t e  

spheres  was i n s e r t e d  and the s a l t  was allowed t o  f r e e z e  before  the  auto-  

c lave was sealed.  All i n t e r i o r  sur faces  of the  equipment were p r e f l u o r i -  

na ted  before  the s a l t  was added. 

Y 

The assembly was placed i n  a 6oCo i r r a d i a t i o n  f a c i l i t y  and l e f t  t he re  

f o r  7391 hours between February and December, 1963. During t h i s  time the 

temperature was he ld  a t  var ious  l e v e l s  between 38°C and 150°C, t h ree  Sam- 

p l e s  of gas  were taken, the  source was removed twice t o  i n t e r r u p t  the 

gamxa-ray i r r a d i a t i o n ,  and the pressure  was observed cont inuously.  With 

the  source i n  place,  the energy aksorp t ion  r a t e  was 0.45 x lo2’ ev/hr-g 

s a l t .  The temperature of the  s a l t  and the t o t a l  gas  p re s su re  ever  the  

s a l t  during the experiment a r e  S ~ G ~ R  i n  F ig .  1. An atmosphere of pure 

heliun: a t  16 t o  18 p s i a  was e s t a b l i s h e d  over the  s a l t  i n i t i a l l y  and a f t e r  

each sample. Analysis of the  eamples showed t h a t  the  pressure  changes 

were due t o  changes i n  the amount of f l u o r i n e  i n  the  gas phase. 

Analysis 

The o r i g i n a l  analysis.‘ of the experiment produced the fol lcwfng ccn- 

c ius ions .  

gamma i r r a d i a t i o n  of s o l i d  MSRE s a l t  i n  the presence of g raph i t e .  21 the  

It was e v i d e r t  t h a t  p r a c t i c a l l y  pure F2 gas w a s  prcduced by the 

ic 
LiF-BeF2-ZrF4-ThF4-LT4 (69.0 - 23.0 - 5.2 - 1.7 - l.1 mole $,). 
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Fig.  1. Pressure and Temperature vs Time i n  a Fluoride S a l t  Autoclave 
Under Gamma I r r a d i a t i o n  
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absence of r a d i a t i o n  o r  a t  e l eva ted  temperatures i n  the  presence of r a d i -  

a t i o n  the gas  disappeared a t  a measurable r a t e ,  presumably recombining 

wi th  the salt .  Other p o i n t s  were t h a t  fol lowing complete recombination, 

F2 d i d  no t  reappear i n  the gas phase u n t i l  a f t e r  an " induct ion per iod ,"  

t h a t  temperature s t rong ly  a f f e c t e d  the  recombination r a t e ,  and t h a t  F2 
pres su re  had l i t t l e  if any e f f e c t  on the  r e l e a s e  r a t e  o r  recombination. 

The remainder of t h i s  s ec t ion  w i l l  propose a simple model f o r  t he  

mechanisms involved and e x t r a c t  from the  6oCo experiment some numbers 

t h a t  w i l l  be u s e f u l  i n  c a l c u l a t i o n s  f o r  the M S R F  and MSBR f u e l .  

Hypotheses 

L e t  us  adopt the fol lowing hypotheses as a basis f o r  reducing the  

6oCo d a t a  t o  some q u a n t i t i e s  t h a t  can be app l i ed  t o  o t h e r  s i t u a t i o n s .  

1. Fluorine molecules (F2) were produced i n  the  f rozen  s a l t  a t  a * 
r a t e  p ropor t iona l  t o  the  absorp t ion  of energy from gamma rays .  The pro- 

p o r t i o n a l i t y  f a c t o r ,  G, was independent of temperature.  

2. Fluorine was evolved i n t o  the gas  phase only a f t e r  the average 

concent ra t ion  i n  the s a l t  reached some l i m i t i n g  value.  

3 .  Fluor ine  recombined wi th  the s a l t  a t  a r a t e  p ropor t iona l  t o  the 
3cx 

concent ra t ion  of r a d i o l y t i c  f l u o r i n e  wi th in  the  sa l t .  The proport ion-  

a l i t y  f a c t o r  was a func t ion  only of temperature.  

Represent these  hypotheses by 

P = G E / ~ O O  

K = k(T)C 
R = P - KR = P - k(T)cR 

* 
I n  a c t u a l i t y ,  r a d i o l y t i c  f l u o r i n e  probably e x i s t s  wi th in  the s a l t  

l a t t i c e  as s i n g l e  atoms, which form F2 molecules only a f t e r  they have m i -  
g r a t ed  t o  a surface.  
a f f e c t i n g  the r e s u l t s )  by t r e a t i n g  the f l u o r i n e  wi th in  the s a l t  as an 
equ iva len t  number of F2 molecules. 

O r  the  concent ra t ion  r a i s e d  t o  some power n :  t he re  i s  no way t c  
t e l l  from t h i s  experiment the value cf  n, b u t  i t  makes no d i f f e r e n c e  i n  
the a p p l i c a t i o n s  we p lan  t o  make. 

The fol lowing desc r ip t ion  i s  s impl i f i ed  (wi thout  

** 
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where 

c =  
E =  

G =  

K =  
k =  

P =  

R =  
T =  

Sub R = 

average concent ra t ion  of F2 i n  s a l t ,  molecules/g 

rate of energy absorp t ion  i n  sal t ,  ev /hr  - g 

y ie ld ,  molecules/100 ev  

rate of recombination of F2 with salt ,  molecules/hr  - g 

recombination f a c t o r ,  hr-  

rate of product ion of F2 i n  salt, molecules/hr  - g 

r a t e  of r e l e a s e  of F2 from salt ,  molecules/hr - g 

temperature of salt ,  OK 
values  while r e l e a s e  i s  occurr ing.  

I n t e r p r e t a t i o n  of the Data 

L e t  us f i r s t  der ive  va lues  f o r  K during the  i n t e r v a l s  when the source 

was o u t  (making E and P ze ro ) .  

was negat ive and equal  t o  the r a t e  of recombination i n  the  sal t .  

During these  i n t e r v a l s  the r e l e a s e  r a t e  

The r e l e a s e  r a t e  can be computed from the r a t e  of p re s su re  change. 

Savage, Compere, and Baker2 give the formula 

& 
A t  G = 0.0073 

when 

E = 0.45 X lo2' 

where the  u n i t s  a r e :  

psi/lOOO h r .  

F2/hr-g i s  given by 

G, molecules F2/100 ev; E, Ev/hr-g; and &/At, 

From t h i s  information, the  r e l e a s e  r a t e  i n  molecules 

16 & 
at - 0.0073 2 x 0 * 4 5  ' O Z o  = 0.328 x 10 GE 

100 100 R = - -  

Table 1 g ives  the  observed rate of pressure  change and the computed 

(These times and pres-  value of R during i n t e r v a l s  with the source ou t .  

su re s  were taken from the  o r i g i n a l  d a t a  shee t s4  and the i n t e r v a l s  were 
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Table 1 

Fluor ine  ConsumDtion wi th  the  Source Removed 

- 10-I6R 
I n t e r v a l  (h r )  Temp. Pressure  ( p s i )  s i  (mol;;u;s 

) From To ' A t  ( "C )  S t a r t  End Ap ( l O E 0  h r  

5542.5 559.0 47.5 110 20.21 20.14 -0.07 - 1.47 0.48 
5593.0 5618.5 25.5 150 20.99 20.43 -0.56 -22.0 7.22 
5637.0 5708.7 71.7 110 19.79 19.58 -0.21 - 2.93 0.96 
7075.5 7221.0 145.5 110 21.04 20.78 -0.26 - 1.79 0.59 
7221.8 7291.5 69.7 130 21.05 20.63 -0.42 - 6.03 1.98 
7293.0 7381.1 88.1 150 20.89 19.02 -1.87 -21.2 6.95 

chosen t o  e l imina te  t r a n s i e n t  per iods  a s s o c i a t e d  wi th  changing tempera- 

t u r e s . )  Since a f u n c t i o n a l  r e l a t i o n s h i p  of k and T of the  form 

-b/T k = a e  

i s  a good p o s s i b i l i t y ,  l e t  u s  t r y  a p l o t  of I n  R 1 /T .  ( I n  a t tempt ing  

such a r ep resen ta t ion ,  one implies  t h a t  K, which i s  the product  of k and 

CR, i s  a func t ion  of temperature having the above form. 

ven ien t  approximation, as w i l l  be seen la te r . )  

data do seem t o  show the  a n t i c i p a t e d  dependence on temperature.  The l i n e  

i n  the  f i g u r e  was f i t t e d  t o  the  data, tak ing  i n t o  account  t h a t  some p o i n t s  

a r e  more r e l i a b l e  because they were measured over g r e a t e r  i n t e r v a l s .  

equat ion of the l i n e  i s  

This  i s  a con- 

Figure 2 shows t h a t  indeed 

The 

-9710/T molecules 
hr-  g K = 6.65 x e 
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Fig, 2. Fluorine Consumption i n  Autoclave kh- 3ecorfcication w i t h  
S inula ted  MSF23 Fuel Salt 
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L e t  us  t u r n  now t o  the  observed rates of p re s su re  change while the  

s a l t  w a s  being i r r a d i a t e d .  During th ree  i n t e r v a l s  the  release r a t e  was 

zero  because the  concent ra t ion  of F2 i n  the  s a l t  was below the  threshold,  

Co. 
when the  s a l t  was i r r a d i a t e d  f o r  more than 600 h r  be fo re  any p res su re  in-  

c rease  occurred. Another was the  i n t e r v a l  of similar l eng th  a t  110°C 

af ter  Sample 3. 
d i scussed  l a t e r . )  

Sample 3. The pressure  had decreased r a p i d l y  j u s t  be fo re  t h i s  u n t i l  a l l  

the  F2 was ou t  of the  gas  ( v e r i f i e d  by Sample 3), i n d i c a t i n g  t h a t  recombi- 

na t ion  was exceeding product ion.  Thus, a f t e r  the  p re s su re  became cons tan t  

the F2 concent ra t ion  i n  the  sa l t  presumably continued t o  decrease.  

The f i rs t  was the i n i t i a l  i n t e r v a l  a t  ambient temperature (about  50°c), 

(The s ign i f i cance  of such " induct ion periods' '  w i l l  be 

The o t h e r  i n t e r v a l  was the  1.50 h r  a t  150°C j u s t  before  

The r a t e s  of p re s su re  change during a l l  the i n t e r v a l s  when the  source 

was i n  and the re  was s i g n i f i c a n t  F2 p res su re  i n  the  gas  a r e  l i s t e d  i n  

Table 2 and i n  Fig.  3 they  a r e  p l o t t e d  a g a i n s t  temperature.  These p re s su re  

changes a re ,  of course, p ropor t iona l  t o  the  d i f f e r e n c e  between product ion 

and recombination, and the  e f f e c t  of i nc reas ing  recombination r a t e  a t  

h igher  temperatures causes  the  pressure  change t o  be nega t ive  even though 

f l u o r i n e  i s  s t i l l  being produced i n  the  sa l t .  The product ion r a t e  can 

be computed by adding the recombination rate c a l c u l a t e d  from Fig.  2 t o  

the  rate of F2 r e l e a s e  ind ica t ed  by the  observed p res su re  change. ( I n  

doing t h i s  we must assume t h a t  the  recombination rate during an  i n t e r v a l  

of p re s su re  inc rease  was the same as during an i n t e r v a l  of p re s su re  de- 

c rease  wi th  the  source ou t  a t  the  same temperature,  which i s  t o  say  t h a t  

CR i s  about  the same when the re  was an outward flow of f l u o r i n e  from the  

s a l t  as when the re  was an inward flow.) 

t h i s  computation. 

Figure 4 shows the  r e s u l t s  of 

Some of the d i f f e rences  between the p o i n t s  i n  Fig.  4 a r e  no doubt 

due t o  e r r o r  i nhe ren t  i n  the  measurements, b u t  t he re  i s  a l s o  a suggest ion 

of some remaining temperature e f f e c t .  One suspec ts  the  e f f e c t s  of l i m i t e d  

d i f f u s i o n  r a t e s  i n  the sa l t  and v a r i a t i o n  of the  same wi th  temperature,  

b u t  no firm conclusion i s  j u s t i f i e d .  The band from 3 t o  8 psi/lOOO hr ,  

which inc ludes  most of the  po in t s ,  corresponds t o  va lues  of G from 0.02 

t o  0.06 molecules/100 ev, based on the energy absorp t ion  r a t e  of 

W 
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Table 2 

Fluor ine  Evolut ion from Salt Exposed t o  6oCo Source 

AP/At 

si ) 
I n t e r v a l  (hr)  Temp Pressure  (ps i )  

From To ' A t  ( O C )  S t a r t  End AP ( 100; hr 

764 
1008 

1774 
18 93 
2713 
2948 
3217 
3404 
3741. 
4033 

1364 

4156 
5084 
5301. 
5878 
6217 
6387 
6603 
6740 

884 
1343 
1724 
1871 

2852 
2182 

3190 
3357 
3619 
4029 
4156 
4268 
5301 
5541. 
6142 
6380 

6645 
6596 

6979 

120 

331 
360 
97 
289 
139 
242 
140 
215 
288 
123 
112 

217 
240 
264 
163 
209 
42 
239 

65 
58 
38 
66 
67 

85 
95 
110 

110 

1.50 

150 
110 

110 

110 
110 

1.30 
1.50 
130 

61 

17.00 
17.28 
1-8.35 
22.36 
16.38 
16.78 
18.28 
20.94 
22.78 
16.67 
21.44 
18.06 
18.14 
1-9 07 
19.94 
21.20 

22.75 
23.16 
21.74 

17.28 
18.74 
20.44 
22 97 
17.40 
17.28 
20.14 
22.09 
23.78 
19.08 
18.06 
16.09 
19 07 
20.28 
20.84 
22.18 
22.74 
22.44 
21.39 

.28 
1.46 
2.09 
0.61 
1.02 
0.50 

1.15 

1.86 

1.00 
2.41 
-3.38 
-1.97 
0.93 
1.21 

0.90 
0.9 

-0.72 
-0.01 

-0.35 

2.23 

4.41 
5.81 
6.29 
3.53 
3.60 
7.69 
8.21 
4.65 
8.37 

-27.5 
-17.5 
4.29 
5 .Ob 
3.41 
6.01 

- 0.05 
-17.1 
- 1.46 



Fig. 

ORNL DUG. 70-12906 
W 



11 

Fig.  4. Rates  of Pressure  Increase  i n  Salt Exposed to 6oCo Source That 
Would Have Resul ted i f  There had been no Recombination 

Y 
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0.45 x lo2' ev/hr-g. If w e  exclude the 1 5 0 ° C  po in t s ,  which a r e  very  

s e n s i t i v e  t o  temperature r ep roduc ib i l i t y ,  the  average of the  d a t a  i n  

Fig.  4 corresponds t o  G = 0.045 rnolecules/100 ev. 
Now l e t  us t u r n  aga in  t o  "induction per iods ."  We would l i k e  t o  be 

ab le  t o  p r e d i c t  f o r  var ious  k inds  of s a l t  under va r ious  condi t ions  how 

much energy can be absorbed before  f l u o r i n e  evolu t ion  begins .  This  i s  

n o t  a constant ,  the  most obvious v a r i a b l e s  a f f e c t i n g  it being  temperature 

and the  rate of energy absorpt ion.  

o r  E low enough, recombination would maintain an F2 concent ra t ion  i n  the  

sal t  below t h a t  a t  which any s i g n i f i c a n t  F2 i s  r e l e a s e d  i n t o  the gas .  

A t  the  o t h e r  extreme, a t  temperatures so low t h a t  recombination i s  neg- 

l i g i b l e ,  the  product ion would go i n t o  r a i s i n g  the  concent ra t ion .  A t  

some in te rmedia te  temperature, C would inc rease  more slowly because of 

p a r t i a l  recombination, b u t  the  l i m i t i n g  concentrat ion,  CR, could con- 

ce ivably  be lower so the  induct ion  t i m e  would n o t  n e c e s s a r i l y  be longer  

than a t  low temperature.  

duc t ion  per iods ,  one a t  50°C where recombination was p r a c t i c a l l y  n e g l i g i b l e  

and the  o t h e r  a t  110°C where the recombination rate during the  induct ion  

pe r iod  probably ranged up t o  roughly h a l f  the  product ion rate ( s e e  F ig .  

Examination of the  d e t a i l e d  p l o t  of the  experimental  da t a4  shows t h a t  the 

50°C induct ion  pe r iod  was c lose  t o  TOO hours (3.1 x 

110°C per iod  was about  630 hours (2.8 x ev/g) .  The F2 concent ra t ion  

i n  the s a l t  a t  the  s ta r t  of the l a t t e r  pe r iod  was n o t  q u i t e  ze ro  b u t  was 

probably p r a c t i c a l l y  so. Thus the  f a c t  t h a t ,  d e s p i t e  g r e a t e r  recombi- 

nat ion,  the induct ion  pe r iod  a t  110°C was about  the  same as a t  50°C i n d i -  

c a t e s  t h a t  CR was indeed s u b s t a n t i a l l y  lower a t  the  h igher  temperature.  

Fu r the r  support  f o r  a lower CR a t  h igher  temperature are the  p re s su re  

t r a n s i e n t s  accompanying some of the  s t e p s  i n  temperature,  which seemed t o  

i n d i c a t e  r a p i d  r e l e a s e  of f l u o r i n e  when the  temperature was r a i s e d .  

If the  temperature were h igh  enough 

I n  the 6oCo experiments w e  observed two in-  

3 ) .  

ev/g) and the  

From the  foregoing, it i s  apparent  t h a t  t he re  i s  indeed a dependence 

of CR with temperature t h a t  i s  included i n  the  exponent ia l  approximation 

f o r  kCR 

temperature dependence of k and of CR should n o t  a f f e c t  t he  f i t  of the  

empi r i ca l  r e l a t i o n  too  much, however, because CR probably v a r i e s  by a 

T t h a t  we der ived.  The probable d i f f e rence  i n  the  form of the  

W 



v f a c t o r  of s e v e r a l  while k i s  varying by a couple of decades. It i s  n o t  

e s s e n t i a l  t h a t  we sepa ra t e  the  r e l a t i o n s  f o r  k and CR; i n  most app l i ca -  

t i o n s  what w e  want t o  know i s  whether or no t  the temperature i s  high 

enough so t h a t  t he re  w i l l  be  no f l u o r i n e  r e l e a s e  ( t h a t  the  product  kCR 

i s  l e s s  than P ) .  

Although the  p o i n t  has  no s ign i f i cance  f o r  f u t u r e  a p p l i c a t i o n s  where 

no f l u o r i n e  pressure  i s  allowed t o  develop, it may be noted t h a t  the  da t a  

of the  6oCo experiment do no t  i n d i c a t e  any c l e a r  dependence of recombi- 

na t ion  r a t e  on f l u o r i n e  pressure  i n  the gas .  

Summary 

Yie ld  (product ion i n  the sa l t )  i n  the  s imulated M S R E  f u e l  s a l t  was 

0.045 t 0.02 molecules F2/100 ev, with l i t t l e  or no dependence on t e m -  

p e r a t u r e .  

was absorbed before  any f l u o r i n e  appeared i n  the  gas  over  the  s a l t :  

induct ion  pe r iods  of 3.1 x loz2 and 2.8 x 

5 5 ° C  and 110°C re spec t ive ly .  

(when the re  was f l u o r i n e  i n  the  gas)  depended s t rong ly  on temperature;  

p r a c t i c a l l y  n o t  a t  a l l  on f l u o r i n e  overpressure.  

I n  sa l t  i n i t i a l l y  f r e e  of F2, a cons iderable  amount of energy 

ev/g were observed a t  

Rates  of recombination i n  " sa tu ra t ed  salt" 

An empi r i ca l  r e l a t i o n  

- molecules 
K = kCR = 6.65 x e hr-g F2 

fit the d a t a  wi th in  5 50%. 

I n  applying these  r e s u l t s  t o  o the r  s i t u a t i o n s ,  d i f f e r e n t  u n i t s  may 

be convenient.  I n  p a r t i c u l a r ,  the  induct ion  pe r iod  and recombination 

r a t e s  should probably be r e l a t e d  t o  moles of s a l t  r a t h e r  than weight of 

sa l t .  Table 3 expresses  the  6oCo experiment r e s u l t s  i n  va r ious  u n i t s .  
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Table 3 

Resu l t s  of 6oCo I r r a d i a t i o n  of Simulated MSRE Fuela 

molecules F2 C C (  STP)F, 
Yield 0.045 o r  0.38 

Induct ion 
Per iod  

100 ev 

ev  
3 . 0 ~ 1 0 ~ ~  g 

- 

watt - 

watt- h r  
Q 

o r  1.3 

h r  

Recombination molecules F2 cc (STP) F2 
Coef f i c i en t  6.65~10~~ hr-g O r  2.47~10~ hr-g 

wa t t - h r  
62 mole sa l t  o r  

cc(STP)F, 
hr-mole sa l t  

o r  1.15~10~ 

a Composition: LiF-BeF2-ZrF4-ThF4-UF4(6g.0-23.0-5.2-l.7-l.l mole 8 ) .  
Molecular weight = 46.5. 



RESULTS OF OTHER EXPERIMENTS 

In -P i l e  Experiments1 

The s e r i e s  of i n - p i l e  experiments which f i r s t  drew a t t e n t i o n  t o  the  

matter of f l u o r i n e  evo lu t ion  and l a t e r  proved it t o  be a low-temperature 

phenomenon a l s o  produced q u a n t i t a t i v e  information on y i e l d s  and tempera- 

t u r e  e f f e c t s  on recombination. 

There were c lues  i n  experiments 47-1, 47-2, and 47-3 t h a t  were l a t e r  

recognized as e f f e c t s  of f l u o r i n e  evolut ion,  b u t  about  the  only quant i -  

t a t i v e  information on t h i s  s u b j e c t  was t h a t  CF, y i e l d s  were much lower i n  

capsules  i n  which the sa l t  had cooled and f rozen  more slowly. 

When the  capsules  from experiment 47-4 were punctured a f t e r  exposure 

and cooling, f l u o r i n e  was i d e n t i f i e d  and the  equipment was r ev i sed  t o  

a l low measurement of the  amounts i n  the  capsules .  P re s su res  observed i n  

the  capsules  ranged as high as 50 atmospheres of F2 and a t e n t h  as much 

CF,. 
95-day cool ing  pe r iod  was absorbed i n  the  salt, it was c a l c u l a t e d  t h a t  a 

G value  of 0.035 molecules/100 ev would have produced the  f l u o r i n e  observed 

i n  the  maximum case.  

v a r i a t i o n s  bo th  i n  the amounts of F2 and the  r a t i o  CF,/F2, i n d i c a t i n g  the 

presence of u n i d e n t i f i e d  f a c t o r s  a f f e c t i n g  the  n e t  y i e l d  of f l u o r i n e .  

On the  assumption t h a t  h a l f  of the  decay energy r e l e a s e d  dur ing  the  

Other capsules  showed l e s s  F2, wi th  extremely wide 

Experiment 47-5, designed a f te r  the  observa t ion  of CF, i n  the  47-3 
capsules,  included two capsules  w i t h  p rov i s ions  for gas  sampling and 

p res su re  measurement. 

capsules  were cooled t o  about  4OoC, and, a f t e r  v a r i a b l e  induct ion  per iods ,  

an accumulation of gas  i n  the  capsules  was noted by p res su re  measurements. 

The accumulating gas  was found t o  be F2 and t o  be r e l e a s e d  from the  f rozen  

f u e l  a t  

about  0.005 t o  0.031, a l though on occasion the  induct ion  pe r iod  p e r s i s t e d  

throughout t he  shutdown. No c o r r e l a t i o n  between capsule  power d e n s i t y  

j u s t  before  shutdown and e i t h e r  G va lues  o r  du ra t ion  of induct ion  per iods  

was observed. There were seven shutdowns of s u f f i c i e n t  du ra t ion  f o r  the 

e f f e c t s  t o  be noted. 

During i n t e r v a l s  when the  MTR was s h u t  down, the  

va lues  (molecules of F2 p e r  100 ev  of absorbed energy) from 

F2 

Shor t  (4-hr) pe r iods  a t  low power i n  which f i s s i o n i n g  
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I 

continued a t  some r a t e  wi th  the  s a l t  a t  temperatures  between 85 and 325°C 

produced no de tec t ab le  accumulation of gas.  

The s ix  capsules  of experiment 47-5 were moved quick ly  from the  MTR 

t o  an ORNL h o t  c e l l  where p re s su res  were monitored t o  determine f l u o r i n e  

evolu t ion  i n  the  two vented capsules .  Resu l t s  f o r  t hese  two capsules ,  

one of which had operated a t  65 watts/cm3 and the  o t h e r  a t  35 watts/cm3, 

are shown i n  Fig.  5 .  Analysis  of the  d a t a  brought  o u t  the fol lowing 

poin ts .5  

11 and 31 days a t  36"c and 50°C were p ropor t iona l  t o  the  power dens i ty  i n  

the  capsules  and correspond t o  a y i e l d  of 0.020 molecules F2/100 ev. Ex- 

periments a t  var ious  temperatures showed t h a t  evo lu t ion  was suppressed 

when the  s a l t  was e i t h e r  very  cold (-70°C) o r  moderately w a r m  (80"~). 
Burs t s  of F2 occurred immediately a f t e r  the  temperature was s tepped up. 

These da t a  sugges t  t h a t  the  rate of evolu t ion  of F2 i s  c o n t r o l l e d  a t  low 

temperatures by r a t e s  of d i f f u s i o n  of r a d i o l y t i c  spec ie s  wi th in  the  s o l i d ,  

and a t  h ighe r  temperatures by a back r e a c t i o n  whose r a t e  i s  s t r o n g l y  tem- 

pe ra tu re  dependent. La ter  ( a f t e r  day 1.13) the  e f f e c t  of F2 pres su re  was 

explored by adding F2 t o  the capsules .  Above 50°C t h e r e  were pronounced 

decreases  i n  evolu t ion  a t  h igher  pressures ,  b u t  some extraneous e f f e c t s ,  

presumed t o  be changing condi t ion  of the  s a l t  sur face ,  d i d  n o t  permi t  

d e r i v a t i o n  of a q u a n t i t a t i v e  p re s su re  r e l a t i o n .  

The evolu t ion  r a t e s  ca l cu la t ed  from p res su re  d e r i v a t i v e s  between 

Also exposed i n  47-5 were 4 sea led  capsules  of 3 d i f f e r e n t  geometries.  

The gas  spaces i n  these  capsules ,  a f t e r  5 months cooling, y i e l d e d  very  

d i f f e r e n t  q u a n t i t i e s  of F2 and CF,; one gave 39 cm3 of Fz and 70 cm3 of 

CF4, another  gave 2.5 cm3 of F2 and 0.6 cm3 of CF4, and two smal le r  cap- 

s u l e s  y i e lded  none of e i t h e r  gas .  The most p l a u s i b l e  reason f o r  t he  d i f -  

f e r ences  seemed t o  be the  l a r g e  d i f f e r e n c e s  i n  cool ing  rates among the  

capsules  and consequent d i f f e rences  i n  c r y s t a l l i t e  s izes  and degrees  of 

s t r e s s  introduced i n t o  the  c r y s t a l l i t e ,  wi th  slower cool ing  r e s u l t i n g  i n  

less gas  evo lu t ion .  

I n  the  f i n a l  experiment, 47-6, the  sa l t  i n  the  capsules  was k e p t  

molten during exposure and no f l u o r i n e  evo lu t ion  was de tec ted .  Af t e r  r e -  

moval, the  capsules  were quick ly  disassembled f o r  i n spec t ion  so  no f l u o r i n e  

evolu t ion  r a t e  was measured. 
1 
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X-Rag I r r a d i a t i o n s ’  

S o f t  x-ray i r r a d i a t i o n  of a s o l i d  mixture  similar t o  the  MSRE f u e l  

gave evidence of r a d i o l y t i c  decomposition wi th  y i e l d s  of v o l a t i l e  f l u o r i n e  

compounds equ iva len t  t o  G F ~  (moles of F2 p e r  100 ev  absorbed) va lues  

ranging from 0.0006 t o  0.04. 

f ied,  bu t ,  genera l ly ,  the  products  were carbon t e t r a f l u o r i d e  and carbonyl  

f l u o r i d e .  P re f luo r ina t ion  of the  s a l t  removed carbon-containing i m p u r i t i e s  

and encouraged l i b e r a t i o n  of e lementa l  f l u o r i n e .  Fine p a r t i c l e s  l i b e r a t e d  

v o l a t i l e  f l uo r ine -con ta in ing  products  a t  about  t e n  t imes t h e  r a t e  from 

coarse p a r t i c l e s .  The compound 6LiF-BeF2eZrF4, one of the  complex com- 

pounds which c r y s t a l l i z e  from the  MSRE fue l ,  decomposed wi th  an equ iva len t  

GF2 of about  0.02. 

f l u o r i n e  a t  r a t e s  of about  0.005 molecule p e r  100 ev. Ne i the r  l i t h i u m  nor  

zirconium f l u o r i d e s  gave any evidence of r a d i o l y s i s .  

I n  some cases  e lementa l  f l u o r i n e  was i d e n t i -  

P r e f l u o r i n a t e d  thorium f l u o r i d e  l i b e r a t e d  e lementa l  

F a s t  E lec t ron  Bombardment6 

A Van de Graaf machine was used t o  bombard sa l t  a t  25 - 30°C, under a 

He-F, atmosphere, i n  an i r r a d i a t i o n  c e l l  equipped f o r  gas  a n a l y s i s .  

from simulated MSFE f u e l  s a l t  v a r i e d  wi th  dose r a t e  and t o t a l  dose, ex- 

h i b i t i n g  maxima about  0.02 molecules F&00 ev. 

no evo lu t ion  of f l u o r i n e ,  b u t  a n  uptake t h a t  was induced by the  i r r a d i a t i o n .  

Yie lds  

Bombardment of LiF showed 

Discussion 

The i n - p i l e  capsules  were notab le  f o r  the  wide v a r i a t i o n s  i n  f l u o r i n e  

y i e lds ,  wi th  some capsules  y i e l d i n g  no f l u o r i n e  ( t h e  small capsules  i n  

47-5) and o t h e r s  producing up t o  0.035 molecules/100 ev. The evidence 

seems t o  be t h a t  slow f r e e z i n g  can g r e a t l y  reduce subsequent f l u o r i n e  evo- 

l u t i o n  even t o  zero.  

There i s  some suggest ion i n  a comparison of a l l  the d i f f e r e n t  exper i -  

ments t h a t  e l e c t r o n s  or f i s s ion -p roduc t  b e t a  p a r t i c l e s  produce less  f l u o r i n e  

than do gamma rays  p e r  u n i t  of absorbed energy (perhaps because of d i f -  

f e r ences  i n  d e n s i t y  of d i s l o c a t i o n s  along the  p a r t i c l e  t r a c k s ) .  

the  ‘ O C o  gamma rays  produced FZ with an average G value of 0.045 
Whereas 



W molecules/100 ev, the  best  value of y i e l d  from i r r a d i a t i o n  by included 

f i s s i o n  products  (measured i n  the r a p i d l y  cooled 47-5 capsules)  i s  about  

0.020 molecules/100. 

Recombination (suppression of evolu t ion)  was s i g n i f i c a n t  i n  the 47-5 
capsules  a t  temperatures  from 69 t o  87"c, a range i n  which the  recombi- 

na t ion  f a c t o r  der ived  From the 6oCo experiment would be q u i t e  low. 

I n  c a l c u l a t i o n s  f o r  MSF33 o r  MSBR salt ,  f rozen  s lowly i n  r e l a t i v e l y  

l a r g e  tanks,  and i r radiated by contained f i s s i o n  products ,  it seems 

reasonable  t o  use the G value of 0.02 molecules/100 ev observed i n  the 

47-5 capsules .  This  i s  probably conservat ive because the  s a l t  i n  the  

l a r g e r  v e s s e l s  w i l l  coo l  and f r e e z e  even more slowly than the s lowest  

cooled capsules ,  which showed no f l u o r i n e  evolu t ion .  There may be some 

tendency toward a h igher  G because a g r e a t e r  f r a c t i o n  of the  gamma rays  

w i l l  be absorbed i n  the l a r g e  bodies  of salt, b u t  t h i s  i s  probably n o t  

as important  as the  cool ing r a t e  e f f e c t .  I n  any case the  value of 0.02 

i s  probably wi th in  a f a c t o r  of two. 

Use of the  recombination f a c t o r  from the  6oCo experiment i s  probably 

a l s o  conservat ive,  based on the r e s u l t s  of the  47-5 experiment.  

STORAGE AND DISPOSAL OF MSRF SALT 

S h o r t l y  af ter  the  nuc lear  opera t ion  of the  MSRE was concluded on 

December 12, 1969, the  f u e l  s a l t  was d iv ided  between the  two @-inch I D  
d r a i n  tanks  and the heat was turned  off.7 I n  the i n s u l a t e d  tanks the  

sa l t  cooled very  slowly, and it was 22 days be fo re  thermocouples a t  the  

c e n t e r s  of the tanks i n d i c a t e d  t h a t  the  sa l t  the re  had reached the s o l i d u s  

temperature (6620~). 
a t  low s e t t i n g s  t o  hold the s a l t  temperatures  between 450 and 650"~. 
same was done wi th  the  f l u s h  sal t .  

A few days later,  the tank h e a t e r s  were turned  on 

The 

I n  planning f o r  the  u l t ima te  d i s p o s a l  of the  M W  salts and the in t e r im  

su rve i l l ance ,  it i s  necessary t o  cons ider  r a d i o l y t i c  product ion of f l u o r i n e  

and the  measures needed t o  c o n t r o l  f l u o r i n e  evo lu t ion  from the sal t .  There 

would be some advantage i n  be ing  a b l e  t o  t u r n  o f f  the h e a t e r s  on the  salt 

t anks .  
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Energy Sources 

During opera t ion  of the  MSRE, gaseous f i s s i o n  products  (Xe, K r )  were 

s t r i p p e d  from the f u e l  on a s h o r t  cycle ,  noble meta ls  (Nb, Mo, Ru, Te) 

soon depos i ted  on sur faces ,  and the  o t h e r  f i s s i o n  products  remained i n  the  

f u e l  salt .  Each time the f u e l  loop was f lushed ,  about  0.4% of the  f i s s i o n  

products  i n  the  f u e l  s a l t  became mixed i n t o  the f l u s h  sa l t .  This  was done 

only  9 times during the 4 years  of power operat ion,  so  the  a c t i v i t y  i n  the  

f u e l  s a l t  was n o t  diminished s i g n i f i c a n t l y  by t h i s  e f f e c t .  

The inven to r i e s  of f i s s i o n  products  and a c t i n i d e s  i n  the  MSRE sa l t  

were computed by M. J. B e l l ,  us ing  the  ORIGEN code and t ak ing  i n t o  account  

gas  s t r i p p i n g  and the  ope ra t ing  h i s t o r y  of the r eac to r .8  Figure 6 shows 

the  c u r i e s  of f i s s i o n  products  remaining as a func t ion  of t i m e  a f t e r  the 

end of nuc lear  opera t ion  on December 12, 1969. 
of the  a c t i n i d e s  (mainly the  chain descending from 23%) amounts t o  

2.5 x lo3 C i  a t  384 d, decreasing very  slowly t o  2.3 x lo3 C i  a t  1845 d. 

The energy sources  represented  by the f i s s i o n  products  and heavy nuc l ides  

i n  the  M S R E  sa l t  a r e  shown i n  Fig.  7. 
p r a c t i c a l l y  a l l  of t h i s  energy w i l l  be  absorbed. 

l o 5  moles) of f u e l  salt ,  so  the energy source p e r  mole i s  0.94 x 
the  t o t a l  source shown i n  Fig.  7. 
convenient t o  be ab le  t o  t u r n  o f f  the  h e a t  on the  tanks)  the  source in-  

t e n s i t y  would be 0.0069 watts/mole. 

as soon as the  permanent d i s p o s a l  might be made, t he  source would amount 

t o  0.00195 watts/mole . 

The c a l c u l a t e d  a c t i v i t y  

I n  the  49-inch I D  s a l t  tanks 

There i s  4647 kg (1.06 x 
t imes 

A s  of January 1, 1971 (when it would be 

On January 1, 1975, which i s  perhaps 

Temperature f o r  I n t e r n a l  Recombination 

The product ion of F2 wi th in  the  MSRF: s a l t  i s  p r o p o r t i o n a l  t o  the  

absorbed energy. 

b a s i s  of va lues  observed i n  the  i n p i l e  capsules ,  where the  sa l t  composition 

was very  similar t o  t h a t  of the f i n a l  MSRE f u e l  and the  i r r a d i a t i o n  was 

It would appear reasonable  t o  estimate the  y i e l d  on the  

* 

* 
The composition of the  MSRE f u e l  a t  the  f i n a l  shutdown, based on 

on averages of f u e l  samples was LiF-BeF2-ZrF4-UF4 (64.2-30.7-5.0-0.14 
mole 8 ) .  The molecular weight i s  43.7. 
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ORNL DWG. 70-12908 

Fig. 6. Fission Product Inventories in MSRE Salt 



22 

IN71 \ / I  /72 1/1/73 
O W L  DUG. 70-12909 

1/1/74 1/1/75 

W 
V 
(Y 
3 
0 
v) 



s i m i l a r l y  from included f i s s i o n  products .  

va lue  was 0.020 molecules/100 ev, obtained by t r ack ing  the f l u o r i n e  evo- 

l u t i o n  from the two vented capsules  i n  experiment 47-5. 
f r o z e  very  much more slowly than d i d  the s a l t  i n  these  capsules  and the 

evidence seems t o  i n d i c a t e  lower y i e l d s  from slower-cooled salt,  so  use 

of G = 0.020 probably i s  a conserva t ive ly  h igh  value f o r  the  y i e l d  i n  the 

M S R E .  

tank s i z e ,  degree of s a l t  cracking, e t c , ,  on escape of f l u o r i n e . )  

a y i e l d  of 0.020 molecules/100 ev, the  product ion wi th in  the  s a l t  would 

amount t o  0.17 S cc(STP)/hr-mole where S i s  the  energy absorp t ion  r a t e  i n  

watts/mole. 

The most p r e c i s e l y  measured 

The MSRE f u e l  

(This  i s  n o t  c e r t a i n ,  however, because of the unknown e f f e c t s  of 

Assuming 

The recombination of f l u o r i n e  i n  the  s a l t  can be es t imated  by the  

r e l a t i o n  der ived  from the  6oCo experiment. When the product ion i s  equated 

t o  the  express ion  f o r  the  recombination r a t e  as a func t ion  of temperature,  

the  r e s u l t  i s  

1 .15  x lo9 e- 9710 watts T -  0,17 mole s =  

This  i s  the  r e l a t i o n  between S and the temper>ture a t  which a l l  the  

f l u o r i n e  would j u s t  be recombined, 

If one takes  S f o r  the  MSRF, f u e l  from Fig .  7 and uses  the  foregoing 

r e l a t i o n  between S and T t o  compute temperature,  one f i n d s  t h a t  the  r e -  

qu i r ed  temperature decreases  very  slowly from 173°F i n  January, 1971 t o  

145°F i n  January, 1975. 
15°F i f  one were a r b i t r a r i l y  t o  assume twice the  f l u o r i n e  y i e l d  ( G  = 0.04 

i n s t e a d  of O,O~ molecules/100 ev ) .  

The r equ i r ed  temperatures would be h igher  by only 

Induct ion  Pe r iod  and Fluor ine  Release 

If the  MSm s a l t  were somehow cooled below the p c i n t  of complete in -  

t e r n a l  recombination of t he  F2, it would probably s t i l l  be a very  long 

t i m e  be fo re  any F2 was re l eased .  

mole (as i n  the  6oCo experiment),  t h i s  would amount t o  6,6 x lo6 watt-hr  

i n  the  MSRE f u e l  sa l t .  If the  s a l t  were c h i l l e d  on January- 1, 1971, i t  

If the  induct ion  p e r i o d  were 62 watt-hr /  
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would be over 30 months before  t h i s  much energy was absorbed. If the  

induct ion  pe r iod  began on January 1, 1975, it would be a t  l eas t  45 months 

before  the  absorbed energy amounted t o  62 watt-hr/mole. 

The F2 product ion i n  the  M S R E  f u e l  s a l t  on January 1, 1971 (assuming 

G = 0.02 molecules/100 ev)  w i l l  be 0.17 x 737 = 125 cc(STP)/hr. If the re  

were no recombination and a l l  t he  F2 accumulated i n  the  gas  space i n  the  

f u e l  d r a i n  tanks, the  rate of p re s su re  increase  would be 0.12 psi/week. 

(The volume of the  two tanks i s  160 ft3, of which 66 f t 3  i s  f i l l e d  with 

salt .)  

If the sal t  were p u t  i n  cans with 10% f r e e  volume and a l l  the  F2 produced 

accumulated i n  the  gas  space, the  r a t e  of p re s su re  rise a t  t h a t  t i m e  would 

be 0.42 psi/week. 

By January I, 1975 the  product ion rate would be down t o  35 cc(STP)/hr. 

Discussion 

The f i g u r e s  genera ted  above provide a b a s i s  f o r  planning the  sur-  

v e i l l a n c e  and d i s p o s a l  of the  MSRE f u e l  sa l t .  This  planning, which t akes  

i n t o  account  many cons ide ra t ions  bes ides  f l u o r i n e  evolu t ion ,  i s  c u r r e n t l y  

underway and w i l l  be r epor t ed  sepa ra t e ly .  One simple mode of opera t ion  

during the  su rve i l l ance  per iod,  t h a t  appears  f e a s i b l e  from the  s tandpoin t  

of F2 product ion and recombination, would be  t o  h e a t  t he  d r a i n  tanks only 

once a year  ( a t  the  time of the annual  system tes ts)  t o  a temperature 

( say  300°F) a t  which a l l  the  F2 would c e r t a i n l y  be recombined. 

some d a t a  which i n d i c a t e  the  tanks might n o t  coo l  below the  th re sho ld  

temperature i n  one year  without  e x t e r n a l  hea t .  

es t imated  induct ion  pe r iod  i s  much longer  than a year ,  so probably no F2 
would be r e l eased  i n  the  i n t e r v a l  between hea t ing .  

There are 

But even i f  it did,  the  

I 
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DEALING WITH SALT FROM LARGE MOLTEN-SALT REACTORS 

8 

I n  one scheme of opera t ion  of mol ten-sa l t  conver te r  r eac to r s ,  the  

f u e l  s a l t  would be d iscarded  p e r i o d i c a l l y  ( a f t e r  the  uranium had been 

s t r i p p e d  from it). 
i n t e r n a l  cool ing  c a p a b i l i t i e s ,  the  s a l t  would be p u t  i n t o  simple cans 

and allowed t o  f r e e z e .  

of course,  keep the s a l t  above the ambient temperature and the  s a l t  could 

n o t  be canned too  soon af ter  opera t ion  without  c r e a t i n g  a problem of 

keeping the cans from overheat ing.  

minished, t he  problem would change t o  one of keeping the  s a l t  warm enough 

t o  p reven t  f l u o r i n e  evo lu t ion  due t o  r a d i o l y s i s  of the  f rozen  sal t .  

Af t e r  being h e l d  f o r  a while i n  l a r g e  tanks wi th  

I n t e r n a l  hea t ing  by the f i s s i o n  products  would, 

Later,  a f t e r  the h e a t  source had d i -  

Energy Source 

Typica l  MSR power d e n s i t i e s  during opera t ion  f a l l  i n  the range from 

about  1.0 t o  1.5 M w ( t ) / f t 3  of salt .  A few minutes a f t e r  shutdown of the  

f i s s i o n  chain r eac t ion ,  the energy from decay of f i s s i o n  products  i n  the  

s a l t  i s  on the  o rde r  of 10 kw/ft3. 

cessed and ready t o  p u t  i n t o  s torage  cans ( say  6 weeks a f t e r  shutdown), 

t he  energy source would be down t o  around 500 watts/ft3. This  then w i l l  

be taken as the  high end of the  range t o  be considered. The low end de- 

pends on d e t a i l e d  p l ans  f o r  s a l t  s torage  and d i sposa l .  

f l u o r i d e  sal t  a r e  t o  be disposed of by b u r i a l  i n  a s a l t  mine, an economic 

a n a l y s i s  of t he  r e l a t i o n  between h e a t  source and al lowable spacing i n  the 

mine would probably d i c t a t e  a cool ing  time of a t  least  a yea r ,  

year  the  h e a t  source i n  M S R  s a l t  would be down t o  about  60 watts/ft3. 

It i s  necessary  t o  cons ider  much lower energy sources,  however, because 

f o r  some reason it might be d e s i r a b l e  t o  s t o r e  the  sa l t  f o r  much longer  

than a year .  

By the  t i m e  the  s a l t  could be pro-  

If the  cans of 

A t  one 

Heat Trans fe r  and Temperatures 

The temperature of t he  canned sal t  w i l l  depend on the  h e a t  source, 

the  dimensions of the  can, and the  ambient condi t ions .  The s i z e  can 

t e n t a t i v e l y  considered i s  2 - f t  d i a  by 10-ft long. When f i r s t  loaded, 
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the  cans might be l e f t  bare ,  r a d i a t i n g  t o  r e l a t i v e l y  cool  su r faces  i n  
some kind of s torage  v a u l t .  Later,  i f  necessary  t o  p reven t  f l u o r i n e  evo- 
lu t ion ,  the  cans presumably could be s e t  i n t o  i n s u l a t e d  o r  hea ted  en- 

c losu res ,  

I n t e r n a l  D i s t r i b u t i o n  

The radial  temperature d i s t r i b u t i o n  wi th in  a long cy l inde r  i n  which 

h e a t  t r a n s f e r  i s  only by conduction (as it would be i f  the  sa l t  were 

f rozen)  i s  

For molten MSBR salt ,  k i s  about  0.7 Btu/hr-ft- 'F.  The conduct iv i ty  of 

f rozen  s a l t  inc reases  r a p i d l y  as the temperature i s  1 0 w e r e d . ~  For s i m -  

p l i c i t y ,  l e t  us use a cons tan t  value of k = 0.7. 
c e n t e r l i n e  temperature,  Tc, i s  given by 

Then f o r  R = 1 f t ,  the  

T, = TR + 1.22 S 

where the  temperatures are i n  OF and S i s  i n  watts/ft3. 

molten, convective c u r r e n t s  would reduce the  temperature g r a d i e n t  w i th in  

the s a l t .  

If the  sal t  were 

Surface of Bare Cylinder  

Consider the  case where the can i s  exposed t o  the  a i r .  A convect ive 

f i l m  c o e f f i c i e n t  can be es t imated  from a convenient alignment c h a r t  f o r  

n a t u r a l  convection from v e r t i c a l  sur faces ,  given by McAdams (Ref. 

p .  1-75.) 
due t o  convection v a r i e s  with sur face  temperature as i n d i c a t e d  i n  Table 4. 
Heat loss by r a d i a t i o n  w i l l  be q u i t e  important  if  the  can sees  coo l  sur -  

f a c e s .  If the re  a r e  "black" su r faces  a t  T2 O R  i n  a l l  d i r e c t i o n s  the  h e a t  

t r a n s f e r r e d  by r a d i a t i o n  i s  given by ( R e f .  10, p .  65). 

10, 
Assuming a i r  a t  1 atmosphere and 100°F, the es t imated  h e a t  f lux 

T l  T2 
= 0.171 c1 - (%)*I 

i - 2  100 q 

Assuming s1 = 0.5 (about  r i g h t  f o r  ox id ized  n i c k e l - a l l o y  su r faces )  and 

T = 560"~ (lOO°F), the  h e a t  f l u x  due t o  r a d i a t i o n  i s  as shown i n  Table I t .  
2 
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Table 4 

Heat Loss from V e r t i c a l  Surface Exposed t o  

A i r  and Cool Surfaces  a t  lOOOF 

Surface T Heat Flux (Btu /hr - f t2)  
( OF) Convection Radiat ion To t a l  

1-50 36 
200 90 
300 230 
400 400 

500 560 

34 70 
80 1-70 

200 430 
380 780 
640 1200 

For a long 2 - f t  diameter cy l inder ,  the  h e a t  f l u x  a t  the  sur face  i s  

r e l a t e d  t o  the  i n t e r n a l  h e a t  source by 

9 - 1.71 s A -  

where q/A i s  i n  Btu /hr - f t2  and S i s  i n  watts/ft3. 

numbers i n  Table 1 and the  r e l a t i o n  given above f o r  c e n t e r l i n e  tempera- 

t u r e  combine t o  g ive  s a l t  temperatures i n  a bare ,  r a d i a t i n g  can as a 

func t ion  of S as shown i n  Fig.  8. 

This  r e l a t i o n ,  the 

Surface of I n s u l a t e d  Cylinder  

When measures have t o  be taken t o  keep the  cans of s a l t  warm,  t he re  

are s e v e r a l  t h ings  t h a t  might be done. It i s  ev iden t  from Table 4 t h a t  

simply c u t t i n g  o f f  the  r a d i a n t  h e a t  l o s s  would almost  double the  AT be- 

tween the  can and the  a i r .  

would probably a l s o  c u t  down on convection.)  

i n s u l a t i o n  became necessary,  it would be simple t o  s e t  s e v e r a l  cans to-  

ge the r  i n  a i n s u l a t e d  box. 

requi red ,  cons ider  a s i n g l e  can, with a non-rad ia t ing  l a y e r  of i n su la t ion  

(Actua l ly  a l a y e r  of r e f l e c t i v e  material 

Later, as more e f f i c i e n t  

To g e t  a f e e l  f o r  the amount of i n s u l a t i o n  
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Fi -g.  8. Temperatures i n  a 2-ft Diameter Can of S a l t  Exposed t o  lOOOF 
Surroundings and the Temperature Required t o  Prevent  F luor ine  Release 



immediately around it. For any thickness ,  x,, l e s s  than the  r a d i u s  of the  

can, R, the  AT between the  can sur face  and the  ou t s ide  sur face  of the  

i n s u l a t i o n  i s  c l o s e l y  approximated by 

Let  u s  make c a l c u l a t i o n s  f o r  a long, 2 - f t  diameter  can, c l o s e l y  surrounded 

by  i n s u l a t i o n  wi th  k = 0.03 Btu/hr-ft-OF, which does n o t  r a d i a t e ,  b u t  

g ives  up h e a t  by thermal convection t o  a i r  a t  100OF. 

f i l m  c o e f f i c i e n t  eva lua ted  as ind ica t ed  i n  the preceding s e c t i o n  and the  

With the  convective 

through the i n s u l a t i o n  given by the  above r e l a t i o n ,  one c a l c u l a t e s  the  

temperatures  as a func t ion  of S shown i n  F ig .  9. 

Can Imbedded i n  a Salt Mine 

If the  cans of M S R  sa l t  are disposed of i n  the  proposed n a t i o n a l  

d i s p o s a l  f a c i l i t y , "  they  would be p u t  i n t o  ho le s  bored i n  rock sa l t  ( N a C 1 )  

and covered wi th  crushed sal t .  

i n  the  cans.  

so  i f  t h e r e  i s  good thermal contact ,  the  temperature i n  the  canned f luo -  

r i d e  sa l t  would be p u l l e d  so  low t h a t  f l u o r i n e  would n o t  be recombined 

e f f e c t i v e l y ,  a t  least  n o t  f o r  a while.  Some ques t ions  t h a t  a r i s e  then 

a r e  "How f a s t  and how fa r  w i l l  the  s a l t  bed temperature r i s e ? "  and "Can 

i n s u l a t i o n  around each can be used e f f e c t i v e l y ? "  

After b u r i a l ,  the  N a C l  w i l l  flow and seal  

The temperature of the s a l t  bed i n i t i a l l y  w i l l  be  about  TOOF, 

The answer t o  the  f i rs t  ques t ion  depends on the  i n t e n s i t y  of the  h e a t  

source,  t he  spacing between cans and the  e x t e n t  of t he  b u r i e d  a r r ay .  

Current  planning f o r  the  d i s p o s a l  f a c i l i t y  a n t i c i p a t e s  a l lowable s a l t  

temperatures  up t o  2OO0C, b u t  i n  t y p i c a l  l ayou t s  the  temperature t akes  

about  3 yea r s  t o  r i s e  above 100°C ( R e f .  12) .  So the re  would probably be 

cons iderable  f l u o r i n e  evo lu t ion  from MSR sa l t  i n  ba re  cans f o r  t he  f i r s t  

few yea r s  a t  least. 

The ques t ion  of i n s u l a t i o n  may be wroth i n v e s t i g a t i n g .  One f a c t o r  

t o  be considered i s  the  e f f e c t  of the  b r i n e  i n c l u s i o n s  i n  the  sa l t  t h a t  

w i l l  migrate  up the  thermal g r a d i e n t  t o  the  h e a t  source.  

ProSably more p r a c t i c a l  would be t o  a n t i c i p a t e  f l u o r i n e  genera t ion  

and poss ib l e  escape from the  cans.  

g r e a t  i n  any case,  and probably would n o t  c r e a t e  a hazard.  

The r a t e s  of r e l e a s e  would n o t  be 





Fluor ine  Yield and Induct ion Pe r iod  

The f l u o r i n e  product ion i n  the  s a l t  w i l l  be p ropor t iona l  t o  the  

energy source,  S. 

f o r  the f l u o r i n e  y i e l d  i s  0.020 molecules F2/100 ev  of absorbed energy. 

This  i s  equ iva len t  t o  0.17 cc/(gTP)/watt/hr. 

As discussed i n  preceding chapters  a reasonable  value 

It i s  i n t e r e s t i n g  t o  consider  the  r a t e  of pressure  inc rease  t h a t  

might occur i n  a can of s a l t  i f  the temperature were such t h a t  t he re  was 

no recombination so t h a t  a l l  f l u o r i n e  was going i n t o  the  gas  phase. 

Assume an energy source of 100 watts/ft3. 

even a ba re  can of sa l t  would probably be w a r m  enough t o  recombine some 
of the  F2.) 
as the  s a l t  volume. Then 

(With more in t ense  sources  

Assume a l s o  t h a t  the  gas  space i n  the  can i s  0 .1  a s  l a r g e  

2.83 io4 cc 
f t 3  

cc  gas 
cc s a l t  

Obviously the foregoing s i t u a t i o n  could be t o l e r a t e d  only temporar i ly ,  

so  the ques t ion  of the induct ion  pe r iod  a r i s e s .  

might be absorbed before  f l u o r i n e  begins  t o  be evolved i s  around 62 
wat-hr/mole sa l t  (based on the 6oCo experiments) .  

i s  about  1500 moles/ft3.  

f t 3  (0.067 watts/mole), then fol lowing a reduct ion  i n  s a l t  temperature 

from the  range of complete recombination, the  i n t e r v a l  before  f l u o r i n e  

evolua t ion  began would be roughly 5 t o  6 weeks. 

The amount of energy t h a t  

MSBR s a l t  molar d e n s i t y  

If the  energy source i n  the  s a l t  were 100 watts/ 

G2 wat t -hr  
mole at = = 930 h r  watt 

0.067 mole 
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Temperature f o r  Zero Release of F luor ine  

The rate of f l u o r i n e  recombination i n  M S R  s a l t  can be c a l c u l a t e d  

from the r e s u l t s  of the 6oCo experiment. 

the  concent ra t ion  of f l u o r i n e  i n  the  s a l t  i s  a t  the  th re sho ld  of evolu- 

t i o n  i s  

The r a t e  of recombination when 

- 9710 cc(sTP) K = 1.15 x lo9 x 1500 e T 
hr-f  t3 

where T i s  i n  degrees Kelvin. 

t o  G = 0.02) i s  

The product ion i n  the  s a l t  (corresponding 

c c ( STP) 
hr-f  t3 

P = 0.17 s 

where S i s  i n  watts/ft3. 

and the  maximum value  of S a t  which a l l  the  f l u o r i n e  would be recombined 

i n t e r n a l l y .  

Equating P and K g ives  a r e l a t i o n  between T 

- 9710 watt 
S = 1.02 x lo1' e T - 

f t 3  

This  r e l a t i o n s h i p  i s  represented  by the  dashed curve superimposed on the  

c a l c u l a t e d  sa l t  temperatures i n  Figs .  8 and 9. Any combination of tem- 

p e r a t u r e  and absorbed energy source below and t o  the  r i g h t  of the  curve 

would r e s u l t  i n  f l u o r i n e  r e l e a s e  from the  sa l t .  A t  any p o i n t  on the 

o t h e r  s i d e  of the curve, the  f l u o r i n e  would a l l  be recombined wi th in  the 

sal t .  

Discussion 

The purpose of the  foregoing c a l c u l a t i o n s  i s  t o  provide a b a s i s  f o r  

cons ider ing  ways of s t o r i n g  i r r a d i a t e d  MSR sal t .  

one could conclude t h a t  s a l t  could be p u t  i n t o  a 2 - f t  diameter can one 

month a f t e r  r e a c t o r  shutdown and, wi th  no cool ing  o t h e r  than n a t u r a l  con- 

vec t ion  t o  100"a i r  and r a d i a t i o n  t o  100°F surroundings,  it would n o t  

For example, from Fig.  8 
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overheat .  For these  s torage  condi t ions ,  f l u o r i n e  evolu t ion  might begin 

when the  h e a t  source had decayed t o  about 1.50 watts/ft3, which would be 

about  3 months a f t e r  shutdown. A r e f l e c t i v e  l a y e r  around the can would 

keep the temperature h igh  enough o u t  t o  about  a year .  Then, as i n d i c a t e d  

i n  F ig .  9, an inch  o r  so of i n s u l a t i o n  would keep the  can warm enough f o r  

s e v e r a l  more yea r s .  O f  course,  r a t h e r  than changing the  in su la t ion ,  i t  
might be s impler  t o  s t o r e  the  cans i n  a control led- temperature  enc losure .  

I n  t h i s  case  the c o n t r o l  range would no t  need t o  be wide: 100°F sur -  

roundings would keep the  cans cool  enough a t  the  beginning and 200°F 

would keep the  cans warm enough a t  the end. 

If the cans were t o  be hauled t o  a d i s p o s a l  s i t e  say a year  a f t e r  

shutdown, the  r a d i a t i o n  sh ie ld ing  around the  can would probably keep the 

s a l t  warm enough t o  prevent  f l u o r i n e  evolu t ion .  

were c h i l l e d  a t  t h i s  time, it would probably be a few weeks before  

f l u o r i n e  began t o  be evolved. 

But even i f  the  s a l t  

It must be recognized t h a t  t he re  a r e  cons iderable  u n c e r t a i n t i e s  i n  

the  da t a  on f l u o r i n e  evolu t ion  and the  ex t r apo la t ion  from the capsule  

experiments t o  the  MSR sa l t  s torage  condi t ions .  Fu r the r  research  would 

be va luable .  Nevertheless  i t  i s  c l e a r  t h a t  prevent ion of f l u o r i n e  evo- 

l u t i o n  from s t o r e d  MSR sa l t  w i l l  no t  be very  d i f f i c u l t  o r  expensive,  
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