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LARC-1: A LOS ALAMOS RELEASE CALCULATION PROGRAM FOR 
FISSION PRODUCT TRANSPORT IN HTGRs DURING THE LOFC ACCIDENT 

Lucy M. Carruthers and Clarence E. Lee 

ABSTRACT 

The theoretical and numerical data base 
development of the LARC-I. code is described. 
Four analytical models of fission product re- 
lease from an HTGR core during the LOFC accident 
are developed. Effects of diffusion, adsorption 
and evaporation of the metallics and precursors 
are neglected in this first LARC model. Com- 
parison of the analytic models indicates that 
the constant release-renormalized model is ade- 
quate to describe the processes involved. 

The numerical data base for release con- 
stants, temperature modeling, fission product 
release rates, coated fuel particle failure 
fraction and aged coated fuel particle failure 
fractions is discussed. Analytic fits and 
graphic displays for these data are given for 
the Ft. St. Vrain and GASSAR models. 

I. INTRODUCTION 

In early 1975,a simplified model of r'ission product release 
from an HTGR (High-Temperature Gas-Cooled Reactor) core during the 
LOFC (Loss of Forced Circulation) accident was proposed by John E. 
Foley.' 
tions: 

This simplified model was based on the following assump- 

1. The entire core is at a uniform temperature. 
2. All coated particles fail at the same time. 
3. Fission products are released only from failed particles 

(no release from intact particles). 
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4 .  The release 
is given by 

5. There is no 

rate of an isotope from the failed particles 
the release constant from the SORS report 2 . 
buildup of the isotope from precursor decay. 

In December 1975 we began developing the LARC code (Los Alamos - - 
- Release - Calculation) with the goal of calculating analytically the 
fission product transport of noble gases and metallics in an HTGR 
during the LOFC accident. We have systematically removed the as- 
sumptions of the simplified model. We have also studied the simple 
analytical models relative to more complex analytical models so as 
to judge the relative accuracy of the simple models used as a basis 
for extending the theory. 

In this report we review the models developed to the present 
time, discuss the data base as developed thus far, and illustrate 
the workings of the LARC code with preliminary results. The cur- 
rent version, LARC-1, neglects the effects of diffusion, adsorption 

and evaporation of the metallics, and precursors. 
The effects of precursors have been solved theoretically. 

A one-dimensional analytical diffusion model has been derived, 
but not implemented into this program. These topics will be 
addressed in subsequent reports. 

&he Simplified Model, the Constant Release-Renormalized 
Model, the Linear Release Renormalized Model, and the Linear Failure 
Self-Consistent Model. 

In Section I1 we derive and discuss the analytical models: 

In Section I11 we review and discuss the data base used for 
the temperature modeling of the core, the fission product release 
rates for BISO and TRISO fuels from SORS and GASSAR, particle 
coating failure fraction, and the algorithm for computing the aged 
fuel failure fraction. 

Section IV discusses and compares the results of release cal- 
culations for different isotopes. The relative accuracy of the 
models is compared with the conclusion that the Constant Release- 
Renormalized Model is justified for further theory extensions, for 
example for precursors and diffusion processes. n 
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The results presented here are the culmination of about 700 
short computer runs. The LARC-1 code runs on either the CDC-7600 
in the BATCH mode or on the CDC-6600 in NOS (formally KRONOS) 
time-sharing system. * 

We would also like to acknowledge the usage of MACSYMA, Ver- 
sion 258 (Project MAC'S - Symbolic Manipulation - - System for symbolic 

integration, differentiation, limiting and pattern recognition) 
that was of great help in the verification of many of the results 
presented in Appendices A and B. 

The programs LARC-1 and PLOTS are discussed and listed in 
Appendices C and D. 

11. ANALYTICAL MODELS 
A. Simplified Model Equations - A Review 

Using assumptions 1-5, the four Simplified model equations 
are given by 

where 

T 
r 

( 3 )  

(4) 

N(t) is the number of atoms of the isotope in the core 
at time t in the interval 0 < t < T, - - 

hl(t) 

r,(t) 

= 

is the release constant for failed particles, 

X + rl(t), and X is the isotope decay constant, 

- @ Supported by the Defense Advanced Research Projects Agency work 
order #2095, under Office of Naval Research Contract N00014-75C-0661. 
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R ( T )  i s  t h e  amount of i s o t o p e  r e l e a s e d  i n  t h e  core 
d u r i n g  t h e  t i m e  i n t e r v a l  T ,  

N ' ( t )  i s  t h e  number of  atoms of t h e  i s o t o p e  i n  t h e  con- 
t a inmen t  b u i l d i n g  a t  t i m e  t ,  

R ' ( T )  i s  t h e  amount o f  t h e  i s o t o p e  r e l e a s e d  from t h e  c o n t a i n -  
ment  b u i l d i n g  d u r i n g  t h e  t i m e  i n t e r v a l  T, 

* 
A ( t )  = h + V ( t )  + L ( t )  i s  t h e  t o t a l  decay c o n s t a n t  f o r  

t h e  conta inment  b u i l d i n g ,  

V ( t )  i s  t h e  conta inment  b u i l d i n g  c l eanup  ra te ,  

L ( t)  i s  t h e  conta inment  b u i l d i n g  l eakage  rate,  and 

S ( t )  i s  t h e  s o u r c e  ra te  t o  t h e  conta inment  b u i l d i n g  from 

t h e  core. 

I n  t h e  S i m p l i f i e d  model w e  assume t h a t  r , ( t )  , V ( t )  , and 

L(t) are c o n s t a n t  i n  t h e  t i m e  i n t e r v a l  0 < t < T. W e  f u r t h e r  

assume t h a t  t h e  s o u r c e  ra te  can be  t aken  as  a c o n s t a n t  ave rage ,  

namely 

- - 

which i s  v a l i d  i f  a l l  t h e  t i m e  s t e p s  a r e  e q u a l  and s m a l l .  I n  

t h e  o t h e r  mo6els w e  u se  
- 

which a v o i d s  t h a t  assurnption. 

The s o l u t i o n s  t o  EqS. (1-4) , u s i n g  E q .  ( 5 )  , a r e  g iven  by 
-AIT  

N ( T )  = N ( O ) e  I ( 7 )  

4 



I 

I n  o r d e r  t o  f i n d  t h e  release a f t e r  a number o f  t i m e  s t e p s  

kT, t h e  a c t i v i t y  i s  accumulated a c c o r d i n g  t o  

A ’ ( ~ T )  = A [ ( k - l ) ~ ] e  + R ’  (T) 

I n  a d d i t i o n ,  t h e  v a l u e s  o f  N ( 9 )  and N ’ ( T )  a t  t h e  end of a t i m e  
s t e p  become t h e  i n i t i a l  v a l u e s  N ( O ) ,  N’(O), r e s p e c t i v e l y ,  f o r  

t h e  n e x t  t i m e  s t e p .  

- - 
The release ra te ,  rl, t h e  l eakage  r a t e ,  L ,  and t h e  c l e a n -  - 

up r a t e ,  V, are  de termined  by 

C u r r e n t l y  w e  u se  t h e  v a l u e s  E and for a l l  t i m e  i n t e r v a l s .  

The decay c o n s t a n t  i s  an  i n p u t  q u a n t i t y .  

B.  Cons tan t  Release - Renormalized Model 

Whereas i n  t h e  S i m p l i f i e d  model w e  t r e a t e d  o n l y  f a i l e d  

p a r t i c l e  release,  we now assume a c o n s t a n t  release r fo r  f a i l e d  

(i=l) and i n t a c t  ( i = 2 )  p a r t i c l e s .  I n  a d d i t i o n  we c a l c u l a t e  t h e  

release from B I S O  and TRISO p a r t i c l e s  s e p a r a t e l y  and sum t h e  
releases u s i n g  X 
and X i s  a release, e i t h e r  R or R ’ .  Then t h e  d i f f e r e n t i a l  

i 

= a .  + (1-a) X T R I S O  where a = 0 . 6  TOTAL ‘BISO 

e q u a t i o n s  co r re spond ing  t o  Eqs .  (1-4) and (5) are  0 
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* 
where A i 
a f u n c t i o n  o f  t empera tu re  and i m p l i c i t l y  as a f u n c t i o n  o f  t i m e ,  t h e  

l i m i t i n g  cases A 
f o r .  

E X + Zi and A = X + E + v. S i n c e  ri i s  g iven  as 

* 
= Ai  are d i s t i n c t l y  p o s s i b l e  and must be  accounted  

I n  t h e  S i m p l i f i e d  rnodel where w e  t r e a t e d  t h e  release o n l y  

fron; f a i l e d  p a r t i c l e s  , u s i n g  t h e  f i n a l  v a l u e  f o r  N ( T )  o f  a t i m e  

s t e p  as t h e  i n i t i a l  v a l u e ,  N ( 0 )  , f o r  t h e  n e x t  t i m e  s t e p  w a s  
j u s t i f i e d .  However, from a s t u d y  o f  t h e  i n t a c t - f a i l e d  t r a n s i t i o n  

( S e c t i o n  D) it became c lear  t h a t  matching t h e  f a i l e d  f r a c t i o n  
( f o r  BISO and TRISO) as a f u n c t i o n  o f  t i m e  i s  c r u c i a l .  The 

f a i l e d  f r a c t i o n  i s  d e f i n e d  as  

Assuming t h a t  w e  know F ( t ) ,  which w e  do ,  t h e n  w e  want t o  a d j u s t  
t h e  r a t i o  N1/N2 w h i l e  m a i n t a i n i n g  t h e  cons t ancy  of  t h e  sum N1 + 
N 2 .  
N i ( 0 )  a t  t h e  beginning  of  t h e  n e x t  t i m e  s t e p  i s  accom2lished 
by t h e  t r a n s f o r m a t i o n  

T h i s  r e n o r m a l i z a t i o n  of N i ( ~ )  a t  t h e  end of  a t i n e  s t e p  t o  

fo r  b o t h  B I S O  and T R I S O  p a r t i c l e s  u s i n g  t h e  F ( T )  s p e c i f i c  t o  

each  t y p e .  The f a i l e d  f r a c t i o n  i s  a f u n c t i o n  o f  t empera tu re  

which i s  a f u n c t i o n  o f  t i m e  and o f  core volume f r a c t i o n .  Thus 
F ( t )  i s  i m p l i c i t l y  a f u n c t i o n  o f  t i m e .  

I 1 

The q u a n t i t i e s  N i ( t )  , R i ( T ) ,  N i ( t )  , R i ( T )  a re  c a l c u l a t e d  

s e p a r a t e l y  and t h e n  summed f o r  BISO and TRISO p a r t i c l e s ,  f a i l e d  

(1) and i n t a c t  ( 2 )  p a r t i c l e  c o a t i n g  release, and v a r i o u s  c o r e  

volume f r a c t i o n s .  
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Although we use the averaging given by Eq. (13) for the Fif 
we also tried time centerinq ? defined by i 

Those results were not in as good agreement as using Eq.  (13) 
in parameter studies involving time steps and core volume 
fraction. 

C. Linear Release - Renormalized Model 

In the Constant Release-Renormalized model we assumed 
that the release rate for failed and intact particles was 
given by 

1 
i 2  

- 
r = - [ r i ( 0 )  + r i ( - C ) l  i=1,2 , ( 2 8 )  

over the time interval T. 

Now we approximate the release function of time over the time 
interval T~ given by suppressing the subscript i) 

where 0 (x) is the Heaviside step-function defined by 

1, x > o  

{ 0, X L O .  
0(x) = 

we solve for the a and bk in Eq. ( 2 9 )  to obtain k 
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a k = rk and 

Note that using Eq. ( 3 2 )  in (29), we obtain 
1 1 

+ 'k+l) 2 2 k  r(tk + - T) = -(r 

which is equivalent to Eq. ( 2 8 ) .  

( 3 3 )  

The same remarks concerning B I S O  and TRISO particles pre- 
ceding Eq. ( 1 6 )  in the constant release model apply for the 
linear release nodel. The differential equations for the Linear 
Release-Renormalized model are 

A .  (t) = X + ri(t), 
1 

ri(s) = a + bis , i = 1 ,2  i 

( 3 9 )  

where a and bi are determined for i = 1 ,2  (that is, failed and 
intact particles) over the time interval T using Eq. ( 3 2 )  as 

i 

9 



Q a i = ri(0) and 

After solving Eqs. (34-38) we apply the same renormalization 
as discussed in the Constant Release-Renormalized model, namely 
Eq. ( 2 5 ) .  

The integration of E q s .  (34-38) is straightforward, using 
the methods developed in Appendices A and B, with the results 
that 

- 7 i . T  
1 N. (T) = e N i ( 0 )  f 1 

* -A T * 
N' i (T) = e N i ( 0 )  + C(V + L)Po(Ai-A , $ , T )  

- (A+*) T * 
+ 1-e N i ( 0 )  (44) 

I - * - * 
L 
li 

-A T ' L -A T IN. ( 0 )  + 7 [l-e R i ( ~ )  = 7 (1-e - APo(Ai,E,T) + 
A 1 

A i = X + a i ,  (46) 

and - L 
F k ( y , f 3 , ~ )  = / ds sk e (47) 

0 



F J i t h  

Var ious  l i m i t i n g  forms of P o ( y , f 3 , ~ )  are  d e r i v e d  i n  Appendix 4 

where it is shown t h a t  

and 

P o ( O , @ , T )  = T i f  y = $  = 0 . 

Also i nvo lved  i n  t h e  i n t e g r a t i o n  of  E q s .  ( 3 4 - 3 8 ) ,  and 

d e r i v e d  i n  Appendices A and B ,  a re  t h e  i n t e g r a l s  

0 

and 
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Using E q s . ( 4 8 - 5 1 ) ,  t h e  v a r i o u s  l i m i t i n g  forms may be w r i t t e n  

e x p l i c i t l y  as 

* 
y = 1 2 - n ,  B Z O :  i 

* 
- a . ~  ( ( ~ , B , T )  + 1-e -A T l N i ( 0 ) )  . 
1 0  

I I  i 

( 5 6 )  

* 
y = A - A  = o ,  B = O :  i 

* * 
1 -A- T -A .. T N. (T) = e N i ( G )  + a i T e  Ni  ( 0 )  
1 

Q 
( 5 9 )  

1 2  



* * 
1 

-A T ]Xi ( e )  1 .  ( 6 0 )  
* -A T , a 1-e i El$) = f, { - * Ni(0) + - [1-(1+A T)e 

n A * 2  

- 
In the f3 = 0 limit, a -+ r using Eq. ( 4 1 ) ,  and Eq. (57) 

1 i i 1 

and Eq. (53) for Ni(~) and Eq. (58) and Eq. (60) for R. (T) are 
seen to be identical with Eq. (23) and Ey. ( 2 4 ) ,  respectively, 
for the Constant Release model described. previously, as they 
should . 

1 

In terms of numerical evaluation it suffices to use the 
limiting forms for P o ( y , B , . r )  given in E q s .  (48-51) in Eqs. (42-45) 
since there are no singularities. 

D. Intact - Failed Self-Consistent Fuel Transiti.cn 

In order to investigate the accuracy of the simple renor- 
malized intact-failed models, we now develop a self-consistent 
model for reference comparisons. We assume that the release 
rate, r(t), the containment building clean-up system removal 
rate, V(t), and the containment building leak rate, L(t), are 
constant over the time interval T. We assume that the failed 
fraction, F(t), is a linear function of time over the time in- 
terval T .  

The transition of intact to failed fuel, including decay 
and release from failed (Eq.61) and intact (Eq.62) fuel particles 
can be represented by 

- -  dN1 - -(A+; )N + kN2 (failed), 
dt 1 1  

- -  dN2 - - ( A + ~ ~ ) N ~  - G N ~  (intact), dt 

where X is the isotope decay constant and the r .  are the release 
constants. We assume that the release cons-cants are averaged 

I 
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over the time interval T and are given by 

[ri(0) + ri(T)l, i = 1,2. (63) - - 1  r - -  i - 2  

The transition rate, 6 , in Eqs. (61) and (62), is determined 
from the definition of the failed fraction 

0 

- d  Differentiating ( *  = at) E q .  (64), we obtain 

where we have used E q .  (64) . Defining 

- 
Ai = h + ri , i = 1,2 (66) 

and substituting Eqs(61) and (62) for fil(t) and fi2(t) into E q .  

we find 
(65), 

Solving for k(t) we obtain 

Assuming that the failed fraction, F(t), is approximated as 
a linear function in the time interval T, 

( 6 9 )  F(t) = a + bt , 0 f F(t) < 1 - 

then 
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a = F ( 0 )  

and E q s .  ( 6 1 )  and (62,  can be i n t e g r a t e d ,  u s i n g  E q .  (68)  t o  g 

and 

where t h e  f u n c t i o n s  Mk(r) are  d e f i n e d  as  

-A1' 
Mo(r) = e I 

.ve 

( 7 1 )  

( 7 2 1  

The c o n s t a n t s  ( i n  t h e  t i m e  i n t e r v a l  T )  a, B,  y ,  and Ak are  
g iven  by 

and 

ci = (A1-A2)  (1-a) , 

B =- (A1-A2)  b /2r  

y = Ala + A2(1-a) = A1 - a ,  

b 

( 7 3 )  

1 5  



N 2  ( 0 )  
= ( A  - A  ) [b(l-a)-abl l-a A2 1 2  

A3 = - ( A l - A 2 )  1-a I 

( 7 4 )  

The release from intact and failed particles is given by 

T 

R .  ( T )  =/ ds ri Ni(s), i = 1,2 
1 

0 

or 

A 

where the functions P k ( ? )  are defined by 
I- 

A 

and the constants Bk are related to the Ak's by 

- 
- k = 4 , 5 .  Bk - r 2  Ak 

1 6  

( 7 5 )  
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n 

The limiting forms are given in Appendix A. In particular we 
note that the integrals for M2(~) 
are finite and independent of 8 .  
k = 2,3, is therefore zero since A2 and A3 have a factor of B 
in them. 

and M3(~) 
The contribution from AkMk(~), 

in the B = 0 limit 

Similarly, integration of Eq. ( 7 7 ) ,  using E q .  ( 8 0 1 ,  as derived 
A 

in Appendix A, yields for the Pk(-c) functions the results 

A 

where the limiting forms for Pk(~) are given in Appendix A. 
A 

The functions Pk(’r) are expressible as 

18 



n n 

In particular we note that the integrals for P 2 ( ~ ) ,  P 3 ( ~ ) ,  and 
P (T) in the 8 = 0 limit are finite and independent of 6. The 
contribution from AkPk(~) for k = 2,3, and 5 therefore vanishes 
for f3 = 0. 
for using E q .  

Appendix A. 

A 

5 n 

The other limiting forms are automatically accounted 
(84) and the limiting forms for P0(y,f3,~) given in 

The number of isotope particles, Ni(t), from failed or 
intact particles released in the containment building is governed 

by 

1 

* I  dN 
- -  - Si(t) - A Ni(t) I 

dt (85 ) 

where the source, Si(t), is taken as the release rate from failed 
or intact particles, 

dRi 
Si(t) = dt = riNi(t) . ( 8 6 )  

19 



* 
The decay constant, A , is defined as 

* 
A = X + v + E ,  (87) 

where V ( T )  represents the containment building cleanup system 
removal rate and L(T) represents the containment building leakage 
rate. We assume averaged values over the time interval T and 
define 

(88) 

The release from the containment building is given by 
T 

R: 1 ( T )  = -/” ds L(s)N~(s). 
0 

(89) 

Integrating Eqs. (85) and (891, using Eq. (86) , we may express 
the solutions in the form 

T * * *  * 
I -A T A s  Ni(0) + FiemA ‘ -/ ds e N. ( T )  = e Ni ( S I  

0 
1 

* 
where Fi, A , and f; are given by Eqs.(63), 
respectively. 

(871, and (881, 

Substituting Eq. (71) and (78) into Eq. (901, we may express 
the solutions as 

2 0  



3 

R= 4 

and 

k= 4 11 

where the functions Q,(r) and V,(T) are defined by 

* T 

0 

The Q ( T )  and Vk(r) functions are derived explicitly in k 
Appendix B. 

For the general case of Qk(r) we obtain the results that 

2 1  
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Again, t h e  i n t e g r a l s  f o r  Q , ( T ) ,  Q 3 ( ~ ) ,  and Q 5 ( - r )  i n  t h e  B = 0 

l i m i t  a re  f i n i t e  and independent  of B .  The c o n t r i b u t i o n  from 

Bk Q k ( ~ )  f o r  k = 2 , 3 ,  and 5 t h e r e f o r e  v a n i s h e s  f o r  B = 0 s i n c e  
t h o s e  Bk have a f a c t o r  f3 i n  them. 

handled c o r r e c t l y  u s i n g  t h e  l i m i t i n g  forms f o r  P O ( y , f 3 , ~ ) ,  P1(y,B,~) 

and Q0k)  g iven  i n  Appendices A and B .  

The o t h e r  l i m i t i n g  forms are 

For t h e  g e n e r a l  case of  V k ( - r )  w e  o b t a i n  t h e  r e s u l t s  t h a t  

r * 

J 

23 
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a 1. * + * * [P0(A1-A - a I B I T )  
2B(A1-A ) A1-A 

* 
) 

1 -A T 
- (1-e A* 

1 - -  
4B2 

* 
-A T (1-e 1 ) I  1 - f l  -A T a 1 

;k [- (1-e 1 -!-- 

4B2 A,-A A 1 n 
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The expressions for V 1 ( ~ ) ,  V 2 ( ~ ) ,  V 3 ( ~ )  , V 4 ( T )  and V , ( T )  

can be expressed in a functionally simpler manner as 

2 5  



The first three models are based on data obtained from 
2 3 

SORS, CORCON, and AYER. 4 f 5  These models involve three 
different calculations of the maximum and average temperature 
as a function of the time from the beginning of an LOFC. The 
temperature shape as a function of core volume fraction was 
obtained graphically from GASSAR. A simple scaling law is 
used to construct T(x,t) from T(t) and T(x) . 

6 

26 

n 

where we have used the identity y = A -a from Eq. (73). 1 

Finally we remark that the integrals for V2 ( T )  , V3 ( T )  and 
V ( T )  given in Eq. (97) in the 6 = 0 limit are finite and inde- 
pendent of B. The contribution from BkVk(~) for k = 2,3,5 
therefore vanishes for B = 0 since those Bk have a factor B 
in them. The other limiting forms are handled correctly using 
the limiting forms for Po(y,B,~) and Vo(A , A l , - r )  given in 
Appendices A and B. 

5 

* 

AS we shall see in Section IV, comparison of these four models 
indicates that the Constant Release-Renormalized model is adequate 
for the calculation of the release to the coolant and from the 
containment building. 

111. CALCULATIONAL DATA BASE 
The calculational data base for LARC-1 is composed of the 

following: (a) Temperature modeling, (b) Fission product release 
rates, (c) Particle coating fuel failure fractions, and (d) Aged 
particle coating fuel fracture fraction. Each of these is discussed 
in detail including the form and parameters used in the analytic 
fits as well as the graphic representations generated from the 
fits. 
A. - Temperature Modeling 

The temperature modeling of LARC-1 is represented as a 
function of core volume fraction (x) and time (t). Four 
different models are available at present. 

n 



The f o u r t h  model i s  o b t a i n e d  from a n  i n v e r s i o n  of t h e  d a t a  

made a v a i l a b l e  from r e c e n t  AYER c a l c u l a t i o n s .  The c o r e  volume 
f r a c t i o n  a t  t i m e  t w i t h  t e m p e r a t u r e  above T i s  t r a n s f o r m e d  i n t o  

T (x, t )  . 
1. Temperature  v s  Core Volume F r a c t i o n  

The f u e l  t e m p e r a t u r e ,  T ( x ) ,  vs t h e  c o r e  volume f r a c t i o n  

x ,  o r  " f r a c t i o n  o f  t h e  f u e l  volume above i n d i c a t e d  t e m p e r a t u r e  a t  

r a t e d  power" i s  g i v e n  g r a p h i c a l l y  i n  t h e  GASSAR r e p o r t . 6  
g raph  w a s  read and i n t e r p o l a t e d  f o r  a number of  c o r e  volume f r a c -  
t i o n  p o i n t s ,  g i v e n  i n  Table I .  

Tha t  

TABLE I 

GASSAR DATA T ( x )  v s  x 

X T ( x )  K 
0 1699.82 I 
0.01 
0.03333 
0.06666 
0.1 
0.2 
0.3 
0.4 

1588.71 
1479.26 
1402.59 
1347.59 
1255.37 
1205.37 
1173.41 

0.5 1147.04 

0.6 1127.59 
0.7 1104.26 

0.8 
0.9 

1079.08 
1044.26 

. I 1.0 922.04 

O r i g i n a l l y  a s i m p l e  a n a l y t i c  polynominal  f i t  t o  t h e  d a t a  

w a s  used.  Tha t  t e c h n i q u e  had a n  a c c u r a c y  o f  a b o u t  1% i n  T ( x ) ,  b u t  

d i d  n o t  have dT/dx c o n t i n u o u s  a c r o s s  f i t  b o u n d a r i e s ,  o f  which 

t h e r e  w e r e  s e v e r a l .  c3 
27 



However, with the implementation of a general one- 
the accuracy of the fits is 8-10 

dimensional spline method, 
maintained, dT/dx is smooth, and d2T/dx2 is continuous. 

The average temperature is used in scaling and is 
determined from numerical integration of the spline representation 
as 

1 ,. - 
T = 1 T(x)dx = 1174.4 K 

0 

A graphic display of the spline representation of T(x) 
is given in Fig. 1. 

2.  SORS Data 
The maximum and average temperature, TmX(t) and 

2 (t), are displayed graphically in Fig. 6-2 of the SORS report T~~~ 
for a 3000 MW(t) reactor for lumped fuel/graphite temperature vs 
time. That graph was read and interpolated for T (t) and 

TAVG 
MAX 

(t) at a number of time points given in Table 11. 

T E M P E R A T U R E  V S .  CORE VOLUME F R A C T I O N  
17001 I 

1000 - 

900 * 
0 . 0  . 1  .2 . 3  . 4  . S  . 6  .7 . 8  .9 1 . 0  

CORE VOLUME F R A C T I O N  

Fig. 1. Temperature vs core volume fraction. 
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TABLE I1 

I 

1088.71 

1366.48 

0 1227.59 

1.3 1644.26 

SORS TEMPERATURE DATA 

17.3 3588.71 

26.5 3922.04 

3922.04 40.0 

t (h) 

34.6 3310.93 

40.0 3374.42 

50.0 3459.08 
___ 

I 2.3 
1922.04 2.5 1644.26 

1 3.5 2199.82 I 4.2 1922.04 

5 2477.59 

6.92 2755.37 

9.42 3033.15 

12.3 3310.93 

6.3 2199.82 

10.0 2477.59 

14.8 2755.37 

22.5 3033.15 

We note that the SORS data as given in Ref. (2) does 
not have a maximum temperature exceeding the graphite sublimation 
temperature (3925 K ) .  

9 The results of the spline representation of the data of 
Table I1 are displayed in Fig. 2.  

3 .  CORCON Data - 
The maximum and average temperature, TmX(t) and TAVG(t), 

This data is re- are given in Table 6-4 of the CORCON r e p ~ r t . ~  
produced in LARC-1 units in Table 111. 

The results of the spline representation of the data 
of Table I11 are displayed in Fig. 3. 

We note that in Fig. 3 there is a depression of the 
(t) and TAVG(t) curves in the time range 1 < t < 5 h of the TMAX 

29 



3800 , , , I , ,  , , , I , ,  , , , , , , , 1 

CORCON TEMPERATURE DATA I 

n 

TIME (HOURS) 
SORS DATA 

TIME (HOURS) 
CORCON DATA 

Fig. 2 .  Temperature vs time Fig. 3 .  Temperature vs time 
after LOFC, SORS graphic after LOFC, CORCON 
data. tabular data. 

TABLE I11 

0 

0 . 0 0 8 3  

0 . 2 1 6 7  

1 . 4 5  

5 . 2 5  

1 0 . 2 5  

1 5 . 2 5  

2 0 . 2 5  

2 5 . 2 5  

3 0 . 2 5  

1 1 9 2 . 5 9  

1 1 9 2 . 5 9  

1 2 8 0 . 3 7  

1 6 1 8 . 1 5  

2 3 7 9 . 2 6  

2 9 6 9 . 8 2  

3 3 5 8 . 7 1  

3 6 3 0 . 3 7  

3 6 6 5 . 3 7  

3 6 6 5 . 3 7  

1 0 5 2 . 5 9  

1 0 5 2 . 5 9  

1 1 3 4 . 8 2  

1 4 1 3 . 7 1  

1 9 2 0 . 3 7  

2 3 3 8 . 7 1  

2 6 0 8 . 7 1  

2 7 9 3 . 7 1  

2 9 3 8 . 1 5  

3 0 2 6 . 4 8  
n 

3 0  



CORCON data relative to the SORS data shape, Fig. 2. In general, 
after t = 1 h the CORCON data has lower temperatures, with dif- 
ferences upwards of 150 K, than SORS for both TmX(t) and TAVG(t). 

4. AYER Data 
The maximum and average temperatures, TmX(t) and 

c , 5  TAVG(t) are reproduced in Table IV from AYER data. 
The results of the spline representation of the data 

of Table IV are displayed in Fig. 4. 
We note that for this data TLmX(t) attains and exceeds 

the graphite sublimation temperature a+- 17 h. 
Comparing the AYER to SORS temperature histories we 

for 0 < t < 15 h and note that Tmx (t)A~ER< Tmx(t) SORS 
T~~~ ( t, AYER < 'AVG(~) SORS for 0 < t < 20 h, with temperature 

AYER > differences of the order of 50-200 K. After 15 h, Tmx(t) 

TMAX(t) SORS until t % 20 h when the 2 models are equal. 
Comparing the AYER and CORCON temperature histories we 

for 0 < t < 10.5 h with a note that TmX(t) AYER < TMAX(t)CORCON 
maximum difference of approximately 100 K. For 10.5 < t < 20 h, 

T m ~  ( t, AYER > TMAX 
200 K occurring at 17 h. 
and CORCON data differ by less than 50 K over the range 0 < t < 

20 h. AYER is first lower than CORCON (0 < t < 1.8 h), then 
higher (1.8 < t < 4.5 h), then lower (4.5 < 5 < 15 h), and, finally 
higher (15  < t < 20 h). 

with a maximum difference of almost CORCON 
TAVG (t), on the other hand, for AYER 

5 .  Computation of T(x,t) for Models 1, 2, and 3 

Using the temperature vs core volume fraction data, by 
spline interpolation we find T(x) for any x in the range 
0 < - x < - 1. 
Eq.  ( 9 8 ) .  

From the spline representations of TmX(t) and TAVG(t) 
we find these quantities at any time t by spline interpolation. 

In order to determine T(x,t) we use a simple scaling law 

The average temperature is given by = 1174.4 K from 

given by 

3 1  
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TABLE I V  

AYER TEMPERATURE DATA 

t ( h )  TmX ( K )  T ~ ~ ~ ( K )  

0 . 2  

0 . 4  

0 . 5  

1 . 0  
1 . 5  

2 . 0  

2 . 5  

3 . 0  
3 . 5  

4 . 0  

4 . 5  

5 . 0  

5 . 5  

6 . 0  

6 . 5  

7 . 0  

8 . 0  

9 . 0  

1 0 .  

11. 
1 2 .  

13 .  

1 4 .  

1 5 .  

1 6 .  

1 7 .  

1 8 .  

1 9 .  

2 0 .  

1 1 9 9  

1 2 7 8  

1315 

1 4 6 1  

1 5 8 9  

1 7 0 4  

1 8 1 0  

1 9 0 8  
2 0 0 2  

2 0 9 1  

2 1 7 6  

2 2 5 7  

2 3 3 5  

2 4 1 1  

2 4 8 3  

2 5 5 4  

2 6 8 7  

2 3 1 5  

2 9 3 6  

3 0 5 3  

3 1 6 5  

3 2 7 3  

3 3 7 6  

3 4 7 5  

3 5 7 0  

3 6 6 3  

3 6 3 6  

3 6 6 4  

3 6 6 5  

1 1 6 7  

1 2 1 9  

1 2 4 3  

1 3 3 8  

1 4 2 1  

1 4 9 6  

1 5 6 6  

1 6 3 1  
1 6 9 2  

1 7 4 9  

1 8 0 4  

1 8 5 6  

1 9 0 6  

1 9 5 4  

1 9 9 9  

2 0 4 4  

2 1 2 6  

2 2 0 4  

2 2 7 8  

2 3 4 7  

2 4 1 4  

2 4 7 7  

2 5 3 8  

2 5 9 6  

2 6 5 3  

2 7 0 7  

2 7 5 6  

2 8 0 1  

2 8 4 0  

n 



This form scales the maximum to average difference of the T(x) 
curve to match the maximum to average difference of a model at 
time t. 

The function T(x,t) and the isotherms are displayed 
for 0 < x < 1, 0 < - -  t <  20 h 
CORCON (Model 2) and AYER (Model 3 )  data. 

in Fig. 5-10 for the S O R S  (Model 1) , 

6. AYER Fu-Cort Data 

Data was available for x = x(T,t) from recent results 
of the AYER code 4 ’ 7  in which the core volume was divided into 
1 1 2  elements. Reinterpreting this data as the function T(x,t) 
and supplying additional interpolated points, we constructed 
the tabular values for T(x,t) given in Table V. 

Performing a two-dimensional spline fit we calculate 
T(x,t) for any (x,t) in the range 0 5 x < - 1, 0 < t <  2 0  h by 
spline interpolation. 

The T(x,t) and isotherms are displayed for Model 4 
in Figs. 11 and 12. 

field T(x,t), Figs. 5,7,9,  and 11, we note that Model 4 maintains 
a larger fraction of the core (x = 1) at a lower temperature than 
the other models. Models 1-3, on the other hand exhibit a rise 
and then a decrease in the temperature as a function of time 
near x = 1. Maintaining any significant fraction of the core at a 
uniformly low temperature during a LOFC would seem to need further 
justification. 
able reduction in the release to the coolant for t > 9 ti. 

B. - Fission Product Release Rates 
The graphic data for fission product release rates as a 

function of temperature (T) in the S O R S 2  and GASSAR12reports has 
been fitted to Arrhenius relations of the form 

Comparing Model 4 to Models 1-3 for the temperature 

As we shall see later, it results in a consider- 

- B/T r ( T )  = ae 

3 3  



TEMPERATURE V S  T I M E  AFTER LOFC 
3800 , , , , 1 ,  1 ,  ~, , , , , , , , , , 

0 2 4 6 8 10 12 14 16 18 20 
TlHE (HOURS) 

PYER D A T A  

Fig. 4 .  Temperature vs t i m e  a f t e r  LOFC, AYER t a b u l a r  da t a .  

L A R C -  1 s 

CORE ABOVE 
t!VEh( TEMPERA 

R I N t E - -  -1.03E.03. 3.5.E.03 
lfMPEI1AlURE MOOEL : I Y: 0.000. 20.000 
108: R 4 v I c  6GA O A T € =  OWZ1/16 I: .010. .990 

Fig.  5.  Temperature model 1 vs Fig.  6 .  Contours of temperature 
time (x) and core volume model 1 vs t i m e  (x) and 
f r a c t i o n  ( y ) .  core volume f r a c t i o n  ( y ) .  

3 4  



L A R C -  1 

Fig. 7. Temperature model 2 vs Fig. 8. Contours of temperature 
time (x) and core vol- model 2 vs time (x) and 
ume fraction ( y ) .  core volume fraction ( y ) .  

L A R C  - 1 

w 

FRACTION OF 
CORE ABO'JE 
GIVEN TEMPERA: 

SAM+-- 1.IIE.03. 3.alE.03 
1: 0.000.  20.000 
v: .OlO. .¶90 

IEMPERAIURE MODEL : 3 
JOB- R a W C  661 OLlE; O 9 l t l l l C  

w 

CORE ABO'JE 
GIVEN TEMPER 

SAM+-- 1.IIE.03. 3.alE.03 
r(*pER,,,,Dc Ynnrl - , 1: 0.000.  20.000 
JOB- RaL 

Fig. 9. Temperature model 3 vs Fig. 10. Contours of temperature 
time (x) and core vol- model 3 vs time (x) and 
ume fraction ( y ) .  core volume fraction ( y ) .  
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L A R C -  1 9 

G I V E N  lEM?ERATURc 
CORE ABOVE 

n r w -  I . o ~ E + o ~ .  a.bi~.o~ 
I: 0 . 0 0 0 .  20.000 \I/ V: . O I O .  ,990 

IEMPER,lURE WOOEL : 4 
l O B i  R ~ L M C  bGA Oil€= 09i27,lb 

Fig. 11. Temperature model 4 vs 
t i m e  ( x )  and c o r e  v o l -  
ume f r a c t i o n  ( y ) .  

f o r  i n t a c t  and f a i l e d  p a r t i c l e  c o a t i n g s .  The i s o t o p e s  have been 

a r r a n g e d  i n  t h e  1 0  g roup ings  a s  used by SORS, and l i s t e d  i n  

T a b l e  V I .  

been "added f o r  a c o n s e r v a t i v e  es t imate .  'I2 

BISO and TRISO release ra tes  a re  d i s t i n g u i s h e d  i n  some i n s t a n c e s .  

The f i t t e d  p a r a m e t e r s  f o r  t h e  SORS and GASSAR d a t a  a r e  g i v e n  

I n  t h e  SORS d a t a ,  t h e  e f f e c t s  of  BISO and TRISO p a r t i c l e s  have 

I n  t h e  GASSAR d a t a ,  

i n  T a b l e s  V I 1  and V I I I ,  where t h e  p a r a m e t e r s  are f u r t h e r  s u b d i v i d e d  

a s  i n t a c t  o r  f a i l e d .  I n  t h e  case of GASSAR p a r a m e t e r s  a s u b s c r i p t  

B (BISO) o r  T (TRISO) on t h e  group i n d e x  f u r t h e r  d i s t i n g u i s h e s  t h e  

release r a t e  p a r a m e t e r s .  

The release r a t e s  u s i n g  t h e  p a r a m e t e r s  o f  Tab le  V I - V I 1 1  a re  

d i s p l a y e d  g r a p h i c a l l y  i n  F i g s .  13-15. The SORS d a t a  i s  denoted  as  

t h e  F t .  S t .  Vra in  f u e l  model. 

Fig. 12. Contours of temperature 
model 4 v s  t i m e  ( x )  and 
c o r e  volume f r a c t i o n  (y ) .  
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c 
TABLE V (cont) 

45 1 3 6 7  1515 ,16?? 

4 6  1365 1512  165: 

4 7  1363 1 5 0 9  16:y 

4 8  1361 1505  1622  

4 9  1359 1 5 0 2  16?!, 

50  1358 1500  16!$ 

51 1 3 5 6  1497  16+  

5 2  1354 1494  162! 

53 1 3 5 2  1 4 9 1  16<2 

5 4  1 3 5 0  1 4 8 8  1 6 L u  

55 1348 1 4 8 4  1 6 i 2  

5 6  1346 1481 16!! 

5 7  1344 1 4 7 7  16Up 

58 1 3 4 2  1 4 7 4  l6UU 

5 9  1340  1470  l S v 5  

60 1338 1 4 6 7  isYu 

6 1  1336 1 4 6 3  15a2 

6 2  1 3 3 4  1 4 6 0  15tU 

63 !332 1 4 5 6  1572  

6 4  1330 1 4 5 3  IS!! 

6 5  1 3 2 8  1649 1565 

66  1 3 2 6  1 4 4 6  156! 

6 7  1324  1 4 4 3  1559 

1 7 9 3  1920  2038 2147 2247 2426 

2414 

2403 

2392 

23!0 

2368 

2356 

2345 

2331 

2318 

2305 

2291 

2270 

2265 

2 2 s 1  

2238 

2225  

2212 

2200 

2187 

2175  

2163 

2151 

2506 

2494 

2482 

2470 

2458 

2445 

2432 

2419 

2 4 0 5  

2391 

2376 

2361 

2347 

2332 

2319 

2305 

2292 

2279 

2265 

2252 

2239 

2226 

2214 

2710 2782  2844  $904 2964 3022  3080 

2705 2768  2829 + 8 8  2946 3 0 0 3  3060 

2691  2754  2814 <!72 2929 2985  3040 

267a 2739  2799 2056 2911  2966 3020  

266: 2725  2 7 8 3  <?39 2094 2947 3000 

2649 2709  276! La22 2876 2928 2980 

263: 2 6 9 3  2750 51104 2657  2909 2960 

2617 2676  2732 6786 2838 2889 2940 

2600 2658  2 7 1 3  L766 2818 2869 2920 

258d 2639  2694  6!47 <799  2849 2900 

ZS!? 2621  2675  6!28 L779 2830 2880 

254! 2 6 0 3  265! Z!O9 2760 2810 2860 

2530 2585  263Y L b 9 l  $742 2791  2840 

2 5 l ?  2569 2623  L$74 2724 2773  2820 

2500 2554 2607 cb58 2708 2755  2800 

2489 2540 2593 65’44 2693  2741  2787  

247L 2527 2579  6930 2679 2727  2 7 7 5  

2459  2 5 1 3  2569  fib16 2566 2714  2762  

244y 2499 2551 !bo2 2652 2701  2750  

2430 2484  2536  d’88 2638 2 6 8 8  2 7 3 7  

2413 2469 2521 6 2 7 3  2623  2674 2 7 2 5  

2399 2453  2506  6557  2609  2661  2 7 1 2  

2383 2438 2490  G542 2595 2647  2700  
W 
W 



TABLE V (cont) 

6 8  

6 9  

70 

71 

7 2  

7 3  

7 4  

75 

76 

77  

78  

79 

8 0  

a i  
8 2  

83 

84 

85 

8 6  

87 

80 

89 

90 

1322  

1320 

1318 

1316 

1314 

1312 

1310 

1308  

1306  

1304  

1302  

1300 

1296  

1292 

1288  

1284 

1280 

1276 

1272 

1268 

1264 

1260 

1256 

1439 

1 4 3 6  

1 4 3 2  

1 4 2 9  

1 4 2 5  

1 4 2 1  

1417  

1414 

1410 

1 4 0 6  

1 4 0 2  

1 3 9 8  

1 3 9 4  

1389 

1 3 8 4  

1 3 7 9  

1 3 7 5  

1 3 7 0  

1365 

1361 

1356 

1351 

1346  

1657  

1651 

1645  

1939  

1632  

1 9 2 5  

1618  

l b l l  

1604  

1597  

1390  

1384  

1577  

1571  

1364  

1558 

1552  

1346  

1540 

1534 

1328  

1521  

1515 

1755  

1748  

1 7 4 1  

1 7 3 3  

1726  

1717  

1709  

1701  

1692 

1. hR4 

1676  

1668  

1661 

1 6 5 3  

l h 4 6  

1640 

1 6 3 3  

1626  

1619  

1613 

1 6 0 6  

1598 

1591  

1845 

1 8 3 7  

1 8 2 9  

1 8 2 1  

1 8 1 2  

1 8 0 3  

1 7 9 3  

1783 

1/74 

1 7 b 4  

1 7 5 5  

1 7 4 6  

1 7 3 8  

1730  

1 7 2 3  

1 7 1 5  

1708  

1 7 0 1  

1693 

1 6 8 6  

1678  

1670  

1661  

21?1 

2130 

2119 

2108 

20Yb 

2084 

2071 

z o 5 e  

204? 

2032 

20 19 

2008 

1997 

1987 

l Y I 8  

1969 

1959 

1930 

1 9 4 0  

1930 

1919 

1907 

1895 

2202 

2191 

2180 

2168 

2155 

2142 

2129 

2115 

2101 

2088 

2075 

2063 

2052 

20$2  

2032 

2022 

2013 

2003 

1993 

1982 

1970 

1958 

1945 

2 3  !U 

2337 

23'(9 

2329 

23!5 

2300 

2286  

2271 

2256 

224! 

err9 
2213 

2201  

2191 

2180 

21py 

213: 

2147 

2135  

2122 

2108 

2096  

2078 

2423 2475  

2408 2460 

2394 2442  

238G 2431 

2365 2416 

2351 2602  

2336 2386 

2320 2371 

2305  2356 

2291 2341  

2277 2 3 2 9  

2263 2312  

2250 229Y 

2238 2786 

2227 2273  

2215  2261 

2204 224! 

2192 2233  

2179 2221 

2165  2206 

2150 2191 

2135  2174 

2118 2157 

2634 

2620  

2607 

2594  

2580 

2567  

2 5 5 3  

2538 

2521  

2 5 0 3  

2485 

2467  

2449  

2431  

2 4 1 3  

2 3 9 5  

2377 

2359 

2341  

2322  

2 3 0 3  

2284 

2265  

2687  

2 6 7 5  

2662  

2650 

2637  

2 6 2 5  

2612  

2600 

zseo 
2560 

2540  

2520  

2500  

2480  

2460  

2640  

2420  

2400  

2380 

2360 

2340 

2320 

2300 
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TABLE VI 

ISOTOPE GROUPING OF RELEASE RATES 

Group Isotopes 

Sr 

c s ,  R b  

Ba, Sm, Eu 

C e  

X e  

K r  

7 Zr, Nb, l ~ ,  T e  

8 
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10 

Pm, Nd, Pr, Y, Pd, Sn, La 

Ru, Rh 

S e ,  Br, T e ,  Sb, I 
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GASSAR RELEASE RATE PARAMETERS 

I n t a c t  

Group a (h”)  f3 (K) 

* 
I B  3 9 . 3  1 . 2  l o 4  

F a i l e d  
I 

ci ( h - l )  B (K) 

1 . 5 9 3 7  x l o 2  1 . 1 8 6 1  x l o 4  
5 . 4 0 6 8 6  

5 . 9 7 6 9  x l o 2  
2 1 . 7 1 9 1  x 1 0  

1 . 2 2 8 2  x 

1 . 5 8 2 2 5  x l o 5  
5 . 4 0 6 8 6  

1 . 0 7 4 2  x 

4 . 4 2 7  x 

5 . 4 0 6 8 6  

4 . 4 2 7  x 

5 . 4 0 6 8 6  

4 . 4 2 7  x 

5.40686 

0 .10280 

0 . 1 0 2 8 0  

2 . 5 7 9 8  x l o 4  
2 . 3 1 5 7  x l o 4  
1 . 7 8 5 8  x l o 4  
1 . 4 8 3 4  x l o 4  
2 . 8 6 5 2 5  x l o 4  
2 . 5 7 9 8  x l o 4  
1 . 0 3 1 3  x l o 4  
1 . 0 4 8 2  x l o 4  
2 . 5 7 9 8  x l o 4  
1 . 0 4 0 2  x l o 4  
2 . 5 7 9 8  x l o 4  
1 . 0 4 8 2  x l o 4  
2 .5798 x l o 4  
1 . 0 3 1 4  x l o 4  

4 1 . 0 3 1 4  x 1 0  

1 . 5 9 3 7  x 

1 . 6 1 5 4  x l o 6  
1 . 3 1 9 2  x 10’ 

1 . 3 1 9 2  x l o 3  
1 . 2 3 1 6  x l o 6  
1 . 2 3 1 6  x l o 6  
1 . 7 4 9 2 5  x 10’ 

1 . 5 0 0 4  x l o 3  
1 . 2 3 1 6  x l o 6  
1 . 2 3 1 6  x l o 6  
1 . 2 3 1 6  x l o 6  
1 . 2 3 1 6  x l o 6  
1 . 2 3 1 6  x l o 6  
2 . 1 4 9 4  x l o 3  
7 . 3 6 0 5  

1 . 1 8 6 1  x l o 4  
2 . 6 3 7 4  x l o 4  
1 . 7 7 8 2  x l o 4  
1 . 7 7 8 2  x l o 4  
2 . 8 3 1 9  x l o 4  
2 .8319 x l o 4  
1 . 9 5 4 5 1  x l o 4  
1 . 7 6 6 2  x l o 4  
2 .8319 x l o 4  
2 .8319 x l o 4  
2 . 8 3 1 9  x l o 4  
2 .8319 x l o 4  
2 . 8 3 1 9  x l o 4  
1 . 8 1 7 5  x l o 4  
1 . 3 7 7 7  x l o 4  

B - BISO; T - TRISO; B,T - BISO a n d  TRISO I *  



FT.  S T .  V R A I N  F U E L  MODEL 

1 * O E 4 / T  (DEGREES Y )  

Fig. 13. Fission product release rate vs temperature, SORS data. 
The upper set of curves gives the release rate for failed 
particles; the lower set is for intact particles. 

,GASSAR FUEL MODEL - F A I L E D  P A R T I C L E S  

I.OE4/T (DEGREES K )  1 * O E 4 / T  (DEGREES K )  

Fig. 14. Fission product release Fig. 15. Fission product release 
rate vs temperature for rate vs temperature for 
failed particles,GASSAR. intact particles,GASSAR. 
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C .  F u e l  F a i l u r e  - F r a c t i o n  (Pa r t i c l e  C o a t i n g s )  

f a i l u r e  as a f u n c t i o n  of  t e m p e r a t u r e  ( T )  and age  ( t : t i m e  o f  a 
p a r t i c u l a r  f u e l  r o d  i n  t h e  r e a c t o r )  of i r r a d i a t i o n .  

A n a l y t i c  f i t s  and  a f u n c t i o n a l  a l g o r i t h m  were developed  

from t h e  g r a p h i c  d a t a  d i s p l a y e d  i n  t h e  SORS2 and GASSAR' r e p o r t s  

f o r  t h e  f a i l e d  f r a c t i o n  of p a r t i c l e  c o a t i n g s  as a f u n c t i o n  o f  

t e m p e r a t u r e  and a g e ,  f ( T , t ) .  

The BISO and TRISO p a r t i c l e  c o a t i n g s  beg in  t o  e x h i b i t  

L 

> 2  
10 

M 

I 

w I 
c 
z 
c 

I 

z 
z 
0 1  
4 10 
e e - 

0 

SORS: f ( T , t )  
The SORS data  i s  d i s p l a y e d  g r a p h i c a l l y  i n  F igs .5-1 ,  5-2 

of  t h e  SORS r e p o r t  (see a l s o  F i g s .  1 6  and 1 7 ) .  The f a i l e d  

f r a c t i o n  i s  approximated a s  a l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e  i n  

t h e  p a r t i a l l y  f a i l e d  r e g i o n .  The b o u n d a r i e s  of  no c o a t i n g  f a i l u r e s  
and 100% c o a t i n g  f a i l u r e s  are  a f u n c t i o n  o f  age  and t y p e  (BISO, 

TRISO) . 
Using t h e s e  a s sumpt ions  w e  may w r i t e  a s i m p l e  a n a l y t i c  f i t  

of t h e  d a t a  t o  o b t a i n  t h e  f a i l e d  f r a c t i o n ,  f ( T , t ) ,  a s  a f u n c t i o n  

Of t h e  t e m p e r a t u r e  ( T I  and t h e  age of t h e  f u e l  ( t )  f o r  BISO and 
TRISO f u e l s .  

mi= m- moll 

: 

tm canm m1LLsLp 

r ~ 

a FT. ST.  W A I N  FUEL MODEL--6ISO 

.. 
(0 

% l O 2 r  z 
W 
T 
c 
z 
0 

I- 4. 

- 
.. - 0 1  

2 10 
h: - 

0 

Mia FUILUE u i c m  

(0 ami; F M w  

r 

4 

F i g .  1 6 .  Fue l  f a i l u r e  d iagram F i g .  17. F u e l  f a i l u r e  d iagram 
f o r  BISO p a r t i c l e s ,  f o r  TRISO p a r t i c l e s ,  
SORS d a t a .  SORS d a t a .  
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The t e m p e r a t u r e s  f o r  f = 0 (no  c o a t i n g  f a i l u r e )  and f = 1 

( 1 0 0 %  c o a t i n g  f a i l u r e )  a t  4 y r  and 0 . 1 2  y r  a t  t h e  knee o f  t h e  
c u r v e s ,  are  g i v e n  i n  Tab le  I X .  The t e m p e r a t u r e s  f o r  0 < t < 0 . 1 2 y r  

are t a k e n  t o  be t h e  s a m e  f o r  BISO and T R I S O  f u e l s .  

For  0 < - t < 0 . 1 2  y r ,  t h e  f a i l e d  f r a c t i o n  can  be  r e p r e s e n t e d  

as  a l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e  by 

f = A + B T r  ( 1 0 1  

where t h e  c o e f f i c i e n t s  A and B f o r  BISO and TRISO are g i v e n  i n  

Tab le  X .  

I 

For  0 . 1 2  < t < 4 y r ,  w e  f i t  t h e  f = 0 and f = 1 boundar i e s  by  

a . e B i t  (i  = 0,l) and per form a l i n e a r  i n t e r p o l a t i o n  between t h e  

f = 0 and f = 1 b o u n d a r i e s .  T h i s  approx ima t ion  l e a d s  u s  t o  t h e  
form 

1 

U 
f ( T f t )  = T l ( t )  - T o ( t )  

' 

where 

P i t  
T i ( t )  = a . e  (i  = 0,l) 

1 

(102) 

( 1 0 3 )  

and t h e  c o e f f i c i e n t s  a i  and Bi f o r  BISO and TRISO are g i v e n  i n  

T a b l e  X .  

A s  i s  mentioned on page  6-3 of t h e  SORS r e p o r t , *  l i n e a r  f u e l  

f a i l u r e  i s  assumed w i t h  1 0 %  f a i l e d  f u e l  a t  4 y r -  T h i s  i s  an  amount 

t h a t  i s  added t o  t h e  f r a c t i o n  t h a t  f a i l s  due t o  t e m p e r a t u r e ;  2 . 5 % ,  

5 % ,  7 . 5 %  , and 1 0 %  f a i l u r e  i s  added t o  t h e  1 y r - , 2  y r - , 3  y r -  and 

4 y r  -old -f u e l  r e s p e c t i v e l y  . 
F i g u r e s  1 6  t h rough  2 1  w e r e  g e n e r a t e d  u s i n g  t h e  above e q u a t i o n s  

and d a t a .  
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TABLE I X  

SORS TEMPERATURES ( K )  FOR AGED FRACTION FAILURES,  f 
- -- 

T Y P 4 f  € = O  € = l  

1 8 5 8 . 1 5  1 9 9 8 . 1 5  

1 3 6 0 . 1 5  1 5 9 9 . 1 5  

~ B=So: 
0.12 y r  

4 Y r  

T R I S O :  

0 . 1 2  y r  

4 Y r  

1 8 5 8 . 1 5  

1 2 7 3 . 1 5  

1 9 9 8 . 1 5  

1 6 6 3 . 1 5  

TABLE x 
SORS AGE-TEMPERATURE FUEL FAILURE PARAMETERS 

B I S O  - 1 3 . 2 7 2 5  7 . 1 4 2 8 6  

T R I S O  - 1 3 . 2 7 2 5  7 . 1 4 2 8 6  

0 . 1 2  y r  < - t 5 4 y r  

BISO 1 1 . 8 7 6 1 7  8 . 0 4 0 9 8  2 . 0 1 1 9 7  5 . 7 4 0 9 8  

T R I S O  1 . 8 8 0 1  9 . 7 4 4 5 9  2 . 0 0 9 5 3  4 . 7 2 9 6 4  ~ 

4 9  



FT. S T .  V R A I N  F U E L  MODEL 

TEMPERATURE (DEGREES K )  
MFuEL 11 AGE = 4 . 0  LACE :l BISO 

F i g .  1 8 .  F r a c t i o n  of f a i l e d  p a r t i c l e s  v s  t e m p e r a t u r e ,  B I S O  p a r t i c l e s ,  
SORS d a t a .  T h i s  f i g u r e  i s  d e r i v e d  from F i g .  1 6 .  

FT. S T .  V R A I N  F U E L  MODEL 

~~ 

0.OJ 
1200 1400 1600 1800 2000 2200 21 

TEMPERATURE (DEGREES K )  

WUEL z 1  AGE : 4.0  LAGE -1 1RlSO 

0 

F i g .  1 9 .  F r a c t i o n  of  f a i l e d  p a r t i c l e s  vs t e m p e r a t u r e ,  TRISO p a r t i -  
c l e s ,  SORS d a t a .  T h i s  f i g u r e  i s  d e r i v e d  from F i g .  1 7 .  

5 0  



/ - \  

TEMPERATURE (DEGREES K) 
WUEL = I  ACE I 4.0 UGE Z l  B l S O  

TEMPERATWE (DEGREES K )  
WFLU SI IGE = 4.0 LACE =1 l R l r n  

F i g .  2 0 .  Log of f r a c t i o n  of F i g .  2 1 .  Log of  f r a c t i o n  of  f a i l e d  
f a i l e d  p a r t i c l e s  vs 
t e m p e r a t u r e ,  B I S O  p a r -  
t i c l e s ,  SORS d a t a .  d a t a .  

p a r t i c l e s  vs  tempera ture ,  
TRISO p a r t i c l e s ,  SORS 

GASSAR: f ( T , t )  

The g r a p h i c  d a t a  o b t a i n e d  from F i g .  1 and 2 of  t h e  GASSAR re- 
p o r t  a re  summarized i n  T a b l e s  X I  and X I 1  f o r  v a r i o u s  aged f u e l s  

and p a r t i c l e  c o a t i n g  f a i l e d  f r a c t i o n s .  

For  t h e  B I S O  p a r t i c l e  c o a t i n g s ,  a s p l i n e  f i t  t o  t h e  d a t a  w a s  
used below a certain failed fraction, and temperature T(marked 

w i t h  a n  , a s t e r i s k  i n  Table X I ) .  Above fo, a l i n e a r  f i t  of t h e  

form 

f ( t )  = A + BT (104) 

w a s  u s e d ,  where f = 1 if T 1. T1. The BISO p a r a m e t e r s  
t h e  t h r e s h o l d  f o r  t h e  l i n e a r  fit ,  

A ,  B and 

f o ,  are  g i v e n  i n  Tab le  X I I I .  

For  t h e  TRISO p a r t i c l e  c o a t i n g s  an  e x p o n e n t i a l  f i t  o f  t h e  

form 
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UI 
N 

TABLE X I  

GASSAR BISO PARTICLE COATING F A I L E D  FRACTIONS AND TEMPERATURES FOR VARIOUS AGES 

Age = 1 y r  2 Y r  

f T ( K )  f T ( K )  

0.00179 T<2073.15 - 0.00377 T<2073.16 

2143.15 0.282 2143.15 0.282 

1 . 0  2273.15 1 . 0  2273.15 

' 

0.00526 T<1690.15 - 

0.0059 1743.15 

0.0071 1793.15 

0.0116 1873.15 

0.0185 1917.15 

0.046 1973.15 

0.057 2000.0 

0.0815 2073.15 

0 .10  2083.15 

0 . 2 3  2113.15 

1 . 0  2273.15 

* 

L i n e a r  f i t  above t h i s  f r a c t i o n  and tempera ture ,  s p l i n e  f i t  below. 

4 Y r  

0.00718 T<1673.15 

0.0079 1697.15 

0.010 1733.15 

0.021 1793.15 

0.0557 1853.15 

0 .10  1893.15 

0.222 1973.15 

0.4039 2073.15 

0.649 2153.15 

1 . 0  2273.15 

* 
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n 

was used for f 5 fo, which corresponds for TRISO to the first 
row of Table XII. A linear fit of the form 

f(T) = A + BT (106) 

was used above f 

and their temperature ranges are given in Table xIV. 

BISO and TRISO in Figs. 22-25. 
D. Aged Fuel Failure Fraction (Particle Coatings) 

where f = 1 if T 2 T1. ';::e TRISO parameters 0' 

The data described by these analytic fits are displayed for 

Different segments of the HTGR core have been subjected to 
different irradiation times, or aging, due to the replacement of 
1/4 of the fuel rods each year with new fuel rods. 
SORS : For the SORS data, if this replacement process does not 
occur ,  w e  say t h e  f u e l  i s  n o t  aged, and t h e  f r a c t i o n  of f a i l e d  

particle coatings is given by 
- 

where t is the age in years and Eq. ( 1 0 7 )  is evaluated using 
Eqs.(102) and (103) of Section C with the parameters of Table X. 

On the other hand, if the fuel replacement process occurs, 
we say the fuel is aged, and the fraction of failed particle 
coatings is given by 

where t is the age in years, i = [tl + 1, and [ I means "least 

integer", with 
, 

S f =  
i 

4fl 
l < t < 2  - - fl + 3f2 i = 2  

fl + f2 + 2f3 i = 3  

f + f2 + f3 + f4 i = 4  

(109) 
2 L t < 3  - 
3 < t < 4  - - 1 

5 4  
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AT A 

TABLE X I V  

GASSAR TRISO F A I L E D  FRACTION PARAMETERS 

~ ~~ 

1 

2 

3 

4 

1 .57 

0.99966 

1.2240 

1.17176 

-4941.15 

<1894.15 

<1888.15 

<1873.15 

0.915323 

1.08109 

1.19064 

1941.15<T<2273.15 

1894.15<T<2273.15 

1888.15<T<2273.15 

1873.15<T<2273.15 

5.8361 

4.9638 

4.8593 

4.6209 

0.300732 

0.262359 

0.257762 

0.24728 

UI 
UI 



TEMPERATURE (DEGREES K )  
WEL I2 ACE : 4.0 U G E  :T BltD 

Fig. 22. Fraction of failed par- 
ticles vs temperature, 
B I S O  particles, GASSAR 
data. 

-3 
101200 1.40 16b0 1sbo 20!00 G o o  z,‘,, 

TEMPERATURE (DEGREES K )  
mn =z AGE = 4.0 UGE ZP aim 

Fig. 24. Log of fraction of 
failed particles vs 
temperature, B I S O  par- 
ticles, GASSAR data. 

56  

TEMPERATURE (DEGREES K )  0 

G? *tE = 4.0 U G E  ;T TRlfO 

Fig. 23. Fraction of failed par- 
ticles vs temperature, 
TRISO particles, GASSAR 
data. 

1 Q I z i O O  -3 14b0 16bO 1sbo m o o  22b0 ,,I,, 
TEMPERATURE (DEGREES K) 

WiEL 2 AG€ = 4.0 LACE IT TRISO 

Fig. 25. Log of fraction of failed 
particles vs temperature, 
TRISO particles, GASSAR 
data. 



and 

f i  = f [ T ,  t mod(4 ) l  = f ( T ,  i-1 + x) , 

where x t - [t], u s i n g  t h e  p a r a m e t e r s  of  Tab le  X .  

GASSAR: For  t h e  GASSAR d a t a ,  i f  t h e  f u e l  i s  n o t  aged ,  t h e n  a 

l i n e a r  i n t e r p o l a t i o n  i s  performed between t h e  two n e a r e s t  a g e s ,  

o r  

4 

(111 1 G r = c [ ( l - x ) f i - l  + Xfi 3 [ e ( t - i + l )  - e ( t - 1 1 1  , 
i=l 

G -  where f o  = O ,  i = [ t ]  + 1, x = t - Et], and f i G  i s  g i v e n  by 

u s i n g  E q s .  ( 1 0 4 - 1 0 6 )  and T a b l e s  XI11 and X I V  o f  Sec.  C .  

O n  t h e  o t h e r  hand,  i f  t h e  f u e l  i s  aged ,  t h e n  t h e  p a r -  

t i c l e  c o a t i n g  f a i l e d  f u e l  f r a c t i o n  i s  g i v e n  by 

i=l 

where 

O < t L 1  i = l  - 
G 

l < t < 2  

2 < t < 3  

- - G i = 2  - 2xf1G + 3xf2  

+ (2-x) f2G + 2xf3  
(114) 

i = 3  - - G 

% 

fiG = 

f l G  + f 2  G + f 3 G  + X f 4  G i = 4  3 < t f 4  - 

w i t h  

5 7  



G fi = f(T,t) = f(T, i-1 + x) , 

using Eqs. (104-106) and Tables XI11 and XIV of Sec. C. 
The failed fraction in B I S O ,  TRISO, and TOTAL = 0.6 

B I S O  + 0.4 TRISO for the SORS and GASSAR models are displayed in 
Figs. 26-37 for aged and not aged fuel. (LAGE = T and F respectively) 

We note that the SORS (Ft. St. Vrain) model exhibits an 
exponential rise in the failed fraction between refuelings com- 
pared to the linear rise of the GASSAR model in the same circum- 
stance. The temperatures of Fig. 1 were used and were held con- 
stant in time. 

The maximum and minimum failed fraction for the SORS 
data are (0 .08 ,  0.04). The maximum and minimum for the GASSAR 
data are (0.004, 0.0025). Thus, a factor of (20,16) decrease in 
the maximum and minimum, in going from SORS to GASSAR data is 
obtained. 

F T .  ST.  VRAIN FUEL MODEL 
.08 1 

Fig. 26. Failed fraction vs age Fig. 27. Failed fraction vs age 
of the fuel in years, of the fuel in years, 
B I S O  particles, S O R S  TRISO particles, SORS 
data, aged fuel. data, aged fuel. 
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FT . S T .  VRA1t.I FUEL MODEL 

0 1 2 3 4 5 6 
AGE (YEARS) 

llNELS1 uGE=1 

F i g .  2 8 .  F a i l e d  f r a c t i o n  v s  a g e  
of  t h e  f u e l  i n  y e a r s ,  
ave raged  t o t a l  f o r  aged 
f u e l ,  SORS d a t a .  

F T .  S T .  V R A I N  FUEL MODEL 
.45 1 

AGE (YEARS) 
KLhL;1 us5 

F i g .  3 0 .  F a i l e d  f r a c t i o n  v s  age  
of t h e  f u e l  i n  y e a r s ,  
T R I S O  p a r t i c l e s ,  SORS 
d a t a ,  f u e l  n o t  aged .  

F T .  ST.  V R A I N  F U E L  MODEL 

*355 

F i g .  2 9 .  F a i l e d  f r a c t i o n  v s  age  
of  t h e  f u e l  i n  y e a r s ,  
B I S O  p a r t i c l e s ,  SORS 
d a t a ,  f u e l  n o t  aged.  

FT. ST. V R A I N  FUEL MODEL 

AGE (YEARS) 
I I M l s I  L A Q S  

F i g .  31.  F a i l e d  f r a c t i o n  v s  a g e  
of t h e  f u e l  i n  y e a r s ,  
ave raged  t o t a l  f o r  f u e l  
n o t  aged ,  SORS d a t a .  
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AGE (YEARS) 
SIEkz uG€=1 

F i g .  3 2 .  F a i l e d  f r a c t i o n  vs  a g e  
of  t h e  f u e l  i n  y e a r s ,  
B I S O  p a r t i c l e s ,  GASSAR 
d a t a ,  aged  f u e l .  

LATEST GASSAR FUEL MODEL 
.0045 I 

AGE (YEARS) 
w UOE-I 

LATEST GASSAR FUEL MODEL 
. O O X  I 

AGE (YEARS) 
m - 2  u : r  

F i g .  33.  F a i l e d  f r a c t i o n  vs  a g e  
of  t h e  f u e l  i n  y e a r s ,  
TRISO p a r t i c l e s ,  GASSAR 
d a t a ,  aged  f u e l .  

F i g .  3 4 .  F a i l e d  f r a c t i o n  vs  a g e  F i g .  35. F a i l e d  f r a c t i o n  v s  a g e  
o f  t h e  f u e l  i n  y e a r s ,  o f  t h e  f u e l  i n  y e a r s ,  
a v e r a g e d  t o t a l  f o r  aged  B I S O  p a r t i c l e s ,  GASSAR 
f u e l ,  GASSAR d a t a .  d a t a ,  f u e l  n o t  aged .  

6 0  



LATEST GASSAR FUEL MODEL 
.006 

I 

AGE (YEARS)  
KIIEl;t UGES 

Fig. 36. Failed fraction vs age 
of the fuel in years, 
TRISO particles, GASSAR 
data, fuel not aged. 

LATEST GASSAR FUEL MODEL 

.008 - 

.a07 - 
-J 

0 I- 
2 .006 - 

LL 

AGE (YEARS)  - UGES 

Fig. 37. Failed fraction vs age 
of the fuel in years, 
averaged total for fuel 
not aged, GASSAR data. 

IV. COMPARISONS 
A comparison for 1311 was made for the Ft. St. Vrain fuel 

model (MFUEL = 1) with an average age of 2.5 yr (AGE = 2.51 ,  fuel 
not aged (LAGE = F). A BISO-TRISO m i x t u r e  ( 0 . 6 ,  0 . 4 )  was used 

(FRAC = 0.6). Six partitions of the core volume IC = 1, 5 ,  10, 25, 
100, 200 and five partitions of the 20 h time period IT = 20, 40, 
100, 300, 500 were used. A typical result is displayed in Figs. 
38 and 39 and compared with the uniform temperature model of Ref. 1 
for the fraction in the coolant and the cumulative release. Four 
temperature models SORS, CORCON, AYER, and AYER Fu-Cort (ITEMP = 1, 
2, 3, 4) and the four equation models, Simplifizd Model-Renormalized, 
Constant Release-Renormalized, Linear Felease-Renormalized, and 
Intact-Failed Self-consistent fuel transition (NEQ = 1, 2, 3, 4) 
were used. 

A typical terminal run output under the NOS system is dis- 
played in Fig. 40. 
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n 

z 

Z 
0 

c( 

w 
k- 

LL 

1 . o  

. 8  

. 6  

.4 

.2 

0.0 

I I I I I I I I I I .-. .. 
UNIFORH T W  WDEL 

- 

- 
0 2 4  6 8 10 12 1 4  16 18 20 

T I M E  A F T E R  O N S E T  OF A C C I D E N T  (HOURS) 

I-131 IS0=10 MFUELS1 nGE= 2.5 LffiE=F FRFIC= .6 YIELD= .031 
HTOT= 100 IUFMRX=100 JOB=R4LCP SSS DRTE=03/20/76 
NEO=2 CONSTRNT RELERSE RFlTE. CONSTFlNT FFlILURE 

Fig. 38. LARC-1 and uniform temperature model results, fraction in 
coolant. 

I I I I I I I I I 4000 
LLI 

a 1 / /  

I- 
*- < I 
V I // // 

I .- , 
m 

0 2 4  6 8 10 12 1 4  16 18 20 
T I M E  A F T E R  O N S E T  O F  A C C I D E N T  (HOURS) 

I-131 150=10 tlFUELZ1 RGE= 2.5 LRGE=F FRRC= .G YIELD= .031 
NTOT= 100 IVFMCIX=100 JOB=R4LCP 5SS DFITE=09/20/76 
llECk2 COfJSTFtllT KELEFISE RRTE * CONSTRNT FRILURE 

Fig. 39. LARC-1 and uniform temperature model results, cumulative 
release. 
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T I M E  = l o .  55.34 

3 1.00 ?.7iE+07 
1 0  2.00 ?.73E+87 
15 3.00 7.i35+07 
20 -1. 00 ? . 3 0 E + 0 7  
23 5 . 0 0  &.53E+U7 
3 0  6.00 5.4 lE+07 
35 7.30 3.?5E.+07 
4 0  2.88 2.575+07 
-15 ?. 0 0  1.31E+<17 
5 0  10.00 2.13E+06 
55 11.01! 4.113E+CG 
60 12.00 1.84E+06 
65 13.00 7.72E+05 
7 0  14.00 E. ??E+05 
75 1 5 . 0 0  1.06E+95 
a0 16.00 3.40E+01 
85 17.00 ?.31E+03 
?0 1%. 08 2.51E+03 
?5 l?. 0 0  5.71E+@? 

1 0 0  20.30 1.15E+@? 
DDEs FiNDTdER IZFISE FDiL i l i l ?  

? NU 
E X I T  
/ 

I . 
Fig. 40. Typical terminal 

G4 
run output f o r  LARC-1 under NOS system. 
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The most sensitive test of these 320 calculations was the 
comparison of the fraction in the coolant and the cumulative re- 
lease at 2 h time. These results are given in Appendix E. The 
main result is that at 2 h the maximum variation between (IT, IC) 
of (100, 100) and (500, 200) for the 1 3 1 ~  fraction release in 
the coolant is % 20% for any temperature model whereas the various 
temperature models differ by as much as a factor of 3.7. Similarly 
for the cumulative release the maximum variation is 'L 19% for 
any temperature model, whereas the various temperature models 
differ by as much as a factor of 3. At times greater than 2 h 
the variations decrease rapidly. 

The l3lI fraction in the coolant and cumulative release as a 
function of time and model number (NEQ) are given in Tables XV - 
XXII for the four temperature models with IT = IC = 100. We note 
that better than two-digit agreement f o r  the fraction in the coolant 
between the various equation models oczurs after 4 h for all temp- 
erature models, Tables XV - XVIII. 

Taking model 4, the Intact-Failed Self-consistent Fuel model, 
as a standard, we compare the I3lI cumulative release in Tables XXIII- 
XXVI. Again we note that the maximum difference occurs at 2, 2 h 
where as much as a 17% error can occur at the 0.4 Ci level. However, 
comparing Tables XIX - XXVI we can estimate an approximate upper 
bound on the error in the cumulative release, displayed in Fig. 41. 
A good rule of thumb is that the error made by the renormalized 
models compared to the Intact-Failed Self-Consistent model is I' less 
than 5% at 50 Ci, and less than 1% at 300 Ci." 

127mTe A similar set of comparisons was made for , and is sum- 
marized in Tables XXVII - XXIX for the fraction in the coolant, the 
cumulative release and the comparison to model 4. rile note that the 
cumulative release at 20 h has only reached 25 Ci, as compared to 
3500 for 1311. The maximum error, 12%, occurs at 6 h as compared to 
2 h for l3lI. The approximate upper bound for l3lI bounds the 127%e 
results. 
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T A B L E  XV 

1 3 1 ~  FLICTION IS TIIE COOIANT 
ITEBIP = 1. IT = 100, IC = 100 

2 

4 

6 

8 

1 0  

12 

14 

16 

18 

20 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

0.000220 0.000220 0.000269 

0.0205 0.0206 0.0211 

0.139 0.139 0.139 

0.362 0.362 0.362 

0.540 0.540 0.540 

0.646 0.646 0.646 

0.717 0.717 0.717 

0.767 0.767 0.767 

0.803 0.803 0.802 

0.827 0.827 0.827 

rx. 
2 

4 

6 

8 

10 

12 

14 

16 

18 

1.2 3 4 

0.000522 

0.0475 

0.284 

0.641 

0.861 

0.935 

0.948 

0.944 

0.938 

0.931 

0.000522 

0.0475 

0.284 

0.641 

0.861 

0.935 

0.948 

0.944 

0.938 

0.931 

0.00062' 

0.0483 

0.284 

0.642 

0.861 

0.935 

0.948 

0.944 

0.938 

0.931 

T A a L E  XVI 

FRACTION IN COOLANT 
1TE.F = 3, IT = 19C. I C  = 100 

0.000144 

0.0158 

I 0.113 
0.325 

0.586 

0.791 

0.895 

0.929 

0.934 

0.000134 

0.0158 

0.113 

0.325 

0.586 

0.791 

0.895 

0.929 

0.934 

0.00016! 

0.0165 

0.114 

0.326 

0.587 

0.791 

0.895 

0.929 

0.934 

20 10.931 0.931 0.931 

2 

4 

6 

8 

1 0  

12 

14 

16 

18 

20 

TABLE X V I  

1 3 1 1  FRACTION IN COI)!AUT AT 2 h 
ITEPIP = 2, I'J = 100, IC = 100 

1.2 3 4 

0.000157 0.000157 0.000171 

0.0129 0.0129 0.0135 

0.134 0.134 0.135 

0.401 0.401 0.402 

0.670 0.670 0.670 

0.842 0.842 0.842 

0.917 0.917 0.917 

0.936 0.936 0.936 

0.936 0.936 0.936 

0.931 0.931 0.931 

TABLE XVIII 

FR~CTION IN COOLANT 
ITEIP = 4, IT = 100, IC = 100 
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TABLE X I X  

1311 CUMULATIVE RELEASE (CURIES) 
ITEMP = 1, I T  = 100, I C  = 100 

2 

4 

6 

8 

10 

1 2  

14  

1 6  

18 

20 

\ NEC 
T (HI\-, 

2 

4 

6 

8 

10 

1 2  

14 

16  

18 

20 

1 2 3 4 

0 .362  0.362 0 . 3 5 3  0.429 

63.620 63 .646  63.299 65.617 

556.424 556.781 555.819 559.238 

1654.131 1655.048 1654.214 1656.690 

2687.453 2688.273 2687.888 2689.032 

3232.777 3233.196 3233.047 3233.480 

3430.953 3431.101 3431.045 3431.212 

3485.639 3485.678 3485.651 3485.742 

3497.822 3497.831 3497.810 3497.883 

3500.136 3500.137 3500.118 3500.188 

TABLE XX 

13' CUMULAT I V E  RELEASE ( C U R I E S )  
ITEMP = 2 ,  IT  = 100, I C  = 100 

1 2 3 4 

0 .164  0.164 0.162 0 .177  

15 .101  15 .105  14 .994  16 .071  

235.211 235.330 234.763 237.816 

942.483 942.944 942.250 945.159 

1909.057 1909.699 1909.208 1911.122 

2710.293 2710.852 2710.570 2711.583 

3181.464 3181.803 3181.674 3182.123 

3386.173 3386.31 7 3386.296 3386.450 

3455.200 3455.246 3455.221 3455.327 

3474.843 3474.855 3474.837 3474.919 
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TABLE X X I  

1311 CUMULATIVE RELEASE (CURIES) 
ITEMP = 3, I T  = 100, I C  = 100 

2 

4 

6 

8 

10 

1 2  

14 

16 

18 

20 

2 

4 

6 

8 

10 

1 2  

14 

16 

18 

20 

1 2 3 4 

0.142 

21.152 

2 1 2 . 1 3 1  212.199 211.822 214.730 

764.819 765.116 764.545 767.487 

1620.123 1620.675 1620.123 1622.351 

2468.057 2468.659 2468.291 2469.601 

3043.649 3044.072 3043.891 3044.513 

3323.847 3324.050 3323.975 3324.247 

3429.105 3429.180 3429.143 3429.285 

3463.127 3463.152 3463.130 3463.227 

0.129 0.129 0.127 

19.972 19.976 19.871 

TABLE XXII 

1311 CUMULATIVE RELEASE (CURIES) 
ITEMP = 4 ,  IT = 100, I C  = 100 

1 2 3 4 

0.186 0.186 0.183 0.214 

27.313 27.320 27.172 28.390 

262.656 262.801 262.290 264.627 

888.430 889.010 888.353 890.765 

1610.957 1611.575 1611.152 1612.910 

2126.310 2126.664 2126.440 2127.661 

2469.188 2469.388 2469.256 2470.152 

271 1 . 5 1  3 2711.641 2711.552 2712.238 

2888.546 2888.635 2888.569 2889.110 

3020.609 3020.671 3020.616 3021.063 
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TABLE X X I I I  

2 1311: I R ~ / R ~  - 1 1  x IO 
PERCEKTAGE DIFFERENCE JN bIODELS COYPARED TO MODEL 4 

ITE:.lP = 1, I T  = 100, I C  = 100 

'Y T 

2 

4 

6 

8 

10 

1 2  

14 

16 

18 

20 

~~ 

1 2 3 

15.62 15.62 17.72 

3.04 3.00 3.53 

0.50 0.44 0.61 

0.15 0.10 0.15 

0.06 0.03 0.04 

0.02 0.009 0.013 

0.008 0.003 0.005 

0.003 0.002 0.003 

0.002 0.0015 0.002 

0.0015 0.001s 0.002 
- 

TABLE XXV 
2 13'i: / R ~ / R ~  - 1 1  x 10 

PERCENTAGE DIFFERENCE IE; blODELS COPPARED TO KCIDEL 4 
ITE!@ = 3,  IT  = 100, I C  = 100 

1 2 3 

2 

4 

6 

8 

10 

1 2  

14 

16 

18 

20 

9.15 

5.58 

1 .21  

0.35 

0.14 

0.06 

0.03 

0.01 

0.005 

0.003 

9.15 

5.56 

1.18 

0.31 

0.10 

0.04 

0.01 

0.006 

0.003 

0.002 

10.56 

6.06 

1.35 

0.38 

0.14 

0.05 

0.02 

0.008 

0.004 

0.003 

TABLE XXIV 

1311: [Ri/R4 - 11 x lo2 
PERCEtiTAGE DIFFERENCE IN PlODELS COPPARED TO NODEL 4 

ITEblP = 2 ,  IT = 100, I C  = 100 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

1 2 3 

7.34 

6.04 

1.10 

0.28 

0.11 

0.05 

0.02 

0.008 

0.004 

0.002 

7.34 

6.01 

1.05 

0.23 

0.07 

0.03 

0.01 

0.004 

0.002 

0.002 

8.47 

6.70 

1.28 

0.31 

0.10 

0.04 

0.01 

0.005 

0.003 

0.002 

TABLE XXVI  

1311: IR~;:, - 1 1  lo2 
PERCEhTAGE DIFFERENCE I N  PlODELS COMPARED TO NODEL 4 

ITEhlP = 4 ,  IT = 100, I C  = 100 

1 2 3 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

13.08 

3.79 

0.74 

0.26 

0.12 

0.06 

0.04 

0.03 

0.020 

0.015 

13.08 

3.77 

0.69 

0.20 

0.08 

0.05 

0.03 

0.02 

0.016 

0.013 

14.49 

4.29 

0.88 

0.27 

0.11 

0.06 

0.04 

0.03 

0.019 

0.015 
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Fig. 41. Approximate upper bound to error in cumulative release in 
1 3 1 ~  calculations using IT = IC = 1 0 0  for a l l  temperature 
models. 

- 

TABLE X X V I I  

127?e FRACTION IN COOLANT 
ITEMP = 4 ,  I T  = 100,  I C  = 100  

10  

1 2  

14 

1 6  

18 

20 - 

1 , 2  3 4 

0.000128 0.000128 0.000128 

0.00114 0.00114 0.00126 

0.0435 0 .0435 0.0484 

0 .205  0 .205  0 .210  

0 .324  0.324 0.327 

0 .405  0 .405  0 .408  

0 .475  0 .475  0 .477  

0.539 0 .539  0 .541  

0.594 0 .594  0 .595  

0.642 0 .642  0 .644  
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‘ - 1 N E Q  
T (HI  ’*\ 

2 

4 
6 

8 

10 

12 
14 

16 

18 

20 

1 2 3 

0.0 0.0 0.0 

5.00 5.00 5 .00  

12.06 12.06 12.06 

3.91 3.76 3.83 

1.49 1.43 1.45 

0.82 0.79 0.79 

2 
4 

6 

8 

10 

12 

14 

16 
18 

20 

0.57 0.55 0.55 

0.43 0.42 0.42 

0.30 0.30 0.30 

0.23 0.23 0.23 

TABLE X X V I I I  

127?e CUMULATIVE RELEASE (Ci) 
ITEMP = 4, IT = 100, I C  = 100 

a 
! 
1 

1 

1 

1 2 3 4 i 
0.002 

0.019 
0.627 

5.063 

10.573 

14.597 
17.746 

20.517 

22.970 

25.102 

0.002 

0.019 
0.629 

5.071 

10.571 

14.601 

17.749 

20.519 

22.971 

25.103 

0.002 

0.019 
0.627 

5.067 

10.577 

14.600 

17.748 

20.519 

22.971 

25.102 

0.002 

0.020 
0.713 

5.269 

10.733 

14.717 

17.847 

20.605 

23.039 

25.160 

TABLE XXIX 
1279’e: IRi/R4 - 11 x 10 2 

PERCENTAGE DIFFERENCE IN MODELS COMPARED T O  MODEL 4 
ITEMP = 4, I T  = 100, I C  = 100 
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R e s u l t s  f o r  t h r e e  r e p r e s e n t a t i v e  i s o t o p e s ,  l3II ,  1 3 5 X e ,  and 

1 3 8 X e ,  are d i s p l a y e d  i n  F i g s .  4 2  t h rough  45. 

t e m p e r a t u r e  models are d i s p l a y e d  . The SORS (ITEMP = 1) model gives  
t h e  l a rges t  release and tlie AYER-Fu C o r t  (ITEMP = 4 )  model t h e  

s m a l l e s t  . 

On each  f i g u r e  f o u r  

The s e n s i t i v i t y  of  t h e  accumula ted  release t o  f u e l  model ing where 

t h e  f u e l  i s  t h e  F t .  S t .  V r a i n  (FSV)  or GASSAR model i s  i l l u s t r a t e d  

i n  F i g s .  4 2  and 4 3 ,  r e s p e c t i v e l y ,  where t h e r e  i s  a 50% r e d u c t i o n  a t  
9 h i n  u s i n g  t h e  GASSAR model. 

The s e n s i t i v i t y  of t h e  t e m p e r a t u r e  models and t h e  e f f e c t s  of 
l a r g e r  A ' s  i s  i l l u s t r a t e d  i n  F i g s .  4 4  and 45 f o r  135Xe and 1 3 8 ~ e ,  

r e s p e c t i v e l y .  F o r  135Xe  t h e  d i f f e r e n t  t e m p e r a t u r e  models p r e d i c t  

a 30% d i f f e r e n c e  i n  f r a c t i o n  r e l e a s e d  i n  t h e  c o o l a n t  w i t h  a 4-h 
t i m e  s p r e a d  i n  t h e  maximum. 

d e c a y i n g  t a i l  a f t e r  t h e  peak release. 

The 135Xe decay  c o n s t a n t  c a u s e s  t h e  

The doub le  peak e x h i b i t e d  by 1 3 7 X e  i n  F i g .  45 w a s  i n v e s t i g a t e d  

i n  d e t a i l  and i s  e x p l a i n e d  a s  f o l l o w s :  t h e  f i r s t  peak i s  formed 

because  of  r e l e a s e  from i n t a c t  p a r t i c l e s .  Decay c a u s e s  it t o  f a l l  

because  m o s t  o f  t h e  amount a v a i l a b l e  f o r  release i s  d e p l e t e d  by 
decay .  During t h e  f a l l ,  t h e  r ise  i n  t e m p e r a t u r e  of  t h e  SORS model i s  

s u f f i c i e n t  t o  c a u s e  a l a r g e  i n c r e a s e  i n  t h e  f a i l e d  f r a c t i o n  b e f o r e  

decay  a g a i n  c a u s e s  t h e  second peak t o  f a l l  o f f .  I n  t h e  CORCON and 

AYER t e m p e r a t u r e  models.  The t empera tu re - t ime  b e h a v i o r  i s  such  t h a t  
decay o v e r r i d e s  t h e  inc reased  f a i l u r e  and  a leveling off  of the 

second peak i s  e x p e c t e d .  

V. CONCLUSIONS 
W e  have developed  and compared f o u r  a n a l y t i c a l  models o f  f i s -  

- s i o n  p r o d u c t  release from a n  HTGR c o r e  d u r i n g  t h e  LOFC a c c i d e n t .  

W e  have a l so  developed  a numer i ca l  d a t a  b a s e  fo r  release c o n s t a n t s ,  
t e m p e r a t u r e  model ing,  f i s s i o n  p r o d u c t  release r a t e s ,  c o a t e d  f u e l  

p a r t i c l e  f a i l u r e  f r a c t i o n  and aged c o a t e d  f u e l  p a r t i c l e  f a i l u r e  

f r a c t i o n .  A n a l y t i c  f i t s  and g r a p h i c  d i s p l a y s  f o r  t h e s e  d a t a  were 
g i v e n  f o r  t h e  F t .  S t .  Vra in  and GASSAR models.  
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T IME AFTER ONSET OF ACCIDENT (HOURS) 

C a l c u l a t e d  t ime-dependen t  re lease o f  13’1 f rom t h e  reactor 
core u s i n g  t h e  F t .  S t .  V r a i n  f u e l  f a i l u r e  model and  u s i n g  
f o u r  d i f f e r e n t  core t e m p e r a t u r e  models .  
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TIME AFTER ONSET OF ACCIDENT (HOURS) 

F i g .  4 3 .  C a l c u l a t e d  t ime-dependent  release o f  I3lI from t h e  reactor 
core u s i n g  t h e  GASSAR f u e l  f a i l u r e  model and  u s i n g  f o u r  
d i f f e r e n t  core t e m p e r a t u r e  models .  
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Fig. 44. Calculated time-dependent release of 1 3 5 ~ e  from a large 
HTGR using four different core temperature models. 
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Fig. 45. Calculated time-dependent release of 13*Xe from a large 
HTGR using four different core temperature models. 
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The a s s u m p t i o n s  of t h e  s i m p l i f i e d  model' have  been  system- 

a t i c a l l y  removed. However, t h e  LARC-1 program n e g l e c t s  p r e c u r s o r s ,  

d i f f u s i o n ,  a n d  a b s o r p t i o n  and  e v a p o r a t i o n  of t h e  meta l l ics .  These  

t o p i c s  w i l l  b e  t r e a t e d  i n  s u b s e q u e n t  r e p o r t s .  

Comparison of t h e  v a r i o u s  a n a l y t i c  models  i n d i c a t e s  t h a t  t h e  

u s e  o f  a r e n o r m a l i z e d  c o n s t a n t  release model i s  s u f f i c i e n t l y  accu-  

r a t e  t o  w a r r a n t  t h e  e x t e n s i o n  o f  t h i s  method t o  more complex t h e o -  

r e t i c a l  mode l ings .  

Comparisons o f  t h e  v a r i o u s  t e m p e r a t u r e  and  release models  i n -  
d i c a t e  t h a t  t h e s e  a re  t h e  m o s t  s e n s i t i v e  LARC-1 p a r a m e t e r s  i n  t h a t  

o r d e r .  The need  f o r  d e t a i l e d  a c c u r a t e  t e m p e r a t u r e  c a l c u l a t i o n s  

and  p h y s i c a l l y  r e a l i s t i c  release mode l s ,  t h a t  are  v a l i d a t e d  by 

e x p e r i m e n t ,  mus t  b e  emphas ized .  
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APPENDIX A 

A 

EVALUATION OF THE M k ( ~ ) ,  and P k ( ~ )  FUNCTIONS 

fi 

The M k ( ~ ) ,  Pk(~)! and P k ( ~ )  functions are defined by 

First, we investigate the functior, Pk(y,@,r) given by Eq. (A-5) 
as 

0 

(A- 7 )  

Thus, Eq. (A-5) need be integrated only for k = 0 as the other 
forms may be found by differentiation. For f? # 0, we find 

-ys-13s Po(y,6,-r) =J ds e 
0 

n 



For 8 = 0,  Eq. ( A - 8 )  becomes 

(A-9 )  

and for 8 = y = 0, we have 

Using E q .  (A-7)  we find for P 1 ( ~ , B , T )  and its limiting forms 

and 

2 
T P ( O , O , T )  = 2 . 1 

Similarly,for P;(y, B , T )  we have 

and 

T d  P (0,OIT) = - . 2 3 

( A - 1 1 )  

(A-12) 

( A - 1 3 )  

(A-14) 

(A-15)  

( A - 1 6 )  

Using the results of E q s , ( A - 7 )  - ( A - 1 6 ) ,  we may determine the 
Mk(') functions as given by E q s . ( A - 1 )  - (A-4). Specifically, for 
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and 

7 8  

2 
3 .  (A-19) c1T-BT - (a-2B~)e 

For 8 = 0 and B = c1 = 0 ,  t h e  M k ( ~ )  f u n c t i o n s  f o r  1 5 k < 3 are  
found f r o m  Eq. (A-2) and t h e  l i m i t i n g  forms o f  P k ( y f B f - c ) .  

- 

A 

Next w e  a d d r e s s  t h e  e v a l u a t i o n  of P , ( T ) .  

5 i n t e g r a t i o n  of E q s  (A-1) , (A-31, and (A-4) y i e l d s  
For  k = 0 ,  4, and 

and 

A 1 -AIT  

P o ( A l f - r )  = - (1 - e 1 ,  
A l  

(A-20) 

(A-21) 

(A-22) 

n 

where w e  have used  Eq. (A-7). For 1 - < k < - 3, u s i n g  Eqs.(A-6) 
and (A-2) , 

(A-23) 

where 

n 



which can be proved by d i r ec t  i n t e g r a t i o n  u s i n g  E q .  

f e r e n t i a t i n g  E q .  ( A - 2 4 )  , a c c o r d i n g  t o  Eq. ( A - 2 3 ) ,  w e  f i n d  
( A - 8 ) .  D i f -  

-AT) + -  I ( ~ - e  
2 BA 

and 

( A - 2 5 )  

+ 1 (1 - e-")} ( A - 2 6 )  A 

S u b s t i t u t i n g  -a+y and Al+A i n  E q s ( A - 2 4 )  - ( A - 2 6 ) ,  w e  have t h e  r e s u l t s  
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- A ~ T  
- l + e  I ,  

and 

( A - 2 7 )  

(A-28) 

- B T  2 -(Al-a)~ 
a -A T +(l - e ) +  (1 - e 1 ) I  (A-29) 
1 

A A 

For  t h e  case P = 0 ,  Pk(A,a,O,T) and Pk(A,O,O,~) are c l e a r l y  
i n t e g r a b l e  and c o n v e r g e n t  f o r  k = 2,3 u s i n g  t h e  l i m i t i n g  forms 

f o r  Pk ( y ,  B,T) . However, s i n c e  f o r  k = 2,3 t h e s e  Pk(A,a, 0 , ~ )  and 

Pk(A, O,O,T) are m u l t i p l i e d  b.y B=b/2 i n  t h e  model s o l u t i o n ,  t h e y  
are n o t  needed.  On t h e  o t h e r  hand P,(T), P,(T), P 4 ( ~ ) ,  and P 5 ( ~ )  
are needed s i n c e  t h e i r  c o e f f i c i e n t s  i n  t h e  model s o l u t i o n  are  ( o r  

c a n  b e ) n o n v a n i s h i n g  even  i f  B = 0 .  

A 

A 

A A A A 

A 

For  B = 0 ,  Po(Al,~) is s t i l l  g i v e n  by E q .  (A-20). For  
A 

Pl(h,a,O,~) w e  may u s e  

8 0  

(A-30) 



where E q s .  (A-12) and (A-13) are applicable for Po(y,O,r). 
Similarly, 

and 

APPENDIX B 

EVALUATION OF THE Q k ( - r )  AND V,(T) FUNCTIONS 

The functions Qkh)  and V,(-c) are defined by 

T * 
- A  .. S V,(T) = I d s  e Qk(s)  , 

0 

(A-31) 

(A-32) 

where the M k ( ~ )  functions are given explicitly in Appendix A. We 
J. 

shall need these functions for the parameters A n ,  Al, a, 6, and y 
non-zero and zero. However, knowing the limiting forms of the 
I? ( ~ , B , T )  functions, using the fact that some functions [Q,(r), 
Q,(T), Q 5 ( ~ )  I V,(T), V,(T) I and V ( T )  1 have finite B = 0 limits 
and are multiplied by B, and that these same functions are expres- 
sible in terms of Q o ( ~ ) ,  Q 1 ( ~ ) ,  Q , ( T )  , V 0 ( - ' ) ,  V1(T), and Vqh) leads 

k 
5 

to considerable simplification in that limiting fl3i!c:ms are needed 
only for the latter functions. 
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\ 

E v a l u a t i o n  of Q, ('I) 

Q , ( T )  : For Al # A u s i n g  E-, ( B - 1 )  and (A-1)  , w e  have 
* 

* 
and fo r  AI = A , E q .  (B-3)  becomes 

* 
Q,( ' I )  : For Al # A , u s i n g  E q s . ( B - 1 )  , ( A - 1 7 )  and ( A - 2 7 )  w e  have 

* T 

0 

0 

* 
For Al = A , w e  have from E q .  ( B - 5 )  

T 

0 

where 

n 

8 2  



and 

Thus, 

* 
NOW for Al = A , and B = 0, using Eq. (A-9) in Eq. (B-6) we fllic! 

T 

(B-10) * *  aT Q,(A , A  , ~ , O , T )  = ds Po(-a, 0,s) = - 2 [e - ( 1 + a . r ) ] .  
c1 

0 

* 
Finally, if Al = A , and a = ,6 = 0 ,  w e  have 

which follows from the limit of Eq. (B-10) as a -+ 0 or from using 

Eq. (A-10) for Po(O,O,~) in Eq. (B-10). The limiting forms f o r  

Eq. (B-5) for a = 0 and B # 0 follow from Eq. (A-8), namely 

(B-12) 

* 
Q 2 ( ~ ) :  For Al # A and 6 # 0 , using Eqs.(B-1), (A-8), (A-18) and 

(A-24), w e  find 

83 



I L (B-13) 

Further limiting forms are not needed explicitly. For the 
cases * 

(a) A, = A , B # 0, 
\ 

* * 
(b) A, = A , 13 = 0, a # A,-A , 

* 
(d) hl = A , 6 = 0, a # 0 ,  

(e) A, = A , B = 0 ,  a = 0 ,  
* 

* 
the integral for Q2(A ,A , ~ , B , T )  is finite. 
(3 = 0, Q,(T) is independent of (3. 

involving a factor 13, the = 0 contribution from Q ( T )  vanishes. 
Re-expressing Q2 ( T )  as 

In addition for 1 
Since B2 has a coefficient 

2 

(B-14) 

* 
eliminates the necessity for the A, = A 
automatically accounted for by the limiting forms of Q,(T), 

Q,(r), and Q,(T). 

limit since it is 

In Eq: (B-14) we have used the identity 
y = A -a from the definitions given in the text. 1 

* 
Q3 ( T I  : For Al # A and 13 # 0, using Eqs.(B-l), (A-71, 

(A-81, (A-19), and (A-241, we find 

84 
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U 

I I 

I 

* 
(A,-A -a) T 

- [1-e 1 

( B - 1 5 )  

Further limiting cases are not needed explicitly, just as for 
the Q , ( T )  function. 
and a l l  the limiting forms involving B = 0 for Q 3 ( ~ )  

and do not involve B. 
vanishes. 

The coefficient B3 has a coefficient P, 
are finite 

Thus, the f3 = 0 contribution from Q 3 ( ~ )  

* 
eliminates the necessity fo r  the Al = A 
automatically accounted for by the limiting forms of Q , ( T ) ,  

limit since it is 

Q, ( T I  : Using E q s .  ( B - 1 )  , (A-3), and (A-7) we have 
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0 

The limiting forms are given in Appendix A. 

Q 
( B - 1 7 )  

Q 5 ( ~ )  : Using E q s .  (B-1 )  I (A-4) and (A-7) we have 

For B # 0, from Appendix A we have 

* 
Using E q .  (A-12) for B = 0, y # A find 

* 
For B = 0 and y = A , E q .  (B-20) limits to 

(B-19) 

(B-20) 

(B-21) 

Since B has 6 as a factor, the B = 0 limits will not contribute. 5 

Evaluation of Vk ('I) : 

* 
v0(- r ) :  For Al # A , using E q s .  (B-2) and ( B - 3 )  we have 

0 

I 
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* 
For A1 = A , u s i n g  E q .  ( B - 4 )  i n  E q .  ( B - 2 2 )  w e  f i n d  

* * *  * - A  T Vo(A ,A ,T) = - [i-(l+A T) e 
A * 2  

1 -  ( B - 2 3 )  

* 
V l ( - r ) :  For A1 # A , u s i n g  E q s .  ( B - 2 ) ,  ( B - 5 ) ,  and ( A - 2 4 )  w e  f i n d  

* 

One c o u l d  u s e  t h e  i d e n t i t y  

( B - 2 4 )  

( B - 2 5 )  
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* *  
t o  s o l v e  e x p l i c i t l y  f o r  V, ( A  ,A ,a,@,~). On t h e  o ther  hand,  one 

I 

can  r e w r i t e  E q .  ( B - 2 4 )  as  

and i n c o r p o r a t e  t h e  l i m i t i n g  forms from Q 1 ( T )  and V4 ( T )  . 
* v2 ('I) : For A, # A and 6 # 0 ,  u s i n g  E q s .  ( B - 2 )  I ( B - 1 3 ) ,  and 

( A - 2 4 )  , w e  f i n d  

F u r t h e r  l i m i t i n g  forms are n o t  needed e x p l i c i t l y .  For  t h e  cases 

g i v e n  i n  c o n n e c t i o n  w i t h  Q 2 ( ~ ) ,  a l l  t h e  V 2 ( ~ )  i n t e g r a l s  are  a l so  
f i n i t e .  I n  a d d i t i o n  i n  t h e  f3 = 0 l i m i t  t h e y  are  f i n i t e  and inde -  
pendent  of 6. 
i s  z e r o .  

S i n c e  B2 has a fac tor  B ,  t h e  c o n t r i b u t i o n  B 2 V 2 ( ~ )  

n 
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( B - 2 8 )  

which eliminates the necessity for using an explicit A 1 = A* limit 
except through the limiting forms for Vo(r), V 1 ( ~ ) ,  and V,(T). 

0 

* 
) 

1 -A T (1-e 1 - -  
4B2 A 

* 
1 1  ( B - 2 9 )  a 1 -A T 1 -A1 T 

) -  - (1-e * [T (1-e 1 

+ 462 A,-A A A1 
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Further limiting forms are not needed explicitly, just as for the 
V 2 ( ~ )  function. 
limiting forms involving B = 0 for V ( T )  are finite and do not 
involve 8. Thus, the B 3 V 3 ( ~ )  contribution vanishes for B = 0. 

3 

The coefficient B3 has a factor 6, and all the 

3 

Re-expressing V (T) we have 

* * * * V 1  (A a B T 1 -V5 (A f l l -at  B T )  + a V 2  (A Alra r B, T 1 
2 8  

V,(A ,A1,arB,T) = I 

( B - 3 0 )  

which eliminates the necessity for using explicit limiting forms 
for A1 = A 
v 2 ( 7 ) ,  as given by E q .  

v l ( - r ) ,  and V 4 ( ~ ) .  

* 
except in V , ( T ) ,  V 2 ( - r )  and V,(T). Of course, 

( B - 2 8 )  is expressible in terms of V o ( r ) ,  

v q  : Using E q s .  ( B - 2 1 ,  ( B - 1 7 1 ,  and ( A - 2 4 1 ,  we find 

( B - 3 1 )  

The limiting forms for V 4 ( - r )  are accounted for by the forms given 
for the P o ( y , B , - c )  function in Appendix A. 

v5 ( T I  : For (3 # 0 ,  using E q s .  ( B - 2 1 ,  ( B - 1 8 1 ,  and ( A - 2 4 1 ,  we find 

n 
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T * 

( B - 3 2 )  

The limiting cases for 
Since B5 has a factor 8, the @ = 0 limit contribution from V 5 ( r )  

vanishes. 
V ( T )  is removed by re-expressing Eq. ( B - 3 2 )  for @ # 0 as 

= 0 yield finite integrals for V,(T). 

The necessity for writing the other limiting cases for 

5 * * 

( B - 3 3 )  

and using the limiting forms for I T 4 ( ' )  and Q 4 ( ~ ) .  
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APPENDIX C 
CODE LISTING FOR LARC-1 

C 
C 
C 

C 
C 
C 
C 
C 

C 

C 
C 
C 
C 
C 

C 
C 

r 

C 

LASL t ? P Y > F  3 F I L E S  FHOY COMPII-F Identification: LP-0721 

4 
4 
6 
7 
R 
9 

I n  
11 
l ?  
1 7  
1 4  
15 
16 
17 
19 
1 9  
2n 
21 
23 
2 3  
24 
25 
26  
2 7  
2 R  
29 
3 0  
3 1  
3 2  
37 
34 
35 
3 6  
37 
3R 
3 9  
4 0  
4 1  
4 2  
47 
44 
45  
46  
47 
49 
49 
5n 
51 
5 2  
5 7  
5 4  
5 5  
56  
57 
5 9  
5 9  
617 
61 

92  



L A P C l  
! - A R C 1  
L A P C I  

I. ARC 1 
L A P C ~  

L A P C l  
L A R C ~  

L d R C l  
L d R C l  

L A ~ C ~  
L A R C ~  

I . A R C 1  

L A R C 1  
L A R C l  

L A R C l  
I . A R C 1  
L A G C l  
L A P C ~  
L A R C ~  
L A R C ~  
L A R C l  
L A R C ~  
L A R C ~  

LAW1 
LARCI 
L d U C l  
L A R C I  

I . A P C 1  

I .ARC1 
L A R C l  
L A R C l  
L A Q C l  
I A R C 1  

6? 
6 3  
6 4  
65  
66 
6 7  
6 8  
6 9  
7 0  
71 
T.? 
7 3  
7 4  
75 
76 
77  
7 R  
79  
An 
51 
82 
8-3 
f14 
or; 
86  
57 
A R  
89 
90 
91 
99 
93  
9 4  
95 
Q6 
97 
9A 
9 9  

i n n  
1 0 1  
1 0 7  
103 
104 
105  
1 O h  
1 0 7  
1 OR 
1 0I) 
1 1 0  
111 
1 1 ?  
1 1 7  
1 1 4  
115 
116 
1 1 7  
1 1 R  
119 
1 Z 9  
1 2 1  
1 2 2  
1 2 7  
1 2 4  
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1 E5 
126 
127 
128 
1 2 0  
13n 

132 
1 3 3  
134 
135 
176 
137 
130 
139 
140 
1 4 1  
14P 
143 
144 
145 
146 
147 

149 
150 

131 

1 4 0  

1 5 1  
152 
157 
154 
155 
156 
157 
15R 
159 

161 
1 6 2  
163 
1 6 4  
165 
166 
167 
1 6 q  
160 
17n 
171 
172 
173 
174 
175 
176 
177 
17q 
17q 
1r0 
181 
18? 
183 
144 
195 
1 A h  

1417 
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1 RR 
189 
190 

197 
193 
194 
195 
196 
1 9 1  
198 
199 
2 0 0  
201 
EO? 
2 0  3 
204 
205 
206 
207 
% 0 8  
209 
210 
21 1 
212 
21 1 
21 4 
21e; 
214 
217 
21R 
219 
220 

191 

221 
2 2 t  
2?-3 
224 
225 
224 
227 
22n 
229 
230 
231 
23? 
2 3 3  
234 
235 
236, 
237 
2-38 
2 3 9  
24n 

24 2 
244 
245 
246 
247 
24F( 
245 
250 
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, Y I E L D  

L A R C ~  

L A Q C l  

L A R C l  
L b R C l  
L A R C ~  
L A R C ~  

L A R C 1  

L A R C 1  

L A R C l  
L A R C l  
L A Q C l  

L A a C l  
L A R C l  

L A W 1  

L ~ R C ~  
L A R C ~  
 LAW^ 

L A W 1  
L A R C ~  
L A P C l  

L A R C ~  

L A R C  1 

L A R C ~  
L A R C ~  

I .ARC1 
L A R C ~  

L  ARC^ 
L A R C I  

L A R C l  
C A R C l  

L .ARC1 

L A R C l  

L A R C l  
L A R C l  

L A a C l  

l .AHC1 

25 1 
252 
2 5 1  
254 
255 
256 
257 
25R 
259 
2hn 
26 1 
26? 
267 
264 
264 
266 
267 
2hq 
259 
27n 
27 1 
2 7 2  
27 3 
27 4 
2 7 5  
276 
277  
2 7 R  
279 
2fi 0 
281 
2 R ?  
28-4 
2 8 4  
285 
286 
287 
% R R  
2 8 9  
290 
29 1 
292 
293 
294 
295 
296 
297 
29n 
299 
3 0 0  
30 1 
3 0 2  
307 
3 0 4  
305 
306 
307 
30R 
309 
31n 
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I 

f \  

314 
315 
31  b 
317 
31R 
319 
320 
321  
3?? 
323 
324 
325 
376 
327 
324 
320 
3 3 P  
331 
3 3 ?  
3 3 3  
334  
3 3 5  
3 3 4  
3 3 7  
33R 
3 3 9  
34 n 
3 4  1. 
34? 
3 4 3  
341 
3 4 5  
3 4 h  
3 4 7  
3 4 A  
3 4 9  

35 1 
357 
35 7 
3 4 4  
355 
356  
357 
354 
353 
3 6 0  
361 
36? 
3 6 3  
364 
3 6 5  
3 6 6  
3 6 7  
3hR 
3 6 Q  
3 7 0  
3 7 1  
3 7 ?  
3 7 3  
3 7 4  
3 7 5  
376 

3 5 n  
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n 

I.ARC1 
L A R C I  
I.ARC1 
L A R C l  
L A R C l  
L A R C  1 
L A R C ~  
L A R C ~  

L A R C ~  
L.AHC1 
L A H C l  
L A R C l  
L d R C l  
L A R C l  
L b R C l  
L A R C l  
1.4RC1 
L A Q C l  
L A H C l  
L A R C  1 
1 .6RCI  
LAHC1 
I L A H C I  

L A R C I  

 LAW^ 
L A Q C I  

L h R C l  

L A R C l  
L A R C ~  
L A R C l  
L A R C l  
L A R C l  
I L A R C l  
L A R C l  
L A R C l  
L A R C ~  
I . n R C l  
L A R C l  
l .ARC1 
L ARC 1 
L A R C 1  
1.AHC1 
L A R C 1  
L d R C 1  
I .ARC1 
L A R C I  
L A R C l  

L A R C l  

L A R C l  

L A R C ~  
L A ~ C ~  
I - d R C l  
L A R C ~  
I - A R C 1  
I . A R C 1  
I - d R C l  
LARC!  
L A R C l  
L A R C 1  
L a u C l  
LAbncl 
L A R C l  
L A R C 1  

3 7 7  
37R 
a 7 9  
380 
381 
3 R Z  
387 
394  
385 
3R6 
387 
3.9A 
389 
3 9 6  
39 I 
3 9 2  
393 
3 9 4  
3 9 5  
396  
3 9 7  
3QH 
399 
4 6 0  
401  
4 0 2  
403 
$0 4 
40% 

407  
4 6 8  
4 0 Q  

406 

4 1 0  
41  1 
412 
413 
4 1 4  
4 1 5 
4 1 6  
417 
418 
4 1 9  
420 
421 
4 2 %  
423  
4 2 4  
4 2 5  
4 2 6  
1 2 7 
428  
429 
4 30 
4 3 1  
4 72 
437  
434 
4 3 5  
4 3 A  
43'7 
4 34  
4 30 
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LAW1 
L A R C l  
L A a C l  
L A R C l  
L A W C l  
L A K C 1  
L A R C l  

L A P C 1  
L A R C l  

( .ARC1 
L A Q C l  

L b R C l  

 LAW^ 

L A W C ~  

L A R C I  

L A R C ~  
L A R C l  
LARCI 

L ARC 1 
L A R C ~  

LAW 1 
L A Q C ~  
L A R C l  
L A R C ~  
I. ARC 1 
L A U C l  
L A R C l  
L A K ~  
 LAW^ 

L A R C l  
L.ARC1 

L A R C 1  

440 
44  1 
44? 
447 
4 4 4  
445 
4 4 b  
447 
44R 
449 

451 
452 
457 
454 
455 
456 
457 
45a 
4 5 9  
460 
46 1 
462 
463 
464 
465 
466 
467 
46d 
469 

45n 

470 
47 1 
4 7 3  
477 
47 4 
475 
476 
477 
4 7 4  
479 
4r1) 

4 A Z  
48 1 

4A3 
486 
485 
486 
497 
4AR 
4 8 9  
49n 
4 9  1 
49? 
497 
494 
495 
496 
497 
4973 
4 9 9  
500 
501 
5 0 ?  
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n 

L A R C ~  
L A W 1  
L A R C I  
L h R C 1  
L A R C 1  
L A R C ~  
L A R C ~  

 LAW^ 
L A R C ~  
 LAW^ 
L A H C ~  
L A R C I  

L A H C ~  
L A R C ~  

L A R C ~  

L A Q C ~  

L A R C ~  

L A Q C ~  
L A R C ~  
L A R C l  
L A R C ~  
L b R C l  

L A R C ~  

t  ARC^ 

L A R C l  
L A Q C 1  

I A Q C 1  
L A R C 1  

L A R C l  

LA"1 
[.ARC1 

L A R C l  
L A R C l  

L A R C 1  
L A H C l  

L A R C l  
L A R C l  

L A R C l  
I - A P C l  

L A R C l  
L B R C l  
L A R C l  
L A R C ~  
L A R C l  
L d R C l  
L A R C I  

I - A R C ~  
L A R C 1  
L A R C 1  
L A R C l  
( .ARC1 
I . A U C 1  
L ARC]. 
L n R C l  

L A R C l  
L A R C l  
I - A f f C 1  
L A Q C l  
[ . A R C 1  

L A R C l  
1- A R C  1 

L A R C 1  

L A R C ~  

503 
5 0 4  
505 
506 
5 0 7  
5 0 R  
5 0 9  
510 
51 1 
512  
51 7 
514 
515 
516 
517 
514 
510 

521 
52 7 
5 2 7  
5 2 4  
5 2 5  
526 
527 
5 2 4  
529 
5 3 0  
53 1 
5 3 2  
53 7 
5 3 4  
5 7 5  
5 36 
537 
5 3 4  
530 
5 4 0  
54 1 
5 4 2  
547 
5 4 4  
545 
546 
5 4 7  
5453 
549 
55 0 
55 1 

52n 

5 5 ?  
553 

100 



L A R C ~  5 b h  

L A R C l  S 6 R  
L A R C ~  569 
L A R C l  57n  
 LAW^ 57 1 
L A R C l  57?  
L A W C l  57 7 
I .bQC1 5 7 4  
L A R C ~  575 
L A Q C 1  5 7 6  
L A R C l  577 
L A R C l  5 7 A  
I L A R C 1  5 7 0  
L A R C I  5 8 0  
L A R C ~  59 1 
L A R C ~  587 
L A R C l  583 
L A R C 1  594 
L P R C ~  5e-= 

L.ARC1 5 4 7  
I A R C 1  5FIA 
L A R C ~  5 9 9  
L A P C l  59 n 
L A W ~  591 
I - A P C ~  503 
L A U C ~  597 
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n 
APPENDIX E 

COMPARISON OF FRACTION IN COOLANT 
AND CUMULATIVE RELEASE AT TWO HOURS 

Calculations for l3lI were made for the Ft. St. Vrain fuel model 
(MFUEL = 1) with an average age of 2.5 yr (AGE = 2.5) and the fuel 
was not aged (LAGE = F). A BISO-TRISO mixture (0.06, 0.04) was 
used (FRAC = 0.6). Six partitions of the core volume IC = 1, 5, 10, 
25, 100, 200 and five partitions of the 20-h time period IT = 20, 
40, 100, 300, 500 were used. The four temperature models SORS, 
CORCON, AYER, and AYER Fu-Cort (ITEMP = 1, 2, 3, 4 )  and the four 
equation models, Simplified Model Equation-Renormalized, Constant 
Release-Renormalized, Linear Release-Renormalized, Intact-Failed 
Self-consistent fuel transition (NEQ = 1, 2, 3, 4) were used. The 
most sensitive test of these 320 calculations was the comparison 
of the fraction in the coolant and the cumulative release at 2-h 
time. 

In Tables E.1 through E.XXVII1 we exhibit a summary of these 
results at 2 h. We note that the maximum variation between (IT, 
IC) of (100, 100) and 500,200) for the l3lI fraction release in the 
coolant is 20% for any temperature model, whereas the various 
temperature models differ by as much as a factor of 3.73 (NEQ = 4; 
ITEMP = 1,3; IT = 500, IC = 200). 

A similar remark holds for the cumulative release where the 
maximum variation between (IT, IC) of (100,100) and (500,200) for 
the I3lI cumulative release 'is about 19%, whereas the various 
temperature models differ by as much as a factor of 3.03 (NEQ = 4, 
ITEMP = 1,3; IT = 100, IC = 1 0 0 ) .  

It should be noted that we are comparing the fraction at the 
level and the release at less than the 1 Ci level here. 

148 
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p-?,. IC 
1 
5 

1 0  
2 5  

1 0 0  
200 

20  40  1 0 0  500 300 

1 . 3 8  1 . 1 4  1 . 2 6  1 . 3 8  1 . 4 1  
1 . 7 5  1 . 9 7  3.17 3 .70  3.80 
1 . 8 5  2 . 9 1  4 .15  4.78 4 . 9 1  
1 . 9 5  3.36 4 .75  5 .43  5 .57  
2 .09  3 .78  5 .22  5.89 6 .03  
2 .12  3.82 5 .26  5 .92  6.06 

1 

5 
1 0  
2 5  

1 0 0  
200  

1 
5 

1 0  

2 5  
1 0 0  
200 

TABLE E . 1 1  

1311 FRACTION I N  COOLANT x l o 4  a t  2 h 
ITEMP = 1, NEQ = 3 

20  40  1 0 0  300 5 0 0  1 , 
1 . 3 8  1 . 1 4  1 . 2 6  1.38 1 . 4 1  ' 
1 . 7 5  1 . 9 7  3 .17  3 .70  3.80 1 
1 . 9 5  3 .36  4 . 7 5  5 .43  
2 .09  3 .78  5 .22  5 . e 9  6 .93  , 

1 
2 . i 2  3 - 8 1  5 .26  5 .92  6 .06  1 

1 

1 . 8 5  2 . 9 1  4 .15  4.78 4 . 9 1  i 

5 * 5 7  ! 

20 4 0  1 0 0  300 500 

2.24 1 .67  1 . 5 0  1 . 4 6  1 . 4 5  
5.49 4 . 1 1  4 . 0 1  3 .98  3.97 
6 .59  5.39 5 .14  5.11 5 . 1 1  
7.14 5 .99  5 .79  5 .78  5.78 
7 .48  6 .44  6 .26  6.24 6.24 
7 . 5 1  6 .47  6 .30  6 .27  6.27 

TABLE E . 1 1 1  

I3l1 FRACTION I N  COOLANT x l o 4  a t  2 h 
ITEMP = 1, NEQ = 4 
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TABLE E . I V  

ITEMP = 2,  NEQ = 1 , 2  
1311 FRACTION I N  COOLANT x l o 4  a t  2 h 

'. l... I T  
IC'- ._ 

1 

5 
1 0  
25  

1 0 0  

200 

2 0  40 100  300 500 
0.85 0.76 0.74 0.74 0.74 
1 . 0 3  0.98 1 . 0 2  1 . 0 5  1 .06  
1 . 0 8  1 . 1 0  1 . 2 4  1 . 3 2  1.34 
1 . 1 4  1 . 2 5  1 . 4 2  1.51 1 . 5 3  
1 . 2 0  1 . 3 7  1 . 5 7  1 . 6 8  1 . 7 0  
1 . 2 1  1 . 3 8  1 .58  1 . 6 9  1 . 7 1  

TABLE E.V 
1311 FRACTION I N  COOLANT x l o 4  a t  2 h 

ITEMP = 2,  NEQ = 3 

1 

5 
1 0  
2 5  

0 .85  0.76 0.74 0.74 0 .74  
1 . 0 3  0 .98  1 .02  1 . 0 5  1 . 0 6  
1 . 0 8  1 . 1 0  1 . 2 4  1 .32  1 . 3 4  I 

1 
1 

1 . 1 4  1 . 2 5  1 .42  1.51 1 . 5 3  

TABLE E.VI  

1311 FRACTION I N  COOLANT x l o 4  a t  2h  
ITEMLD = 2,  NEQ = 4 

1 

5 
1 0  

25  

1 0 0  
200 

2 0  40 1 0 0  300 500 
0 .85  0.76 0.74 0 .74  0 .74  
1 .36  1 .16  1 . 1 0  1 . 0 8  1 .08  
1 .69  1 .44  1 . 3 7  1 .38  1 . 3 7  
1 . 8 9  1 .64  1.58 1 . 3 6  1 .56  
2 . 0 5  1 .81 1 . 7 5  1 .74  1 .74  
2 .06  1 . 8 2  1 . 7 6  1 . 7 5  1 . 7 5  

' 

1 5 0  



TABLE E .VI I  

1311 FRACTION IN COOLANT X l o 4  a t  2 h 
XTEMP = 3,  NEQ = 1 , 2  

1 0 . 9 3  0 . 8 1  0 .78  0.78 0.78 

5 1 . 0 8  0 . 9 5  1 . 0 5  1 . 1 4  1 . 1 6  
1 0  1.11 1 . 0 5  1 . 2 4  1 . 3 6  1 . 3 8  
2 5  1 . 1 3  1 . 1 0  1.35 1 . 4 8  1.51 

1 0 0  1 . 1 4  1 . 1 8  1 . 4 4  1 . 5 9  1 .62  
200  1 . 1 4  1 . 1 8  1 . 4 5  1 . 6 0  1 . 6 3  

c 

. 

1 
5 

1 0  

25  

1 0  0 
200 

2 0  40  1 0 0  300 500 

20  40 1 0 0  300 500 
1 . 0 2  0 .87  0 . 8 1  0 .79  0 .79  
1 . 6 9  1 . 3 3  1 . 2 1  1 . 2 0  1 .20  
1 . 9 5  1.55 1 .44  1 . 4 3  1 . 4 2  

2 .09  1 . 6 6  1.58 1 . 5 6  1 . 5 6  
2.20 1 . 7 8  1 . 6 9  1 . 6 7  1 . 6 7  

2 . 2 1  1 .79  1 . 6 9  1 . 6 8  1 . 6 8  

TABLE E . V I I 1  

1311 FRACTION I N  COOLANT x l o 4  a t  2 h 
ITEMP = 3 ,  NEQ = 3 

20  40  1 0 0  300 500 

1 

5 
1 0  

2 5  
1 0 0  

200 

0 .93  0 . 8 1  0 .78  0 .78  0 .78  

1 . 0 8  0.95 1 . 0 5  1 . 1 4  1 .16  
1.11 1 . 0 5  1 . 2 4  1 . 3 6  1 . 3 8  

1.13 1 .10  1.35 1.48 1 . 5 1  
1 . 1 4  1 . 1 8  1 . 4 4  1 .59 1 .62  

1 . 1 4  1 .18 1 . 4 5  1 . 6 0  1 . 6 3  

TABLE E.IX 
1311 FRACTION I N  COOLANT x l o 4  a t  2h 

ITEMP = 3 ,  NEQ = 4 
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n 

100  300 500 

1 
5 

1 0  
2 5  

1 0 0  
200 

0 .97  0.86 0 .82  0 . 8 1  0 .81  
3 .12  2 .46  2 .37  2 .35  2.34 
3 .30  2.62 2 . 5 3  2 . 5 1  2 . 5 1  
3 .40  2 . 7 3  2 . 6 3  2 . 6 1  2 .61  
3.47 2.79 2.69 2 .67  2.67 
3.47 2 . 8 0  2.69 2 .67  2.67 

1 

TABLE E.X 
1311 FRACTION IX COOLANT x l o 4  a t  2 h 

ITEMP = 4 ,  NEQ = 1 , 2  

~~~~ ~ 

20 40  1 0 0  300  500 
0.94 0.84 0 . 8 1  0 . 8 1  0 . 8 1  
1 . 2 5  1 . 4 1  1 . 9 4  2 .20  2.26 
1 . 2 6  1 . 4 8  2 .07  2 .36  2 .42  
1 . 2 7  1.55 2 .15  2 . 4 5  2 .51  
1 .28  1 . 5 9  2 .20  2 . 5 1  2.57 
1 . 2 8  1 . 5 9  2 . 2 0  2 . 5 1  2.57 

TABLE E.XI 
1311 FRACTION I N  COOLANT x l o 4  a t  2 h 

ITEMP = 4 ,  NEQ = 3 

1 1 0 0  
i 200 
L 

20  4 0  1 0 0  300  500 
0.94 0.84 0 . 8 1  0 . 8 1  0 . 8 1  
1 . 2 5  1 . 4 1  1 . 9 4  2 .20  2 .26  
1 . 2 6  1 . 4 8  2 . 0 7  2 .36  2.42 
1.2: 1 .55 2 .15  2 .45  2 .51  
1 .28  1 . 5 9  2 . 2 0  2 . 5 1  2.57 
1 . 2 8  1 . 5 9  2 .20  2 . 5 1  2.57 

TABLE E .XI I  
1311 FRACTION I N  COOLANT x l o 4  a t  2 h 

ITEMP = 4 ,  NEQ = 3 

1 

5 
1 0  
2 5  

1 0 0  
200  

. 

n 

1 5 2  



TABLE E . X I I 1  

l3II CUMULATIVE RELEASE (Ci) AT 2 h 
ITEMP = 1, NEQ = 1 

1 

5 

0.187 0.125 0.114 0.114 0.115 

0.238 0.195 0.220 0.238 0.244 

10 

25 

100 

200 

TABLE E.XIV 

I3lI CUMULATIVE RELEASE ( C i )  AT 2 h 
ITEMP = 1, NEQ = 2 

0.251 0.264 0.284 0.309 0.316 

0.265 0.299 0.325 0.355 0.363 

0.282 0.332 0.362 0.393 0.401 

0.286 0.335 0.364 0.395 0.403 

1 

5 

0.187 0.125 0.114 0. I14 0.115 

0 . 2 3 8  0.195 0 . 2 2 0  0 . 2 3 8  0 . 2 4 4  

1 I 0.251 
25 

100 , 

200 I - 

0.264 

0.265 0.299 0.325 0.335 0.363 

0.282 0.332 0.362 0.393 0.401 

0.286 0.335 0.364 0.395 0.402 

0.284 0.309 
Om316 I 
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TABLE E.XV 

l3lI  CUMULATIVE RELEASE (Ci) AT 2 h 
ITEMP = 1, NEQ = 3 

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

2 0  4 0  1 0 0  3 0 0  500  
~ ~~ 

0 . 1 5 1  0 . 1 1 5  0 . 1 1 2  0 . 1 1 3  0 . 1 1 5  

0 . 1 9 1  0 . 1 7 7  0 . 2 1 5  0 . 2 3 8  0 . 2 4 3  

0 . 2 0 1  0 . 2 3 7  0 . 2 7 7  0 . 3 0 8  0 . 3 1 6  

0 . 2 1 2  0 . 2 6 6  0 . 3 1 7  0 . 3 5 4  0 . 3 6 2  

0 . 3 9 1  0 . 4 0 0  0 . 2 2 6  0 . 2 9 5  0 . 3 5 3  

0 . 2 2 8  0 . 2 9 8  0 . 3 5 5  0 . 3 9 4  0 . 4 0 3  

TABLE E.XVI 

1311 CUMULATIVE RELEASE ( C i )  AT 2 h 
ITEMP = 1, NEQ = 4 

2 0  4 0  1 0 0  3 0 0  5 0 0  

0 . 2 6 3  0 . 1 5 1  0 . 1 2 2  0 . 1 1 7  0 . 1 1 6  

0 . 5 6 6  0 . 3 0 9  0 . 2 6 5  0 . 2 5 4  0 . 2 5 3  

0 . 6 7 7  0 . 4 1 1  0 . 3 4 1  0 . 3 2 9  0 . 3 2 8  

0 . 7 2 0  0 . 4 6 1  0 . 3 8 9  0 . 3 7 8  0 . 3 7 7  

0 . 7 5 6  0 . 5 0 1  0 . 4 2 9  0 . 4 1 6  0 . 4 1 5  

0 . 7 6 0  0 . 5 0 5  0 . 4 3 2  0 . 4 1 9  0 . 4 1 8  

1 5 4  



1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

TABLE E . X V I 1  

1311 CUMULATIVE RELEASE ( C i )  AT 2 h 
ITEMP = 2 ,  NEQ = 1 

0 . 1 2 9  0 . 1 0 2  0 . 0 9 6  0 . 0 9 5  0 . 0 9 5  

0 . 1 5 7  0 . 1 2 7  0 . 1 2 1  0 . 1 2 1  0 . 1 2 2  

0 . 1 3 9  0 . 1 4 0  0 . 1 6 3  0 . 1 3 8  0 . 1 3 6  

0 . 1 5 6  0 . 1 7 2  0 . 1 5 1  0 . 1 5 1  0 . 1 5 5  

0 . 1 7 1  0 . 1 7 9  0 . 1 6 1  0 . 1 6 4  0 . 1 6 9  

0 . 1 8 0  0 . 1 6 2  0 . 1 6 5  0 . 1 7 1  0 . 1 7 2  

1 

TABLE E .  XVI I I 

I3’I CUMULATIVE RELEASE (Ci) AT 2 h 
ITEMP = 2 ,  NEQ = 2 

0 . 1 2 9  0 . 1 0 2  0 . 0 9 6  0 . 0 9 5  0 . 0 9 5  

5 

1 0  

0 . 1 5 5  0 . 1 5 6  0 . 1 7 2  0 . 1 5 1  0 . 1 5 1  

0 . 1 7 9  0 . 1 6 1  0 . 1 6 4  0 . 1 6 9  0 . 1 7 1  

0 . 1 7 1  0 . 1 7 2  0 . 1 8 0  0 . 1 6 2  0 . 1 6 5  
,- 

0 . 1 5 7  0 . 1 2 7  0 . 1 2 1  0 . 1 2 1  0 . 1 2 2  

0 . 1 3 9  0 . 1 4 0  0 . 1 6 3  0 . 1 3 8  0 . 1 3 6  
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n 

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

TABLE E.XIX 

I3lI CUMULATIVE RELEASE ( C i )  AT 2 h 
ITEMP = 2 ,  NEQ = 3 

0 . 1 1 5  0 .099  0 . 0 9 5  0 . 0 9 5  0 . 0 9 5  

0 . 1 3 9  0 . 1 2 2  0 . 1 2 0  0 . 1 2 1  0 . 1 2 2  

0 . 1 4 5  0 . 1 3 2  0 . 1 3 5  0 . 1 3 9  0 . 1 4 0  

0 . 1 5 2  0 . 1 4 4  0 . 1 4 9  0 . 1 5 5  0 . 1 5 6  

0 . 1 5 8  0 . 1 5 4  0 . 1 6 2  0 . 1 6 9  0 . 1 7 1  

0 . 1 5 5  0 . 1 6 3  0 . 1 7 0  0 . 1 7 2  0 .159  

2 0  4 0  1 0 0  3 0 0  5 0 0  

1 

5 

1 0  

2 5  

0 . 1 2 9  0 . 1 0 2  0 . 0 9 6  0 . 0 9 5  0 . 0 9 5  

0 . 1 8 6  0 . 1 3 7  0 . 1 2 5  0 . 1 2 3  0 . 1 2 2  

0 . 2 1 7  0 . 1 5 8  0 . 1 4 4  0 . 1 4 2  0 . 1 4 2  

0 . 2 3 8  0 . 1 7 7  0 . 1 6 1  0 . 1 5 9  0 . 1 5 8  

TABLE E.XX 

CUMULATIVE RELEASE (Ci) AT 2 h 
ITEMP = 2 ,  NEQ = 4 

0 . 2 5 5  0 . 1 9 2  0 . 1 7 7  0 . 1 7 4  0 . 1 7 4  

0 . 2 5 7  0 . 1 9 4  0 . 1 7 8  0 . 1 7 5  0 . 1 7 5  

1 5 6  



TABLE E.XXI 

l3II  CUMULATIVE RELEASE (Ci) a t  2 h 
ITEMP = 3 ,  NEQ = 1 

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

4 0  1 0 0  3 0 0  5 0 0  

0 . 1 3 2  0 . 0 9 9  0 . 0 8 9  0 . 0 8 8  0 . 0 8 7  

0 . 1 5 2  0 . 1 1 3  0 . 1 0 7  0 . 1 0 8  0 . 1 0 8  

0 . 1 5 7  0 . 1 2 1  0 . 1 1 6  0 . 1 1 9  0 . 1 2 0  

0 . 1 5 9  0 . 1 2 5  0 . 1 2 3  0 . 1 2 7  0 . 1 2 8  

0 . 1 6 0  0 . 1 3 1  0 . 1 2 9  0 . 1 3 3  0 . 1 3 5  

0 . 1 6 1  0 . 1 3 1  0 . 1 2 9  0 . 1 3 4  0 . 1 3 5  

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

TABLE E.XXI1 

I3lI CUMULATIVE RELEASE (Ci) a t  2 h 
ITEMP = 3,  NEQ = 2 

0 . 0 8 9  0 . 0 8 8  0 . 0 8 7  0 . 1 3 2  0 . 0 9 9  

0 . 1 5 3  0 . 1 1 3  0 . 1 0 7  0 . 1 0 8  0 . 1 0 8  

0 . 1 5 7  0 . 1 2 1  0 . 1 1 6  0 . 1 1 9  0 . 1 2 0  

0 . 1 2 7  0 . 1 2 8  0 . 1 5 9  0 . 1 2 5  0 . 1 2 3  

0 . 1 6 1  0 . 1 3 1  0 . 1 2 9  0 . 1 3 3  0 . 1 3 5  

0 . 1 6 1  0 . 1 3 1  0 . 1 2 9  0 . 1 3 4  0 . 1 3 5  

1 5 7  



TABLE E.XXII1 

I3lI CUMULATIVE RELEASE (Ci) at 2 h 
ITEMP = 3, NEQ = 3 

y IC 20 40 100 300 500 

1 0.111 0.093 0.088 0.087 0.087 

5 0.127 0.106 0.106 0.108 0.108 

10 0.131 0.114 0.115 0.119 0.120 

25 0.132 0.116 0.121 0.127 0.128 

100 0.134 0.122 0.127 0.133 0.135 

200 0.134 0.122 0.127 0.134 0.135 

1 

r 

TABLE E.XXIV 

l3II CUMULATIVE RELEASE (Ci) at 2 h 
ITEMP = 3, NEQ = 4 

1 

5 

10 

25 

100 

200 

~ ~~ ~~ 

20 40 100 300 500 

0.140 0.102 0.090 0.088 0.088 

0.207 0.132 0.113 0.110 0.110 

0.231 0.147 0.126 0.122 0.122 

0.244 0.155 0.135 0.131 0.131 

0.254 0.164 0.142 0.138 0.138 

0.255 0.165 0.142 0.138 0.138 

158 



TABLE E.XXV 

l3lI CUMULATIVE RELEASE (Ci) AT 2 h 
ITEMP = 4,  NEQ = 1 

1 

5 

2 0  40 1 0 0  3 0 0  5 0 0  

0 . 1 3 9  0 . 1 1 0  0 . 1 0 2  0 .100  0 .100 

0 . 1 8 2  0 .162  0 . 1 7 0  0 . 1 8 1  0 . 1 8 3  

1 0  

2 5  

1 0 0  

2 0 0  

0 . 1 8 4  0 . 1 6 7  0 . 1 7 8  0 . 1 8 9  0 . 1 9 2  

0 . 1 8 5  0 .172  0 . 1 8 3  0 . 1 9 5  0 . 1 9 8  

0 . 1 8 6  0 . 1 7 5  0 . 1 8 6  0 . 1 9 8  0 . 2 0 2  

0 .186  0 . 1 7 5  0 . 1 8 6  0 .198  0 . 2 0 2  

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

TABLE E.XXV1 

1311 CUMULATIVE RELEASE (Ci) AT 2 h 
ITEMP = 4, NEQ = 2 

2 0  40  1 0 0  3 0 0  500  

0 .139 0 .110  0 . 1 0 2  0 .100  0 .100 

0 . 1 8 2  0 . 1 6 2  0 . 1 7 0  0 . 1 8 1  0 .183  

0 .184 0 . 1 6 7  0 .178  0 . 1 8 9  0 . 1 9 2  

0 .186  0 . 1 7 2  0 .183 0 .195  0 . 1 9 8  

0 . 1 8 6  0 . 1 7 5  0 . 1 8 6  0 .198 0 .202  

0 .186  0 . 1 7 5  0 . 1 8 6  0 . 1 9 8  0 .202  

1 5 9  



n 

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

TABLE E . X X V I 1  

l3II CUMULATIVE RELEASE ( C i )  AT 2 h 
ITEMP = 4 ,  NEQ = 3 

0 . 1 2 0  0 . 1 0 5  0 . 1 0 1  0 . 1 0 0  0 . 1 0 0  

0 . 1 5 6  0 . 1 5 2  0 . 1 6 8  0 . 1 8 0  0 . 1 8 3  

0 . 1 5 6  0 . 1 7 6  0 . 1 8 9  0 . 1 9 2  0 . 1 5 7  

0 . 1 9 5  0 . 1 9 8  0 . 1 5 8  0 . 1 6 1  0 . 1 8 0  

0 . 1 9 8  0 . 2 0 1  0 . 1 5 9  0 . 1 6 3  0 . 1 8 3  

0 . 1 5 9  0 . 1 6 3  0 . 1 8 3  0 . 1 9 8  0 . 2 0 2  

20  40  1 0 0  3 0 0  5 0 0  

y I C  

1 

5 

1 0  

2 5  

1 0 0  

2 0 0  

2 0  40  1 0 0  3 0 0  5 0 0  

0 . 1 4 2  0 . 1 1 1  0 . 1 0 2  0 . 1 0 1  0 . 1 0 0  

0 . 3 4 6  0 . 2 2 0  0 . 1 9 4  0 . 1 8 9  0 . 1 8 9  

0 . 2 3 1  0 . 2 0 4  0 . 1 9 9  0 . 1 9 8  0 . 3 6 2  

0 . 3 7 2  0 . 2 4 0  0 . 2 1 0  0 . 2 0 5  0 . 2 0 4  

0 . 3 7 8  0 . 2 4 4  0 . 2 1 4  0 . 2 0 8  0 . 2 0 8  

0 . 3 7 8  0 . 2 4 4  0 . 2 1 4  0 . 2 0 8  0 . 2 0 8  

TABLE E . X X V I I 1  

l3II CUMULATIVE RELEASE ( C i )  AT 2 h 
ITEMP = 4 ,  NEQ = 4 

n 

#? US. GOVERNMENT PRINTING OFFICE: 1976-777-018/14 

1 6 0  


	ITEPIP = 2 I'J = 100 IC =
	10
	12
	14
	16
	18
	20
	ITEIP = 4 IT = 100 IC =

	0.00016
	I 0.113
	10
	12
	14
	16
	18
	20



