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LCIW FISSION PRODU(.T RELEASE AND CIRCULATING

ACTIVITY CALCULATIONS FOR GAS-COOLED REACTORS

by

Courtney E. Apperson, Jr.
Lucy M. Carruthers
Clarence E. Lee

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

1NTR09UCTION

The inventories of fission products in a gas-cooled reactor under acci-
dent and normal steady state conditions are time and temperature dependent.
To obtain a reasonable estimate of these inven~ories it is necessary to con-
sider fuel failure, a temperature dependent variable, and radioactive decay, L
time dependent variable. Using arbitrary radioactive decay chains and pub-
lished fuel failure models Eor the High Temperature Gas-.Cooled Reactor (HTGR),
methods have bees developed to evaluate the release of fission products during
the Loss of Forced Circulation (LOFC) accident and the circulating and plate-
out fission product inventories during steady state? non-accident operation.

The theoretical and numerical data base for the modeling of fission pro-
duct release from an HTGR during a LOFC has been described previously in the
discussion of the LARC-1 code.1 This release code includes the effects of tem-
perature modeling, fission product release rates, coated fuel part’.cle (BISO
and TRISO) fuel failure fraction, and aged coated fuel particle failure frac-
tion using analytic fits. The effects of diffusion, adsorption, and evapora-
tion of meta?lics and of precursors were neglected’. The LARC code cn=ory has

now been expanded to include arbitrary radioactive decay chains. Using this

theoretical extension of LARC-1, the LARC-2 code has been developed.2
The LARC-2 model presented here neglects tne time delays in the release

from the HTGR due to diffusion of fission products from particles in the fuel
rod through the graphite matrix. It also neglects the adsorption and evapora-
tion process of metallics at the fuel rod-graphite and graphitq-coolant hole
in~erfaces. Any time delay due to t~e finite Lime of transport of fission
products by convection through the coolant to the outside of the prestressed
concrete reactor vessel (PCRV) is also neglected. This model. assumes that all

fission produc~s released from fuel particles are irmnediateiy deposited outside
the PCRV witl)no time delay. The real situation, assuming the same data base,
will be time dclcyed from t~lesolutions presented.



The circulating and plate-ou~ fission product inventory inside tllcprilnary
containment of an HTCR is determined by the partitioning between thr Ileprimary
coolant, tl~ecleanup system, the plate-out surfaces, and the fuel. A thccrc-
tical data bazc has been developed to model this system. This model iII(.~U[]eS

the effects of coated particle fuel failure, aged coated fuel particle failure
fraction using analytic fits, removal of fission products by a primary coolant
filter, plate-uut onto the internal surfaces of components inside the PCRV,
fission product release from failed and intact fuel particles as a function of
temperature, and arbitrary radi.active decay chains. The SUVIUS code has been
developed from this modei.3

The SUVIUS code assumes that the source of fission products to the primary
coolant from the fuel is linear for small time steps and follows an Arrhenius
relati~,, for both intact and failed fuel particles. It is further assumed
that the primary coolan: of ~n HTCR is well mixed and that the filtration and
plate-out removal rates (Ireconstant for each nuclidc Leiiibc...;idered. Fue1
failure is determined from the analytic fits developed for the lARC cade series
and fission product production rates are based on the reactor power.

The required mathematical tools for both of these models were originally
developed and ap lied to the calculation of the release from a reactor contain-
E129Kbuilding.b’ ! The solution methods used there have been extended and re-
fined for solving the more complex problems of LA.RC-2 and SUVIUS.

MULTICOMPONENT DECAY MODEL

Release from HTGR During LOFC (LARC-2)

Consider the system shown in Fig. 1 c~mposed of an HTGR core during an
LOFC, from which fission products ale emitted from failed and intact BISO and
TRISO particles in a time Qependent temperature field, T(t). The fission
products act as a source, S, of radioactive materials from the PCRV to the
containme~ building.

Let Ni be the amount of an isotope in a chain (~) resulting from failccl
(i = 1) or intact (i = 2) release of fission products from BISO (a = B) or
TRISO (fl= T) particles in the fuel. The diagonal release rate matrices are
defined by r:. The source to the containment building is composed of the re-
leased fission products as given by

(1)

This assumption, of course, ignores any time delays due to diffusion hold-up,
plate-out, lift-off, etc., or convection delay in coolant circulation. Thus ,

this model is “c~nsenative” in not giving any credit to those processes which,
in fact, have a non-negative decay associated with them.

The PCRV in Fig. 1 is surrounded by a containment building, which leaks at
a rate L,(sec-l). Inside the containment building there is a cleanup filter
havi~g a cleanup rate V(sec-l). Noble gases are not removed by the filter.
Let ~’ be the amount of the isotope in the chain in the containment building
aud F be the total amount absorbed on the filter.

Denote ~ the decay chain matrix, and L and V the diagonal leak and clean-
up matrices, respectively. The negative off-diagonal elements of ~ include

the branching ratio factors.
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Fig. 1

SCHEMATIC LARC-2 MODEL

The balance equations describing the release from the particles are
given by

d?
—.
dt

-A;i; (i = 1,2 ;a = B,T), (2)

where the matrices A; are definefl by

f’i~=x+r~, (3)

‘~ represents tiletime averaged value of r3nd r ‘~ over the time interval (O,T),
as

.(3 1
‘i=z-

lr~ (0) +r~ (T)] . (4)

Similarly ,+thc.equations governing tl]eamount of isotope in th$ contain-
tlwnt buildj.ng, N“, and that absorbed in the filter cleanup system, F, are
p,ivcnby

‘:jp.—. . _
dt

A;’ - A*;+;, (5)



~llere the source to the containmel~t building, ~, is given by Eq. (l). Symbols
used in Eq. (5) arc defined as:

A =X-A*, (6)

where ? is the time averaged diagonal cleanup matrix, and ~ is the time aver-
aged diagonal containment !Juilding leakage matrix. The matrix J, which is
involved in the Cartesian product, 8, in Eq. (6) is defined elementwise by
dij = Pi(l - 6i ), where pi is 1 if i represents a n~ble gas and O otherwi~e,
and 61j is ~he kronecker delta.

In the Const.a.ltRelease-Renomalized model, two assumptions are made:

1. The release rates, cleanup, and leakage rates (ra, V, and L) are
assumed constant over a small time interval T. i i If ~ represents a
time averaged quantity, then

; =+ [Y(o) +Y(T)] , (7)

where y(0) and y(T) are the values of the q~lantityat the beginning
and the end of the time interval, respectively.

2. The isotopic densities are reno:nalized to exactly match the failed
fraction versus time relations, as reviewed below.

From a study of the intact-failed transition it became clear that ❑atching
the failed fractions for PISO and TRISO particles as a function of time is
crucial. The failed fraction is implicitly a function of time since it is a
function of the temperature which is a function of time. This analysis 7.cads
to the approximation of the Constant Release-Renomalized model in LARC-1. The
failed fraction, f(t), for a given isotope, ni(t), in a chain iS defined by

nl(t)

‘(t) = nl(t) + n2(t)
(8)

where nl is the amount of the isotope from failed particles and nz is the
amount from intact particles.

Assuming that we know f(t) for each isotope, wl”.ichwe do, then we adjust
the ratio nllnz while maintaining the constancy of the sum, nl + nz. This
renormalization of ni(T),an element of ~~, at the end of each time step T to

ni(0) at the beginning of the next time step is accomplished by the trans-
formation

f(T) InI(T) + nz(T)1+nl(0)

1-
[ 1f(T) nl(T) + n:(T) +n2(o)

(9)

w for both BISO and TRISO, using the f(T) specific to eachfor each ni in Ni,
type. The failed fraction is a func~ion of the temperature, which is a func-
tion cf the time and core volume fraction. Thus, f(t) is implicitly a func-

tion of time.



Equations (2). (4), and (5) can bc written in a more compact form by de-
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If m is $he number of elements in an arbitrary radioactive chain, the dimen-
sion of X is 6m, and A is a 6m by 6m square matrix.

Using the definitions of Eq. (10), Lhe equations for fi~,~, and ~ take
the simple fo~m

&=*$
dt

(11)

Assuming that A is constant over the time interval (O,T),the solution to
Eq. (11) is

i(T) = eATI(0) (12)

where l-he~(0) represent the initial con~:tions at the beginning of the inter-
val . The details of the evaluation of e are discussed below.

The release from the PCRV and the conta~nment bu$lding are quantities of
significant interest. Defining the vectors R(t) and R-(t) as the release from

the PCRV and containment building, respectively, the governing equations are
given by

(13)

(14)

Defining tilesupermatrices = and ~ by



.!6 -B -T -T
‘1 ‘2 ‘1 ‘2

0000

0000

0000

00

00

00

00

I00000000

then Eqs. (13) and (14) take

00

00

the form

,t=

o

0

0

d; -+
===x’

&=t~
dt ‘

~’hich h~-.~ the solution over the interval T given by

+
R(T) =;~ds~(s) =~TD(A.)~(0)

ii-(-r)= i/d9~(5) = tTD(AT)~(0)

o

i

(15)

(16)

(17)

(18)

(19)

The evaluation of the D(AT) operator is discussed in the next section.
We are also interested in the amount of the isotope in the coolant so

that ?Jemay calculate the fraction of the initial atomic inventory released to
the containment building, which is given by

U(t) = e
-~~*

u.(t-T) + i(T) (zCl)

Circulating and Plate-Out Activity at Steady State (SUVIUS)

Consider the reactor primary containment system shown in Fig. 2. The
=eactor core is a source, ?, of fission products to the primary coo~ant, N.
The primary coolant is a source of material to the cleanup s stern,F, at a re-

‘).
Y

moval rate of V(s- Material plates o~t at a rate of IT(9- ) onto the pl:,te-
vut surface whose inventory $s given by P. There also is some fission product
inventory left in the core, B.

The cleanup and plate-out removal rates can be different for each nuclide
in a chain and are.most conveniently defined as fliagonalmatrices. Wi thin

this framework an individual nuclide does not have to be plated-out or
filtered.

The source, ?, is a linear function of time and is the SUITIof two vectors.

;=; + t;l (21)
o



This gives rise to four dlffcrenLial equations. This family of eq~lations
can readily be displayed in matrix form as in iqs. (22).
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Fig. 2 SCHEMATIC SUVIUS MODEL

where

x=

A=

000 )-A O A*

v -1 c1

IT o -A

(22a)

(22b)

The matrix A is a cf~mposite of mat$ices ~ince all of its elements are
matrices, In like manner!. the vectors sand ~ilre made up of four individual
v?ctors . Each vectcr in X has as many elsments as there are nuclides ia a
given chai,l,n. This implies the vector X has 4n elements and A is a matrix
of dimension 4n x 4n.



In the composite matrix, A, the matrix I accounts fur the decay of maLc-
rial in the fuel, 2* is the source of material into th~ coolant, A is the re-
moval and decay of materials in the primary coolant, A tiledecay in the clclan-
up system, A the removal and decay .~ material on the plate-out surfaces, A*
is the return of plated-out material to the coolant, V is the cleanup removal
rate, and n is the plate-out removal rate matrix.

The A, A, and A* matrices have been defined in Eq. (6). The E and Z*

matrices are defined in Eq. (23).

= I,i
‘ii .

(23)

X*i,j = ~tiGi(T)b
j<i i,j

where bi,j is the branching ratio from i to j and
dent release fraction.

If we assume that the elements of the matrix
stant over a time interval (O,T), the solution to

G(T) is the temperature depen-

A and the vector ~ are con-
Eq. (22) is given by Eq. (24).

+ (
eAT

X(T) = eATi(0) ++ (l-eA~j;o + ~ -L+—
)A’ AZ 31

When Eq. (24) is written in terms of operators
next section the solution is given by Eq. (25).

[ 1~(~) = I + ATD(AT) ~(0) + TD(AT)EO

These solutions exist even if A is singular.

SOLUTION METHODS

The equations to be solved are of the form

which will be

+ T2Z(AT)~l

(24)

defined in the

(25)

(26)

(27)



where the matrices A and F are constant over rhe time intcrva! ((),”().The
SUVIUS solution (Eq. ?2) comes directly from the solution of E . (26). The
LARC-2 solutions (Eq. 17, 18, and 19) come from Eq. (26) with 3 = O and Eq.

(27).
Since ~he matrix A ?,sconstant, the matricant of Eq. <28) can be con-

structed using the Volterra method of the multiplic~tive integral.6’7

~~(A)
[1

= exp J* A(s)cls = exp(A~).
3

The solution to Eq. (26) is given by

;(1] = f$(A)i(0) + ~Tdt ’K(T,t’)-&t’),
G

where

[1K(T,t’)= ~T(A) :/~’(A) ‘1

(28)

(29)

(30)

AT o

As is readily proved, both the matrix A and c are non-negative..

Substitution of Eq. (28) into Eqs. (29) and (30) gives

~(T) = eAT~(0) + eATJTdt ’e-At‘sit’). (31)
o

~f ~(t’).~= O in+Eq. (31) the solution to Eq. (11), is obtained (Eq. 12).
If S(t’) = so + t’S1over the interval (0,1), Eq. (32) is the solution to Eq.
(22).

By defining the oper:~tors D(AT) and Z(AT) by

()
D(AT; =(A#eAT - I (33)

Z(AT) = (AT)-l
(D(AT) -1,

(34)

Ec[uation (32) can be simplified to Eq. (25).
By integrating Eq. (27) with S(t’) = 2, the solution form of Eqs. (18) and

(19) is obtained.

(35)

Substituting the oper~tor D(A~) into Eq.(3~) gives F<. (36), which is in the
same form as llqs. (18) and (19).

II;(T) =F TD(AT) ~(0) (36)

Not-c that the matrix operators D(C) and Z(C) defined by



~(c) = c-l(ec - 1) = ~ L.[).—.-.—.- --
n=O (n+ l)!

and

z(c) = C-l(D(C) - I) = $=0 &:7,
.

(37)

(39)

exist even if C = AT is singular. * Although the ci~env.alues of c
c

arc bounded
by unity, and the eigenvalues of C are bounded, but not nec~ssarily by uniLy,
the direct evaluation of D(C) and Z(C) would prove difficult comp~ltdtionally
if Eqs. (37) and (38) are used. We can scale the matrix C so that the eiEcn-
values are bounded by unity. Define

H = 2-PC, (39)

where p is deturmlned by

or

1<—
2

(40j

)

2 /(2fln2).7’8 (41)

We approximate the D(H) and Z(H) matrix operators by d finite number of
terms M using Eqs. (37) and (38).

M n
Z“(H)= ~=o (nH+ 2)!

(42)

(43)

M is determined such that the excluded terms have an error less than some E,
or

W: < 1
(M+2)!

~ E.
2‘4+1( M+ 2):

(44)

Knowing D(H) and Z(H), we may recur upwards by powers of 2 in H to find
D(C) and Z(C) where C = 2Eh, using the recursion relations

D(2P + lH) = D(OPH)
[
I ++(2PH)D(2PH)]- 1

and

Z(2P
[ 1+lH) = ;Z(2PH) +~ D(2PH) 2 .5

(45)

(46)

*For example, a chain involving a stable isotope will lead to a matrix that
is singular.



FISSIO:;PRODUCT RELEASE CALCULATION

The LARC-2 code requires input of nuclicledata i=cluding br.anchinz ratios,
decay consL:ints, atomic ]:dsses, initial coilcentratiun:{,and isotope group for
release constants. initial concentrations may be in atoms or curies - Outl)ut
will be in the same units. Also, input of time steps, cleanup rate data and
leakage rate data is needed.

As a sdmple calculation, che 131 chain shown in Fig. 3

1315n
_“sb<m&A<’31~

131 ~e 131 ~e

Fig. 3 MASS-131 Chain

using datz shown in Table I

NUCLIDE

l?l~n

131~b

131~e

131Te

1311

131~e

131xe

T.lBLE I

}14\SS-131CHAIIiDATA

DECAY CONSTANT ISOTOPE CROUP FOR

(s-l)
RELEASE RATES

(See Table VI Ref. 1)

1.10023 X 10-2 8

5.02281 X 10-4 10

6.41603 X 10-6 10

/,.62(39/3 ~ 10 -4
10

9.97707 x 10-7 10

4.23695 X 10
-7

5

0. 5

INITIAL
COXCENTRAYION

(Curies]

6.67 X 102

1.55 x 104

5.96 X 103

1./9 x 103

2.25 x 104

1.37 x 102

1.83 X 101

produces results shown in Fig. 4 for the fraction in the coolant over a 20 hour
period of the LOFC accident situation.
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The fraction in the coolant is defi~ed as the number of atoms in the coolant
for the individual isotope divifitidby the total number of atoms belonging to
that c+ain initially present in the system. Time = 0, is taken as the time
of the loss of forced circulation. TI reactor is assumed to be shut down at
this time so that fissions stop and the total number of atoms for a given
chain is constant throughout the problem.

Data for initial concentrations is taken from Table 11.1-5 of Gassar-6. g
The table gives the equilibrium concentration of fission products per fuel
element - these are multiplied by 2944, the number of fuel elements in a
3000 MW reactor. Fuel types of Ft. St. Vrain or Cassar-6 may be selected -
this affects f~el failure rates and Ielease constants for the individual iso-
topes. The number of fuel types available y~ll be e:.tcnde(!to include an-
other C!~-estimate1° and an NRC-Tokar model.

The sample calculation is done with the Gassar-6 fuel ~~odel, SORS tempera-
ture model, 60% 13TS0loadillg, reactor age 4 years, aged fuel (1/4 of the fuel
repl~ced every year).



CIRCULATING AND PLATE OUT ACTIVITY RESULTS

A calculation of the mass-85 chain as defined in Fig. 5 has term per-
formed to demonstrate the SUVIUS code and to provide comparison with published
results.

Fig. 5 Mass-85 Chain

The basic data used by the code to solve this problem is displayed in
Table 11.12’13

TABLE 11

MASS-85 CHAIN DATA*

NUCLIDE DECAYCONSTANT PLATE OUT DIFPUSION PARAMETER AT 110 C IN FUEL

(s-l) RATE
(~-l) FAILED (s-l) INTACT

85AS .3415 .535 1.5 x 10-9 1.5 x io-ll

85se .01777 .535 1.94 x 10-9 4.38 X 10-15

85se .03648 .535 1.94 x 10-9 4.38 X 10-15

85Br .004025 .0 1.94 x 10-9 4.38 X 1015

85~r 4.298 X 10-5 .0 1.94 x 10-9 4.38 X 10-15

85Kr

85Rb

2.047 X 10-9

.0

.535 1.94 x 10-9

.0 1.0 x 10-18

4.38 X 10-15

1.0 x 10
-18

-5 -1*The purification removal rate for all nuclides is 4.27 x 10 s , The 85As And
85Rb diffusion parameters are chosen conservatively and all diffusion parameters

have an activation energy of 12.7 kcal/mole.



The reference problem was run assuming an HTGR operating ~$ 3,000 m(th)
with fuel failure occuring as defined by Shenoy and McEachem. The results
are displayed graphically in Fig. 6 for the primary coolant and in Fig. 7 for
the total plate out inventory for the sixth year of operation. The shorter
lived isotopes, ‘sAs, ‘5SC, and asmSe are not shcwn since their activity is
significantly lower than the other is~topes beinR considered. Tnert gases
don’t plate out; they therefore are only-present-in the coolant.
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Fig. 7 Plate Out Inventory

General Atomic Company has published results for the same mass chain13
for the middle of an equilibrium cycle. These results are compared in
Table III with the SUVIUS middle of cycle results for circulating activit:r
(Fig. 6).

TABLE 111

co~@~IsfJN OF CIRCULATING ACTIVITIES

AT
MIDDLE OF CYCLE

NUC’LIDE ACIIVITY (Ci)——
GA-AIPA ——SUVIUS——

85mKr 776.00 937.2

I
i

I 85 Kr
1.10 1.91 ,

I
I I I

1

I
I

L.—_._.._ I—-. I



T,~econtrast in the results can be accounted for by the ~ctailed burnup
calculation in the SUVIUS code which is not present in the General Atomic
code u~ed in their study and the use of different “best” fission yields.
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