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Abstract

The radioactivity in the spent fuel storage pool is calculated to ensure to maintain its
concentration below the permissible limit, when the storage capacity of Uljin nuclear power
plant unit 1&2 is extended from 9/3 to 32/3 core using consolidated fuels in maximum
density rack (MDR), For this evalulation, two models to calculate the spent fuel pool activities
on the continuous and intermittent operating its purification system are developed and these
results compared, The results of above two cases show that the current water purification
system can not guarantee the radioactivity concentration below the design limit, 5X107* xCi/
ml, for the extention to 32/3 core. Therfore, it has been concluded that a modification of the
current purification system is necessary to extend the spent fuel storage capacity with the
above method. The alternative way suggested in this study is to increase the number of cation

bed demineralizers.
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1. Introduction

As the reprocessing policy for spent fuel is de-
ferred infinitely and the construction of nuclear
power plants is increasing, the spent fuel storage
pools will be jampacked around the end of 1980’s
for the case of Kori 1 and after the middle of
1990’s for the other units in Korea. Therefore, a
plan for the extension of the current spent fuel
storage capacity or the construction of a new in-
terim storage facility must be established before
the shortage of at-reactor storage capacity should
occur. Especially, its extension is pressing since
each storage capacity of Uljin 1&2, is only 9/3
core.

As a part of study on the extension of the spent
fuel storage capacity from 9/3 to 32/3 core by
storaging the consolidated fuel in the maximum
density rack for Uljin 1&2, it has to be evaluated
whether, in this case, the current purification sys-
tem can maintain the storage pool activity below
the accept limit or not. For the purpose of this
evaluation, two calculational models were de-
veloped. One is to calculate spent fuel pool activi-
ties on the continuous operating its water purifica-
tion system and the other on the intermittent
operating. The design criteria” for the water puri-
fication system in the spent fuel storage pool is
such that ; during normal operation of the purifica-
tion system, the annual averaged specific activity
in the spent fuel pool should be maintained below
5X10™* xCi/ml. In addition, operation of the
purification system should be able to bring down
the activity below the basis limit within 72 hours.

2. Description of the calculational model
1) Backgrounds of calculation

It is assumed that upon shutdown for a refuel-
ing, the reactor coolant system is cooled down for
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a period of approximately 100 hours. During this
period, the production rate of radioactive nuclides
in the reactor coolant is functions of the fraction
of defective fuel rods, the escape rate coefficients
of nuclides, and the radioactive concentration in
the fuel. On the other hand, the primary coolant
lets down through the purification filter, purifica-
tion ion exchanger, gas stripper, and volume con-
trol tank. In this calculation, the defective fuel rods
are assumed to be uniformly distributed through-
out the core ; thus, the fission product escape rate
coefficients are based upon Preliminary Safety
Analysis Report (PSAR) for Uljin 1&2. The para-
meters used in the calculation of reactor coolant
activities are given in Table 1. The primary leak-
age-out and gas stripping are excluded.

Table 1. Parameters Used in the Calculation
of the Reactor Coolant Activity®®”
1. Reactor coolant mass: 1.841EQ5 Kg
2. Refueling water cavity volume : 1335m?
3. Chemical volume and control system
* Purification flow rate
Oduring normal operation : 13.6m?/hr
Oduring shutdown : 27.2m*/hr
* Filter
Odecontamination factor : Cr-1.4 Mn-4.2
Fe-3.2 Co-55
* Mixed bed demineralizer
O decontamination factor : noble gas-1
Y, Mo, Cs-1
other isotopes-10
* Cation bed demineralizer
O purification flow rate
during normal operation:1.36m*/hr
Odecontamination factor : noble gas-1
Y,Mo,Cs-10
other isotopes-1

After reducing somewhat reactor coolant activ-

ity, the coolant above the reactor vessel flange is
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partially drained. The reactor vessel head un-
bolted and the refueling water cavity are filled with
the incoming water from the refueling water stor-
age tank. The remaining reacor coolant volume
containing radioactivity is then mixed with water
in the refueling cavity. The discharged fuel
assemblies from the reactor core are transferred to
the spent fuel storage pool through the fuel trans-
fer tube. At this time, part of the refueling cavity
water containing radioactivity enters the spent fuel
pool through the fuel trasfer tube. After refueling,
the spent fuel pool is isolated and the refueling
cavity water is returned to the refueling water
storage tank.

Because the temperature of the handled and
stored spent fuel is much lower than reactor oper-
ating temperature, the fuel gap activity escape rate
coefficient for the spent fuel located in the spent
fuel pool is extremely low.? Most of the activity
escapes from the defective fuel elements during
shutdown and cooldown of the reactor prior to
removal of the reactor vessel head. If the signifi-
cant release from failed fuel are detected, the de-
fective fuel elements will be isolated in a separate
container so that the released activity negligibly
contributes to the specific activity in the spent fuel
pool water. Thus the primary source of radioactiv-
ity in the spent fuel pool water, after refueling
operations have been completed, is due to dis-
placed activation product (i.e., crud) from the sur-
face of the spent fuel assemblies and radioactive
nuclides incoming from the refueling cavity
through the fuel transfer tube. The spent fuel pool
water purification system consists of the skimmer/
strainer to remove the floating matters on the sur-
face of the spent fuel pool as well as the purifica-
tion components with mixed and cation bed de-
mineralizers and filters. But the skimmer/strainer
are excluded in this calculation. The parameters
used in the calculation of spent fuel pool activities

are given in Table 2.

2

4

Table 2. Parameters Used in the Calculation
of the Spent Fuel Pool Activity®"
1. Spent fuel pool volume : 1326m?
2. Purification rate
Oduring normal operation : 60m?®/hr
3. Filter
O decontamination factor :
Cr-14
Mn-4.2
Fe-3.2
Co-5.5
4. Mixed bed demineralizer
O decontamination factor :
Noble gas-1
Y, Mo, Cs-1
other isotopes-10
5. Cation bed demineralizer
O decontamination factor :
noble gas-1
Y, Mo, Cs-10
other isotopes-1

. Assumptions used in this study are as follows

~

)

fams

R

=

The fission products escape rate coefficients in
the spent fuel pool are 10 * times that in the
reactor coolant during normal operation. (See
Table 3.)*7

The fission products and corrosion products
activities in the reactor coolant are referred to
PSAR for Uljin 1&2.*

On normal operation, the fraction of the fuel
rods with defective cladding is 1% correspond-
ing to design condition in the reactor coolant
and the spent fuel pool.

After shutdown, the reactor coolant purification
system operates duri 3 days.?

It takes 30 minutes to transfer a discharged fuel
assembly to the spent fuel storage pool.

The life time of the nuclear power plant is 3

years.
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Table 3. Escape Coefficients in the Spent Fuel
Pool.®? Unit : Day

-

Fission products :
Noble gas 5.616E-06
Halogen and Cs 1.123E-06
Mo 1.728E-07
Te 8.640E-08
Sr, Ba 8.640E-10
La, Y, Zr, Rb 1.382E-10
Nb, Tc, Ru 1.382E-10

Corrosion products :
Cr-51 6.05E-08
Mn-54 1.40E-07
Fe-55,59 1.97E-07
Co-59 1.36E-06
Co-60 6.86E-08

4. Calculational methods

The fuel design parameters are referred to nuc-
lear design report (NDR) and loading partern of
Uljin 1&2 provided by Korea Electric Power Cor-
poration. {See Table 4.) Based upon above the
data, the fission product activities in the spent fuel
are computed for each batch using ORIGENZ2
computer code.” ORIGENZ2 code determines the

Table 4. Fuel Loading Pattern

operating | EDPD | Enrich Bumup | No. of
Batch cycle fuel
load.-disch.] day w/o | MWD/MTUjassembly
1A 1-1 292 1.80 | 13821 51
1B 1-2 584 1.80 [ 18931 1
2A 1-2 584 240 24529 51
2B 1-3 876 | 240| 33185 1
3A 1-3 876 | 310} 32570 51
3B 1-4 1168 | 3.10| 37928 1
4A-30A, 2-30 876 | 3.25| 33828 51
30B
4B-298 2-30 1168 325| 38330 1
31 29-30 584 | 325 22640 52
32 30-30 292 ] 325 9890 52

buildup and depletion of nuclides in the nuclear
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materials during irradiation and decay using the
matrix exponential method. The nuclides con-
tained in the ORIGENZ2 data bases have been
divided into three segments; 130 actinides, 850
fission products, and 720 activation products (a
total of 1700 nuclides). Therefore, ORIGENZ2 code
is suitable for calculating the PWR spent fuel com-
position. After reactor shutdown for a refueling,
the reactor coolant should be purified for a while.
At this time, the rate of changes in the activity of
nuclide i may be written as follow ;

dC DaA
T:A%—e —( A+ a,)t —_B\C|(t) (1)
where

A :radiocactivity of nuclide i calculated in the
core fuel using ORIGEN2 code

D :fraction of fuel rods with defective clad-
ding

@, :escape rate coefficient of nuclide i

A :decay constant of nuclide i

f : CVCS purification flow rate

DF: : decontamination factor of nuclide i

1
Bi= Atf= A‘+f(1_ﬁ)
Ci  :radioactivity of nuclide i in the reactor
coolant
V  :reactor coolant mass
t : operation time of purification system.

If C{0)=M: at t=0, the solution of eq.(1) can be
expressed as follow ;
D aA

C{)=Me _-ﬂ"t-f_v—(f.——a’.)

[efim et —a]emfit @

Now the spent fuel pool activities are calculated
for two following cases.

i)} Continuous operation of the purification
system

If the spent fuel assemblies for each batch are
placed in the spent fuel pool and the radionuc-

lides are continuously released from the spent
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fuel, the rate of change in activity of nuclide i may
be written as follow ;

—at n-th year,

E‘EL:[ 3 B (=K (x.+a.)7]e—u.+ a)t
dt T
—BCAt) 3)

where,

Biw=D aAw/V

A : the activity of nuclide i in the spent fuel after

being discharged at the k-th year

7 :refueling interval of the fuel.
Since C(0)=Cin (7 }+M at t=0, the solution of
eq.(3) is expressed in the form

Colt)= [C (7)+M] e — At

= —(n—k}(A+ a)y
4o B.ke

f— a
X [e(f‘_ ajt —1] e — At )

where C.. (7)) in the radioactivity concentration
of nuclide i at the end of the (n—1)-th year.

ii) Intermittent operation of the purification
system

We assume that the purification system has re-
peated operation/stop at the interval of 7o= 17/
2M. Then, the equations of the changes in the
activity of nuclide i for each interval are given as
follow ; —at n-th years

@ first operation condition

dC. 1 g =k A+ a)y] (At at
dt *[ 21 Bie (l’l )( ) :|€

—BCwH (5)

Since Ci(0)=C. ~-1(7)+M, at t=0, the solution of

eq.(5) is expressed in the form ;
Conlt)=[Conil V) +M] e — Bt

2 B —M—K(2+a)y

+

f— a

[e(fral)t-l]e/)’.t (6)

® first stop condition
dCi n e (A+ a)’
Bl k) (A+ a)7 oo
i =2 Bt @],
o~ (At a}t— ACH) (7)
Since Ci(0)=C...(7) at t=0, the solution of

eq.(7) is given as follow ;

Coral)=Cuns( Yoo — At

+J[E Bie—(n—KI(A+ )7 |

a
% [e—/l.t_e—( At a.)t}e—( At @) 7o (8)

® m-th operation condition

%:[kgl Blke—(n*k)(/lﬂ—a.)’}

e —2(m—1)( A1+ @)%
xe (At @t_g 9)

Since C(0)=C.nzm 1(Y0)e at t=0, the solution
of eq. (9) is given as follow ;
Cinizm 1(t):Cm.z:m h( 7())e_/9't

S B~ KAt a7

<
k-1

+ f— a

x [e(fral)t_l]e —2(m—1)(A+ @) Yo, — At (10)

In addition, we can obtain the activity at the end

of the m-th operation condition ;

Table 7. The Description of the Intermittent opera-

tion Cases
Case Case NoJNo. of cation bedOperation period
demi.
1 1 -
Continuous
2 2 -
operation
3 3 -
4 1 2 months
5 2 2 months
Intermittent
6 3 2 months
operation
7 3 3 months
8 3 20 days
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In addition, we can obtain the activity at the end
of the m-th opération condition ;

’

CLn.?m*l( 7o) =Cini{ 70)6_(m— (At B) %o

x L[5 Bt a‘)y]

x["s) o=@ 1At ayreg mTIAT ) 7]
—(n—k( i+ @) 7
+ 3 Bie
K= f— ai
X I:e(f|—al)t_1]e {fi— a) 70_1] (11)
x| "z e AT @) Yop—(m—1=j At A%

}e‘ Bi7o

® m-th stop condition

dd—?:[él Bie— (KAt )7]

—(2m—1)( A+ «a) }'oe—( At ajt_ ACI() (12)

Since Ci(0)=Cinzn-1(70) at t=0, the solution of
eq.(12) is given as follow ;

1
Cinzm(t)=Cin2n-1{ Yo)e Aty .

X [z Bme—(n—k)u.ﬂ.)r]

Xe—@m—1)( 4+ a) 70[1_e_ “"t]e_ At 13

In addition, we can obtain the activity at the end

of m-th stop condition ;
Cinzel ¥ ) =Cana( 7 oJe "M At ) Yoo B70
XL[ $ Be—(—k(A+ a) 7]
a; k=1

x [e— AYo o~ (At @) 70]
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X[ gl o (2= D At @) Yop— (m—j){ A+ B)
) 70} (14)

=

—2j( A+ @) Yo, —(m—j)( At B) 70]

<[,

e
5. Results

The spent fuel activities are computed for each
batch using ORIGENZ computer code and the
results are represented in Table 5. Just after dis-
chare, the activities of spent fuel assemblies for
each batch are slightly over 8.0X 107 Ci. There is
little difference between the activities for each
batch since the activity is saturated with burnup
being over 1000 MWD /MTU. The structure mate-
rials except the cladding material (i.e., Zircaloy)
are excluded since the spent fuel assembly is dis-
assembled and the fuel rods are only stored in the

maximum density racks.
1) Case of continuous operation

Figure 1 shows the spent fuel pool activities of
n-th year under continuous operation after n-th
refueling. Each case was specified by the number
of cation bed deminearlizer, 1,2 and 3 respective-
ly. (See Table 7.) For the case when the total of
1668 (32/3 core) assembly places are complete-
ly occupied by the spent fuel assemblies over 30
years and the purification system continues its op-
eration, the change in the activity of the storage
pool is calculated and shown in Figure. 2. The
radioactivities for each nuclides are given in Table
6. As shown in Figures 1 and 2, the storage
capacity of spent fuel pool with the current puri-
fication system can not be extended to 25/3 core

or more. However, Increasing the number of the
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Activity (10=6 Ci/ml)

Activity (10-6 Ci/mi)
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Figure 1. Annual Spent Fuel Pool Activities for
Continuous Operation
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Figure 2. Spent Fuel Pool Activities after 30-th Re-

fueling for Continuous Operation
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cation bed demineralizer to 2 or more in the spent
fuel storage pool forces its radioactivities to main-
tain below 5X10 * . Ci/ml even though the stor-
age capacity would be extended to 32/3 core.

2) Case of intermittent operation

According to the number of cation bed de-
mineralizer and operation period of the purifica-
tion system of spent fuel storage pool, each case
{Case 4 through 8) was specified and shown in
Table 7. Figure 3 shows the spent fuel pool
radioactivities of n-th year under intermittent op-
eration ofter n-th refueling. Figure 4 describes the
change in the radioactivity of the storage pool
after 30-th refueling. As shown in Figure 3 and 4,
all cases can not satisfy the design limit. At the
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start of the purification. storage pool activity is
higher than that for a continuous operation. This
is due to the radionuclides which have been more
accumulated before refueling. The half lives of the
major radioactivity sources (i.e.. Cs-134 and Cs-
137) are longer than those of the other sources so
that there is little effect on reducing radioactivity
due to a decay during the purification system
stop. Instead the radioactivity is on the increase
due to the leakage from the spent fuel assembly
through defective fuel rods.

6. Conclusion

According to the results for above all cases, the
major radioactivity sources in the storage pool are

1£-03
Case 1
Design limit
— Case 2
& Case 3
3
?
o {E-04
Wy
>
°
g
-05 T T Y T
e 0 5 10 20 25 30

Figure 3. Annual Spent Fuel Pool Activities for In-

termittent Operation



Analysis of Water Purification Capability---Chae Joon Lim, Goon Cherl Park and Chang-Hyun Chung 93

fission products such as Cs, I, Sr, Ce, and Y, and
corrosion products such as Co, Cr, Fe, and Mn,
Among them, Cs-134 and Cs-137 are present for
a long time as the major source. The radioactivi-
ties for all cases except Case 2 and 3 can not be
individually maintained below 5X10 * ;.Ci/ml
corresponding to the permissible limit. According
to Figure 4, to reduce the operation period makes
the maximum radioactivity decrease. From Figure
2, it is shown that, after operation of the purifica-
tion system, the activity is strictly decreasing until
30 days and slowly thereafter. However, the op-
eration of the purification system can not be able

to reduce the storage pool activity below permissi-

ble limit within 72 hours for above any cases.
Finally, we may conclude that the storage pool
activity can not be controled below the permissi-
ble limit using the current purification system and
intermittent operation for extention of the spent
fuel storage to 32/3 core. Although its purification
system can not reduce below the limit, 5X10 * #
Ci/ml within 72 hours, the way which increases
the number of cation bed demineralizer was sug-
gested to reduce the radioactivities of spent fuel
pool below the limit within 3 weeks. The more
the number of catien bed demineralizer, the shor-
ter the time required for spent fuel pool radioac-

tivity to become below the permissible limit.
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Figure 4. Spent Fuel Pool Activities after 30 -th
Refueling for Intermittent operation
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