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1.0 INTRt2DUCTION 

This report presents the zesults of a study made t o  predict the 

behavior aP f i ss ion  products i n  the EZT. 
rare gases escaping t o  the atmosphere and accumulated i n  -&e carbon 
beds, the rate of acemulation of the daughters of Xe and Kr i n  the 
off-gas system, and the concentration of a l l  non-gaseous f i ss ion  
products i n  the reactor f u e l  solution including iodine were  estimated. 
In addition, the predicted accumulation of insoluble f i ss ion  and 
corrosion products i n  various components of the fue l  system are 
discussed, In  m o s t  cases insufficient data are  available t o  make firm 

estimates, and the resu l t s  reported hem should be considered very 

tentative u n t i l  such data are available. 

Specifically, the amount of 

For purpose of obtaining the resul ts  reparted here, the HRT was 

assumed to have been operating at  a 10 PlIW level f o r  an extended period 

of t i m e ,  w i t h  t he  chemical plant operating two days per week and 2*75 
gallons of fue l  solution at reactor conditions let-dam per week i n  
the chemical plant, 

2.0 sxnmAFlY 

About 30 w e i & t  percent of the f i ss ion  products w i l l  be removed- 
from the HRT as rare  gases by stripping w i t h  02, D2 and steam. 
decay of the radioactive isotopes of Xe and Kr i n  the off-gas system will 
leave 17 w e i g h t  percent of the t o t a l  f i s s ion  products i n  the equipment 
through which the gases pass and the chsrcoal bed, 
conditions of operation, the charcoal beds w i l l  re ta in  Xe f o r  a minimum 

of 180 days snd K r  far 30 days. 
per day of Kr85 an3 the stable isotopes of Xe and Kr escape t o  the 

The 

Under design 

After this delay period only 5 curies 

n 
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atmosphere, 
mental form i n  the reactor and w i l l  be removed i n  the off-gas. 
this occurs, iodine w i l l  reach a concentration of 1.3 ppm i n  the 

reactor fuel, 13 ppm i n  the condensate and .O5 ppm i n  the dump tank 
after extended periods of 10 MW operation. 

Iodine, we now believe, w i l l  exis t  primarily i n  the ele- 
If 

Another 56 weight percent of the  f iss ion products have sufficiently 
low so lubi l i t i es  i n  the reactor fue l  solution that their removal fram 
the reactor w i l l  be primarily as solids collected i n  the chemical plant. 
This is particularly true of thcse f i ss ion  products such as the rare earths 

(the rare earths make up 28 weight percent of the f i ss ion  products and 
have a solubi l i ty  of 127 MWD i n  th HRT) w h i c h  have a low solubi l i ty  at 
elevated temperature, but redissolve on cooling the fue l  solution. 
is predicted that a significant f ract ion of those in so lmhs ,  primarily 
corrosion product iron, chramium and zirconium oxides, wh ich  do not 
redissolve a t  lower temperature, w i l l  col lect  ' in the reactor dump tanks 
by sedimentation, There is insufficient data t o  make an intel l igent  
estimate of the fract ion that will col lect  i n  the dump tanks, but it 
would be 88$ if a l l  the solids which enter the dump tank s e t t l e  out. 
Based on our present knowledge there are no other places i n  the system 
that w i l l  continually accumulate significant gnantities of insoluble 
f i ss ion products. 

It 

Less than 2$ of the t o t a l  fission products which show up i n  the 

f u e l  solution (854 of the Cs and 9% of the Fb w i l l  show up in the off- 

gas system) are knuwn t o  have suff ic ient  solubi l i ty  i n  the f u e l  solution 
so that no precipitation w i l l  occur, 
weight percent of the f i ss ion  products, are assumed to be soluble in  
the RRT; however, present data are  not conclusive. 

Te, Tc, and Mo, contributing 12 

. 

n 
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3,O GASEOUS FISSION PRODUCTS 

3.1 HRT O f f - G a s  System 

The HRT w i l l  be operated with an internal  catalyst  concentration 
suff ic ient  t o  recconbine a l l  but  about 0,032 l b  moles/min of D2 and 02. 
This amount of gas, which corresponds t o  the decomposition rate at 1 M W  

power, will be separated out i n  the gas separator and l e t  darn t o  the 
entrainment separator. 
on t o  the low pressure catalytic recombiner where the D2 and O2 are 
cambined, 
are bled off to the charcoal beds through a cold trap. 

The boil-up from the dump tanks sweeps this gas 

The steam is then condensed ana any non-condensable gases 

The off-gas system is described schematically i n  Fig, 1. The gas 
from the reactor w i l l  reach the recombiner condenser i n  (10 seconds, 
Leaving the condenser this gas w i l l  pass through 6 f t  of 1-in. pipe, 

the cold trap, 220 ft  of 1/2-in. pipe, 160 f t  of 3-in. pipe, and finally 

into the charcoal beds, 
1/2-in. pipe, 40 f t  of %in, pipe, and 60 f t  of 6-in. pipe packed with 

charcoal. The= are four such adsorbers, three of which can be 
operated i n  parallel and one for  the chemical plant. 

escape from the charcoal bed are diluted with air and are blown up the 

The charcoal beds are made up of 40 f t  of 

Gases which 

Stack, 

The following sections describe the behavior of f iss ion products 
i n  the off-gas system, 

3.2 Stripping of Xe a d  K r  from the Reactor 

van Winkle(*) and Aven'l) have derived equations for the rate of 
stripping Xe and Kr from the HRT, 
which a l l  Xe and Kr isotopes will reach the recombiner condenser have 
been calculated (see Appendix A fo r  de t a i l s  of nethod and resu l t s )  
along with the quantity of each isotope present i n  the soup. 

Using Aven's equation the ra te  at 

The 
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Fig. 1 Schematic D i a g r a m  of the HRT Off-Gas System 
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calculations are based on an extended period of operation a t  10 MW and 
a radiolytic gas let-down rate of 0.032 l b  moles/min (220 cc/sec of w e t  

gas). 
rate which w i l l  give a However, the 
concentration of any Xe isotope i n  the reactor which has an iodine 

This amount of decomposition gases w i l l  s t r i p  the ~e'35 at  a 

poison of about 0.0024. 

parent w i t h  a half-life longer than about 2 hr is reduced significantly 
by the strippiw of iodine. In the case of the reduction due t o  
removal of 1135 (6.7 hr) amounts t o  about l&$ (see next section) and 
the predicted poison level  is .0020. 

About 30 weight percent of the f i ss ion  products w i l l  be removed 

as 12, Xe and K r  by t h i s  stripping process. 
rate of X e  and K r ,  the rate of stripping from the reactor fue l  solution, 
the rate a t  which the gases enter the charcoal beds and the expected 
rate of' escape from the charcoal beds under two sets of conditions. 
bulk of the radioactive isotopes decay i n  the recombiner condenser dead 

space and the l ines  t o  the charcoal bed. The charcoal beds represent 

Table 1 gives the production 

The 

a holdup of about 30 days f o r  K r  and about 180 days f o r  Xe when operated 
under design conditions (a t o t a l  of 500 cc/min of O2 through two beds i n  
paral le l ) ,  and a t  equilibrium only about 5 curies/day of Kr85 and the 
stable isotopes of Xe and K r  escape the beds. If the f u l l  gas flow, 
500 ml/min of 02, were put through one bed fo r  an extended period of 
time w i t h  the reactor at  10 MW, (5.27 d half-life) an8 Xe13* 
(12 d half-life) probably would break through t o  the extent of 1.5 curies/ 
day. 
safety factor  provided tha t  f o r  continuous operation at  10 MW the flow 
through any one bed be limited t o  the design value of 250 cc/min of gas. 

Thus, one would conclude tha t  the carbon beds have an adequate 

3.3 Build-Up of Fission Products i n  Off-Gas System 

The estimated rates of build-up of stable and long-lived daughters 
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Table 1 

Distribution of K r  and Xe i n  BRT O f f - G a s  System 

Bas i s :  reactor at 10 MW, 500 cc/min of O2 throu& off-gas system, equilibrium conditions assumed 

Isotope 

133 m 
133 
134 
13 5 
136 
137 
138 
139 
140 

To ta l  

- 

Yield - 
. 004e 

. 011 . 015 . 003 . 021 . 027 
-037 . 046 . 052 

-0. 

. 0003 
029 

,044 
.0016 . 065 
-076 . 062 . 032 
059 
055 . 047 

0 037 

- 

T1/2 

114 m 
Stable 
Stable 
4.36 h 

Stable 
~0.27 3 

78 m 
2.77 h 
3.18 m 
33 s 

E d  
Stable 
Stable 
2,3 d 

5.27 d 
Stable 
9.13 h 
Stable 
3.9 m 
17 m 
41 s 
16 s 

A t o m s  
In Soup 
K 1 0 ~ ~ 7  

4.5 

10.6 
14.3 
2.9 

20.3 
25.0 
35-0 
21.8 
7.2 

-0- 

. 263 
26.1 

1.50 
61.0 
73.3 
46.6c 
30.9 
30.8 
44.5 
7-8 
2.67 

4L-9 

A t  oms /s ec 
Entering 

Iff-Gas S s t e m  
x 10°15 

1.57 

3.72 
5e01 
1.03 
7.10 
8.76 

7.64 
2.51 

. 045 

12.3 

0 -09 
9.1 

14.7 
0.53 

21.4 
25.7 
20 .o 
10.8 
10.5 
15.5 
2.3 
0.60 

Atoms/sec 
Entering 

:arbon Beds 
10-15 

0 . 041 
1.57 
3-72 
1.02 
1.01 
7.10 

.Ob2 
1.01 

00' 

00- 

15.5 

0.0 
9.2 

14.7 
0.46 

20.2 - 

25.7 
9.3 

10.8 

90 . 45 

~- _ _  
b A t  oms /s e c 

having  
Carbon eds 
x 10- f5 

D. - 
1.61 
3.72 

1.01 
7.10 

000 

.-- 
om- 

_-o 

- 
13.4 

5.5 x 10- 
9.3 

14.7 --- 
1.9 x io- 
25.7 

10.8 
om- 

--. 

' 60.5 

b !uries/day 
In Stack 

G a s  

a. 
b. 
C. 

O2 flow of 500 cc/min through two charcoal beds i n  parallel. 
O2 f l a w  of 500 cc/min through one charcoal bed. 
Corrected for  the 1~35 removed from the reactor i n  the off-gas. 
th i s  table nat corrected far t h i s  factar. 

Values for  other isotopes of Xe  i n  



of Xe and K r  in the off-gas system are given i n  Table 2. 
is  based on a 10 MW power level  and 500 cc/min f l o w  of oxygen through 
the core off-gas system. 

This estimate 

These f i ss ion  products represent about 17 
weight percent of the t o t a l  f iss ion products produced i n  the reactor. 

3.4 Behavior of Iodine i n  the Reactor System 

The dis t r ibut ion coefficient f o r  I2 between the gas and l iquid 
phase i n  the reactor has been determined t o  be about 0.5 atoms per ml 

of gas/atoms per ml of soup. 
of I2 by the radiolytic gas. 

much less f o r  pure water and gas, of the order of .06 under the conditions 
that exist i n  the recombiner condenser. Under the flow conditions that 

exist i n  the HRT, 97$ of the iodine that is stripped fram the reactor 
fuel i n  the gas separation w i l l  be returned t o  the reactor i n  the con; 

densate that is pumped t o  the back of the main circulating pump and 
the  pressurizer. Based on present knowledge it wa8 calculated (see 
Appendix B)  that the equilibrium iodine concentration i n  the main circu- 
la t ing loop w i l l  be 1.3 p p ,  (a t o t a l  of 460 mg) i n  the condensate from 
the recombiner condenser, 13 p p  (a t o t a l  of 500 mg) and only 0.05 ppm 

(a t o t a l  of 5 mg) i n  the dump tank. 
iodine i n  the reactor is given i n  Table 3. 

This w i l l  had t o  a significant stripping 
However, the distribution coefficient is * 

The predicted dis t r ibut ion of 

The above iodine concentrations are based on three iodine d i s t r i -  

bution coefficients: 
the dump tank and 0.06 a t  65'~" a t  the ex i t  from the recombiner condenser. 
By determining the dis t r ibut ion of iodine under actual reactor operating 
conditions it should be possible t o  calculate values f o r  these dis t r ibut ion 

coefficients which can be rel iably used i n  designing iodine removal ~ 

equipnent f o r  the TBR. 

0.5 a t  300°C i n  the reactor(6), 0.12 at  100°C* i n  

* Calculated from data obtained from references 7 and 8. 



Table 2 

Fission Product 

Build-up of Fission Products in O f f - G a s  System 

Build-up Rate, rng/MW 
I n  Line I In  Charcoal Bed 

Rb 
Sr 
cs 
Bs 
La 
Ce 

Total 

16.0 
33 90 
43 07 
30.4 
4.0 
1.2 

E Z  

Is0 tope 

127 
=9 
131 
132 
1.3 3 
134 
13 5 

Total atom 
Total mg 

Table 3 

Equilibrium Amount cf Iodine i n  HRT 

Reactor power = 10 MW (see Appendix B )  

Yield 

.0022 . 010 

.044 

.029 

.065 

.076 
059 

T1/2 

Stable 

8.05 d 
2.4 h 
20.8 h 
52.2 m 

1.72 107 

6.68 h 

Atoms i n  
Main Loop 
x 10'20 

0.54 
2.47 
6.70 
0.82 
6.80 
0.89 

460 
,5%$ 

Atoms in Atoms ip 
Condensate 

Dump Tap x 10-20 1 x 10- 

0.73 
2.71 
7.36 
0.90 
7.46 
0.98 

500 
5% 

0.78 
2.90 
7.87 
0.96 
8.00 
1.05 

5 
&+ 
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If the above distribution coefficients are qualitatively correct, 

removal of iodine fram the recombiner condenser codensate appears t o  
be an attractive method of lowering the iodine concentration in the 
reactor. For example in the HRT, if a l l  the iodine is removed from 
this condensate, the iodine cancentration i n  the reactor is larered t o  
0.12 ppn, a total of 42 mg, (see Table 4 f o r  isotopic breakdams) and 

the Xe135 poison level t o  .00026. 

Table 4 

Effect  af Removing Iodine from Condensate 

Reactor power = 10 MW (see Appendix B) 

Isotope 

I - 
127 
=9 
131 
132 
133 
134 
135 

Total atoms 
Total  mg 

X e  - 
135 

Atoms i n  Main Loop 
No Iodine Removal 

x 1620 

0.54 
2.47 
6.70 
0.82 
6.80 
0.89 
2.67 

20.89 
460 

-L - 6 
18 4.66 x 10 

Atoms i n  Main Loop 
With Iodine Removal 

x 1019 

0*1g 
0.76 
2.20 
2.82 
4.83 
3-86 
4.21 

18.87 
42 

- 

- -L- 
6.0 1 0 ~ 7  

3.5 Non-Gaseous Fission Products 

For convenience the mador non-gaseous f iss ion poducts were divided 
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i n to  three groups; those known t o  have a limited solubi l i ty  i n  the  HRT 

fue l  solution, those believed t o  have a so lubi l i ty  large cmpared t o  
t h e i r  equilibrium concentration, and those with uncertain behavior e 

The f i s s i o n  products c lass i f ied as insoluble account for  about 56 w e i g h t  
percent of the t o t a l  f i s s ion  products and consist  of the rare earths, 

alkaline earths, Z r  and noble metals. The rare earths are estimated t o  
have a solubi l i ty  corresponding t o  127 MWD i n  the HRT, see Table 5, and 
the other chemical groups considerably less. 

The known soluble non-gaseous f i s s ion  products Cs, Rb, and Se 
which show up in the reactor  fuel (85$ of the C s  and 98$ of the Rb are 
produced i n  the off-gas system) account f o r  less tizm 2 w e i g h t  percent 
af the to ta l .  
i n  the HRT fue l  are given i n  Table 6. 

The predicted equilibrium concentration of these elements 

The behavior of only three of the major f i ss ion  products consti- 
tut ing about 12 w e i g h t  percent of t he  t o t a l  fission products i s  
suff ic ient ly  i n  doubt at  t h i s  time t o  prevent a clear  cut  prediction 
uf' t h e i r  behavior. 
the +7 state w i l l  be soluble and i n  the A. state will have a very 
limited so lubi l i ty  but the valence dis t r ibut ion under reactor conditions 
cannot be predicted a t  present. The behavlor of molybdenum +6 in uranyl 
sulfate  solutions a t  285OC seems to be complex with evidence a t  present 
Indicating so111c3 l imiting so lubi l i ty  complicated by what is  probably a 
phase change i n  the sol id  and possibly an equilibrium which is not 
rapidly reversible. 
equilibrium concentration of these three elements based on the assumption 
that they are  soluble i n  the fue l  solution. 

Tel lur ium has not yet  been studied. I Technetium i n  

Table 7 gives the production rate and predicted 
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Chemical Group 
or Element 

Table 5 

Rate of Production Solubili ty Solubility 
w/kg D , O / W  w/kg DpO MWD 

Insoluble Major Fission Products 

i 85 
10 
< 1  
< 5  

Chemical Element 

cs 
Rb 
Se 

R a r e  earths 
Alkaline eartbs 
Zirconium 
Ru, Rh, Pd 

Rate of Production Equilibrium Concentration 
mg/kg D20/rn mg/kg D,O/W 

0.036 l a  
0.0006 0.30 
0.002 1.0 

0.67 
0.15 
0.27 
0.16 

Rate of Production 
Element mg/kg DZO/MWD 

Equilibrium Concentrationa 
w/kg Pp/m 

=7 
67 

< 4  
< 3 1  

Table 6 

Soluble Major Fission Products 

Basis: 7.1 kg of D20 (2.75 gal  a t  30OoC) let-down in chemical 
plant per week 

Table 7 

Major Fission Products of Uncertain Behavior 

Te 
Mo 
Tc 

0.041 
0.18 
0.06 

20 
90 
30 

a. The equilibrium concentration i f  these elements are soluble. 



3.6 Accumulation of SQlids i n  HRT Fuel System 

There are at  least two ways i n  which solids can accumulate i n  the 

Fission and corrosion products tha t  exceed HRT Fuel System equipment. 
solubi l i ty  are preferentially deposited on hot walls, and solids 
s lurr ied i n  the soup may accumulate i n  crevices and stagnant portions 
of the f u e l  s y s t e m .  

Based on loop results, we would pmdict  that a significant fraction 
of the solids tha t  precipitate i n  the system will accumulate throughout 
the system, i n  crevices, i n  low velocity areas and i n  a general f i lm on 
the walls of the equipment. Our best guess is that t h i s  w i l l  reacp an 
equilibrium condition and that practically a l l  of the solids formed i n  
the reactor thereafter w i l l  show up i n  e i ther  the chemical plant or  
dump tanks. 

Figure 2 presents a schematic flow of the f u e l  system i n  which 
solids will be present. 

A. Hot Wall Deposition 

1. Reactor Core Vessel 

Only certain parts of the reactor core vessel w i l l  be a t  a 
significantly higher temperature than the circulating soup. There axe 
no data available which w i l l  permit a careful evaluation of the build- 
up of solids on the core tank wall. However, based on the observation 
tha t  there i s  no accwnu$ation of corrosion products on Zircaloy-2 
corrosion specimens i n  the high flux region of in-pile loops it is 
predicted that an insfgnificant build-up w i l l  occur on the HRT core 
tank. 

2. Pressurizer 

There should be no deposition of f i ss ion  products on the heating 
surf'aces of the pressurizer during normal operation, since only water 
is present. 
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Fig.  2 Schemstic D i a g r a m  of BRT Core Syatem 
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3. Let-down Heat &changer 

There is a possibi l i ty  of f i ss ion  product deposition from the 

return fuel feed stream as it is heated frum 50°C t o  -200°C. However, 
this does not seem l ike ly  w i t h  the chemical plant remming solids from 
the reactor, since the rare earth solubi l i ty  at  2OO0C is greater than 
5 times that a t  280'~. 

B. Loose Solids Accumulation 

1. DumpTanks 

The dump tanks are the most l ike ly  place fo r  solids t o  accumula-be 
Based on the experience with Tho2 t o  a significant degree i n  the HRT. 

slurries se t t l ing ,out  i n  a mock-up of the BRT dump tanks, some f ract ion 
of the solids that do not redissolve a t  lower temperature w i l l  build up 
i n  the dump tanlrs by sedimentation. 
t o  mpterials such as iron, chromium and zirconium oxide and possibly 
barium and strontium sulfates. The rare earths, with the possible 
exception of par t  of the C e  will redissolve i n  the dump tasks and should 
be removed fram the reactor primarily i n  the chemical plant. 

This accumulation w i l l  be res t r ic ted 

The flaw of fuel solution through the dump tanks is 7 times as 
great as through the chemical plant. If the dump tanks are as ef f ic ien t  
as the hydroclone in removing solids, 88q& of those materials which do 
not redissolve wwld accumulate there a& only 12$ show up in the hydro- 
clone underflow. 
dump tanks with the chemical plant operating should be evaluated experi- 
mentally on the HRT. 

If possible, the tendency of solids t o  col lect  i n  the 

I 

2. Pressurizer 

There is a possibi l i ty  of a small build-up of f iss ion product 
solids along the arm connecting t k e  pressurizer t o  the main fue l  loop. 
However, t h i s  will be restricted to  the turbulent portion of the line. 
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With the new pressurizer design corrosion i n  the pressurizer should 

be minimized and no large accumulation gf corrosion products is 
expected . i n  the pressurizer, 

3. System i n  General 

Although there are no other major areas of stagnant liquid, solids 
can be expected t o  accumulate i n  tiny cracks and crevices where pipes 
and equipment are connected. 

& i k L & k d  R. A. McNees 

DEF-REL-RAM/ jr 
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Xe and Kr Stripping Calculations 

By material balance, the production rate of a gaseous f i s s ion  
product must equal the t o t a l  rate a t  which it is removed from the main 
circulat ing loop. using the assumptions matie by Aven(l) the f o n a r i n g  

equat$on describes the behavior of a gaseous isotope i n  the HRT: 

where Y = 
a =  
P -  

, I q =  

v =  
A =  

& =  
H =  

f i ss ion  yield of the isotope or  pmcursor 
3.38 x 1Ol6 fissions/MW sec 
HRT parer, IO'MW 
f i ss ion  product concentration i n  main loop, atoms/& 

5 volume of main loop, 4.6 x 10 & 

radioactive decay constant, sec 
rate of gas l e t a m ,  220 &/sec at  reactor condi$ions 
r a t i o  of f i s s ion  product gas i n  gas phase t o  f i ss ion  product 

-1 

gas in l iquid phase, 7.33. (2) 

The destruction of an isotope by neutron capture was  not considered 
here since the only isotope, Xe135, w i t h  an appreciable cross section 
w a s  considered by the method described i n  Appendix B which takes into 
account the stripping of 1 ~ 3 5  as w e l l  as X e  13 5 . 

Sample Calculations 
8 8 '  Using as an example K r  f o r  which Y = .037, l= 6.95 x the 

number of atoms i n  the main loop are: 

18 = 3.5 x 10 atoms. .037*3.38 x 1016*10 
-5 + 22007.33 N v =  

6.95 x 10 
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me rate of ~r~~ stripping is  then, 

NV 9 = 3.5 x 1018.3.5 x = 1.22 x l0 l6  atoms/sec. 

It should be pointed out t ha t  some fract ion of the Xe and xi- which 
enter  the recombiner condenser leaves i n  the condensate. However, only 
the  gases i n  the condensate pumped back t o  the reactor circulating pump 
and pressurizer a f f ec t  the concentration i n  the reactor since the l iquid 

returned t o  the dump tank is effectively stripped by the boil-up. The 
fract ion of Xe l e t  d m  t o  the low pressure system that returns t o  the 
win loop is 18 and Kr, 8$, based on the analysis given i n  Appendix B. 

Decay of Radioactive Isotopes i n  the Line 
t o  Charcoal Beds 

The residence t i m e  f o r  gas flowing a t  500 &/min i n  the l i n e  
between the recombiner condenser and the  cha;rcoal beds is as follows: 

3 4.24 x 10 sec (2) dead space in  condenser 
6' of 1" pipe 

1.95 x 10 sec 
220' of 1/2" pipe 1.58 x 10 sec 
160' of 3" pipe 28.0 x 10 sec 

Tot@ 3.6 x lo4 sec 

.ll x 10 3 sec 
3 
3 
3 

cold t r ap  (2) 

80 4 U s i n g  ~r 

and the 1.22 y 

t o  1.01 x LOL5 atoms/sec entering the carbgn beds. 

as an example, 3.6 x 10 sec are equal t o  3.61 half-l ives 
atoms/sec entering the off-gas system are reduced 

Delay of Fission Gases by Carbon Beds 

h w  established the design specifications of the HRT 
charcoal beds t o  maintain the maximum charcoal temperature below 100°C 
and l i m i t  the ac t iv i ty  of the e x i t  gases t o  essent ia l ly  5 curies/day 
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of 10.27 y Kr85. Fo attempt is made here t o  establish the va l id i ty  of 

Leland's temperature calculations, but a simplified check of the hold- 
up time for  Xe and K r  on the charcoal beds is given below. 

condttions used are: 
flowipg into the carbon beds containing the f i ss ion  product gases from 
the reactor core. 

The 
reactor operating at  10 MW, 500 d/min of o2 

In the charcoal beds, 

n V = H p  

where V = volume of gas adsorbed, ml/gram of charcoal 

p = gas pressure, mm Hg 
n and K = constants that depend upon temperature. 

To obtain values of K and n fo r  X e  and K r  under the conditions of the 

charcoal beds, Leland (Om-CF-55-9-12, page 33) extrapolated data 

campiled by J. M. Roues. The following 
polation are used here in estimating the 

wd m. 
Temperature 

( O c  1, 
Xe 

n - K - 
35 0.63 0.85 
50 0.45 0.87 

Since the charcoal beds have such a 

minimum hold-up t i m e  fo r  

Kr 
K n 

0.13 1.0 

0.087 1.0 

values taken from th$s extra- 

large safety factor,(') it is 

Xe 

reasonqble t o  assume that some large fract ion of the charcoal is at  a 
temperature not greatly i n  excess of the cooling water temperature, 
3OoC. A temperature of 35OC seems reasonable fo r  90% of the charcoal 
in the adsorber. (The 6-in, section with a design safety fkctor of 6 
alone contains 91% of the t o t a l  charcoal.) 

(3) 

A t  equilibrium the concentration of rare gases is constant through- 
out th i s  hypothetical section of charcoal bed, which is taken t o  contain 

5 5 3.3 x 10 m l  or 1.06 x 10 grams of charcoal 
charcoal 0.4 g/ml). The equilibrium p a r t i a l  

(€lo$ voids-density of 
pmssure of K r  was found 
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*, 

by taking the r a t io  of the Kr f l a w  rate t o  the t o t a l  f l o w  of gas. The 
K r  flow rate f rm the carbon beds is 1.34 x 1 O l 6  atoms/sec ( f r o m  Table 

1) or 

1.34 x x 22.4 x 10 3 x 60 = .03 ml/min. 

6.06 1 0 ~ 3  
The flow of Xe from the beds is 6.05 x 1Ol6 atoms/sec ( f r m  Table 1) or 

6 . 0 5 , ~  loL6 x 22.4 x 10 3 x 60 = o.134 ml/min, 
23 6.06 x io 

The approximate par t ia l  pressures of the t w o  gases are then: 

= .20 mm Hg. 60 x .134 
500 

A t  35OC the amount of Xe on the charcoal is: 

V = .63 ( .20)085 = 0.160 ml/gram of charcoal, 
and the amount of Kr 

V = 0.13 (.O45)lo0 = .00585 ml/gram. 

The totaq volume of gases a t  standard conditions on the hypothetical 
charcoal bed is then: 

4 Xe, 0.160*1.06 x lo5 = 1.7 x 10 m l  
2 Kr, 0.00585*1.06 x 10' = 6,2 x 10 a. 

Therefore, one charcoal bed represents a minimum residence time of 
5 4 1.27 x 10 min (88 days) f o r  Xe and 2.07 x 10 min (14.5 days) f o r  0. 

U s i n g  two beds in parallel would double the amount of charcoal and the 

residence times would be about 180 and 30 days respectively f o r  X e  and 

Kr. 
, To illustrate the effect of temperature on the  retention time aP 

Xe and Kr the above estimate was  also rnade using an average temperature 
of 5OoC. 
10 a d  f o r  K r  from 90 days t o  60. 

This reduced the residence time f o r  Xe from about 15 days t o  
However, it is f e l t  that i n  view uf 
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written. 

Around 

Around 

safety factor  desimed into the beds t h i s  average temperature 
pessimistic. 

Stripping of Iodine and Rare Gases: Calculations 

system a t  10 MW operation are given in Figure 3. (5) By assuming that 

the Xe, I(r and I2 reach equilibrium between the vapor and l iquid phases 

i n  the main loop, the entrainment separator, the dump tank, and the 

recombiner condenser the following materiel balance equations can be 

The approximate flows and cod i t ions  that w i l l  ex i s t  i n  the ERT 

' Around 

the low pressure system, 

(5.68 + 13.2 H')N~ = 4.74 

the recombiner condenser, 

N2 + (0.95 + 0.5 H)N3- (1) 

the dump tank, 

3*06 N 3 + 5.68 N4 = (4.74 + 6440 H")N2 ( 3 )  

And, if removal of the gas by chemical processing is neglected, 
f o r  a stable isotope 

0.5 HN = po (4) 3 
The nomenclature used is as follows: 

- 
N1 - 
N2 = 

N3 = 

If4 = 

c oncentrat ion 
concentration 
concentration 
concentration 
separator 

of gas i n  solution i n  main loop, atcrms/l. 
of gas i n  dump tank. 
of gas i n  condensate, 
of gas i n  l iquid leaving the entrainment 
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I 
5 

G a s  = 13.2 l/min. 

I 
1 r------- 

I I 
I I 
! I 

------- - ------ - -- 
Liquid = 5.68 l/min. I 

I 
I 

c 
Heat Exchanger 300°C 

Gas Separator 

- * 
D ~ O  purge - .19 l/min. 

1 
I 
I 
I 
I 
I 
I 
I 
I I TO Pump and Pressurizer 

.95 l/min. 
Ent ra iment  7,600 l/min. 4 

Separator 

Condensate Pump 

(Total  condensate holdup 
Condenser equal t o  40 liters) 

DgO Purge - 
.76 l/min. 

2000 ps i  
Total Volume 
450 l i t e r s  

Dump Tank 
100 l i t e r s  - ~ O O O C  4.74 l/min. 

b 
c 

I 
L 

Fuel Feed Pump 

Fig. 3 Schematic D i a g r a m  of HRT Let-Down System 
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Element 

? 

0 
H H" 

(65'~) ( l0O0C ) (300 C )  

atoms er m l  va or H = gas dis t r ibut ion coefficient at  65OC, atoms :er liiuid 

Kr 
Xe 

I 

H' = gas dis t r ibut ion coefficient a t  300°C0 
HI' = gas dist r ibut ion coefficient at  100°Co 
p = r a t e  production, atoms per minute. 

The dis t r ibut ion coefficients used are given i n  the following table. 

25 24 7 
l a  14 7 
0.11 0.06 0.5 

Gas Distribution Coefficientsa 

For the three gases the following concentration r a t io s  were calculated 
I 

from equations 1, 2, and 3.  

e 0048 I2 
Xe 8.03 10-5 
Kr 8.4 10-5 

Concentration Ratios 

N31N2 - N 3 4  
232 12.3 

12.4 
7.6 

4 
4 

3.78 x 10 
5.25 x 10 

N1/N2 
18.9 

6.9 X - i o  
3 
3 

3.05 x 10 

and fo r  a s table  isotope the concentrations i n  terms of production 

are: 
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a 

Concentration - atoms/liter 

N1 N2 N3 

2,68 p 0.142 p 33 P I2 
Xe 0.012 p 3.76 x p 0.0143 p 
Kr 0.011 p 1.59 x low6 p 0.083 p 

The r a t e  a t  which the f i ss ion  product gases are let-down is, from 

equation 1, 
(5.68 + 13.2 Hf)N1, 

and the rate a t  which a f i ss ion  product gas is pumped back into the 
reactor by the condensate and fue l  feed pump is 0.95 N 
Therefore, the fraction of a f i ss ion  product gas t ha t  i s  returned 
t o  the reactor is 

+ 4.74 N2. 3 

0.95 N + 4.74 N2 
15.68 + 13.2 H ~ ) N ~  

3 

The fraction is 97$ f o r  iodine, E$ for Xe and 7% f o r  0. 
f o r  Xe and Kr were ignored i n  the calculation presented i n  Appendix A. 

The effective removal rate fo r  iodine can now be calculated as follows: 

These values 

The number of atoms i n  the reactor system, mV, is given by, 

NV = 4-50 N1 + 100 N2 + 40 N3 
= 2540 p 

and since the effective removal  constant 1/T may be defined 

Nv NV.= 2540 T, 

T = 2540 min 
-6 -1 and 1/T = 3.9 x min-l = 6.5 x 10 sec . 

The number of atoms of a given isotope of iodine i n  the reactor can now 
be calculated from the following equation: 
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YCP = NV ( A +  6.5 x 

YQ!P = the pcduct ion rate, atoms/sec. 

2 = radioactive decay constant, sec 
IW = the t o t a l  number of a t a m  present. . -1 

Using 1 ~ 3 5  as as. example, 

YCP = 19.9 x 1 0 ~ 5  atms/sec, 

This can now be distributed according t o  the calculated,ratios of con- 

centrations, into the major l iquid streams i n  the reactor. The volume 
of the condensate i n  the reactor system was taken as 40 liters, 30 
liters i n  the pressurizer and 10 l i ters i n  the lines and pump back t o  
the high pmssure system. 

Using 1~35 as an example, 
5 4 mY = 5.63 x 10'' atoms = N,o4.5 x 10 + N2*105 + N3*4 x 10 

5.63 x lo2' = 5.95 x 1011 atom/a, 
~ 5 3  and N1 = 

9.47 x 10 010 

N2 = ,053.5.95 x 1011 = 3.16 x lolo atOms/ml, 

= 12.305.95 x = 7.3 x 1 0 ~  atoms/a. N3 , 

The main loop then w i l l  contain 2.67 x lo2' atoms of 1135, the 40 l i ters 
of condensate will contain 2.94 x lom atoms, and the.dump tank 3.16 x 

atom. 

TO c a l c u l a t e  the concentration of xe135 i n  the main loop it is now 

necessary t o  make the assumption that Xe produced i n  the condensate finds 

i ts  way rapidly in to  the main loop, 



The condensate re turn  s y s t e m  and pressurizer represent a 7 h r  

hold-up f o r  X e  and a 1 h r  hold-up f o r  i d i n e .  
Xe produced f r Q m  iodine decay in the condensate return immediately 
enters the main loop rrnd by ignoring the Xe return from the recombiner 
condenser, the errors  tend t o  cancel. With these assumptions the 

By assuming tba t  the 

concentration i n  the main loop can be expressed as: 

Y2cy;P + NlV2 = N2V (ca$ + + A 2 )  

where 

Y2 = independent f i s s ion  yield of Xe135, 0.003, 

and the subscript (1) designates 1135 and ( 2 )  Xe135. 

Then 
.003*3.38 x 1017 + 5.63 x 1020*2.88 x 

’ 

N2V = 
220*7 + 2.11 10-5 5 4.5 x 10 

3 x 10’18*5.6 x 1013 + 

18 = 4.66 x 10 atoms. 

For the case w h e r e  no Xe QT iodine is returned t o  the main loop from 
the law pressure system, the following three equations asply. 

Y1@ = NIVAl + N1&H1 + NIF 

Y2@ + NIV;(l = N2V(A2 + .-,(Xe)$) + N2&82 + N$ 

where F is the l iquid let-down rate, ml/sec. 

\ 

With the HRT operating a t  10 MW, a l iquid let-down rate of 1.5 gpm and 
a gas let-tiown rate of 220 ml/sec the following values of the constants 

apply: 
5 v = 4.5 x 10 ml 
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4 = 2.88 x lo+ sec-l 

H1 = 0.5 at 300°C 
a = 3.38 x 1Ol6 fissions/sec/MW 
P = l o w  

1 

F = 94.7 d / s e c  (liquid letdown rate) 
t ($35) = 0.01~10 cm2/a (12.7 g of $3511 at 30OoC) 
5 F 7.0 at  300°C 

6 = 5-94 x 10 13 

a 

= 2.1 x 10-5 sec-’ 

ana 
N1 = 4.21 x 10 19 

17 I V ~  = 6.0 x io 
p = ,00026. 
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