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Abstract

Radioactive nuclides deposited on out—of—core surface after the radiation in the core by the
transport of corrosion products (CRUD) through the primary coolant system in PWR which is
the major plant type in Korea, are leading sources of radiation exposure to plant maintenance
personnel. Thus, the optimal chemistry operation method is required for the reduction of
radiation exposure by the corrosion products.

This study analysed the actual water chemistry operation data of four operating domestic
PWRs. And in order to evaluate the coolant chemistry operation data, a computer code which
can calculate the activity buildup in the various chemistry conditions of PWR coolant was
employed. Through the analysis of comparison between the activity buildup of actual water
chemistry operation mode and that of assumed Elevated Li operation mode calculated by the
computer code, it was found that the out-of—core radioactivity can be reduced by diminishing
the deposition of comrosion products on the core in case that the Elevated Li operation mode
is applied to the coolant chemistry operation of PWR. And the higher coolant pH operation
was shown to have the advantage of the reduction of out-of-core activity buildup if the
integrity of system structural materials and fuel cladding is guaranteed.
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1. Introduction

The minimization of radiation levels is a fre-
quently discussed issue in the Nuclear Industry.
Radioactive \nuclides deposited on the out-
—of—core surface in PWR primary coolant system,
caused by the transport of corrosion product-
s(crud) through the primary coolant, are a major
source of radiation exposures to plant mainte-
nance personnel. The main contributors to dose
rate buildup in the primary side of PWRs are
Co®°, which is an activation product of Co®®
formed by neutron capture, and Co®®, which is
formed from the Ni®® by an (n, p)-reaction. Both
nickel and cobalt are released from the out-
—of-core surface by corrosion effect and trans-
ported to the core, where the activation can take
place. They are also released directly from in—core
surface as activation products, again by corrosion
effect/1/. Judging from these processes of corro-

sion products in the primary coolant system, opti-

mization of the PWR primary side water chemistry
is recommended as the attractive choice of mini-
mizing the out—of—core radiation buildup.
Modeling and numerical estimations of crud and
activity transport are essential to systematic
approaches to the optimization of the PWR prim-
ary water coolant chemistry. Many investigators
have developed the computer codes such as
CORA, CRUDSIM, and PACTOLE/2,3,4/, in
order to estimate the effect of coolant chemis-
try(pH control) on out—of-core activity builup.
But, little research on the radiation field buildup
related to water chemistry operation method has
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been done in Korea. And the domestic plants
have been operated according to the operation
method only given by the vendors up to now.
Therefore, this study focuses on the evaluation of
the actual primary water chemistry operation data
for the domestic PWRs using the concept of
CRUDSIM model because of its various attractive
features of data analysis and conceptual sitnplicity
of application. And it is our belief that this work
will more or less contribute to the establishment of
the optimum water chemistry operation method
for the primary coolant of domestic PWRs by pre-
dicting activity buildup according to the various
operation methods and judging the operation
methods through the comparison of the predicted
data.

2. Role of coolant chemistry

PWR plant radiation fields can be affected by
numerous factors including type of plant opera-
tion, shutdown procedure, operational chemistry
control, plant configuration and construction, and
time of operation/5,6/. Although many operating
and design factors probably impact significantly on
radiation fields in PWRs, in fact, the only para-
meter which the plant chemist can vary in a con-
trolled manner is the coolant lithium concentra-
tion, that is, the coolant pH/7/.

The basis for coolant pH control is the require-
ment to minimize transport of corrosion products
around the circuit. Until recently, the pH for the
primary coolant at 300C has been recommended
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Fig. 1. Boron-Lithium Operating Regions.

as 6.9 (area B in Fig.1). This corresponds to the
pH with zero temperature coefficient of solubility
of magnetite which was considered as major com-
ponents of corrosion products in the primary
coolant of PWR/8/. The solubility data for
magnetite were initially used to choose the opti-
mum pH and to model the transport of corrosion
products. But, many researchers have lately re-
ported that deposits on fuel assemblies have a
nickel ferrite structure of varying stoichiometry/9/.
And they showed the solubility of nickel ferrite
along its several compositions as a function of pH,
temperature and dissolved hydrogen
concentration/10/. These results indicate that a
pH higher than 6.9 is required for favorable (zero
or positive) temperature coefficients of solubility of
nickel femite in the coolant at 300°C. Even though
EPRI recommended the Elevated Li operation
mode (area C), there is yet no consensus concem-
ing for the optimum pH operation method around
the world. However, it has been suggested in
many papers that the lithium and boron chemistry
should be coordinated to achieve a constant or
increasing pH in the range 6.9 to 7.4 (area B,C)
and. that operation at a pH below 6.9 (area A) is
not recommended.

Several decades have been passed since the

first unclear power plant started operation. But,

unfortunately the optimum pH range has not yet
been established/11/. Therefore, before the ap-
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plication of recently recommended various opera-
tion modes to the domestic PWRs, it is very im-
portant to investigate the pH operation histories of
domestic PWRs and to evaluate the radiation field
buildup according to the variations of pH opera-
tion mode.

3. Modeling of CRUD Transport

From the utility stand point, an activity transport
computer code is desirable for two main quanti-
fication tasks;a) the forward prediction of plant
dose developr'nent and b) the prediction of the
effect on plant dose of operational and design
modifications. A comprehensive review of the
codes is available elsewhere /2,3,4/. CORA,
CRUDSIM and PACTOLE computer codes have
been well known for prediction of radiation field
buildup caused by activity transport in the primary
coolant system of PWR.

The CORA computer code/2/ developed by
Westinghouse. The various transport mechanisms
of the CORA code are modeled semi—empirically
between the individual nodes, which represent
homogeneous sources and sinks of the corrosion
products in a PWR primary system. The PAC-
TOLE code/4/, developed by CEA in France,
considers 20 different zones in the PWR coolant
circuit. The governning parameter is the solubility
of system materials.

It should be noted that the comprehensive
modeling in CORA and PACTOLE may obscure
the real contribution of dominant mechanism, if
any. Even though each computer code is con-
tinuously updated to match new plant data or
experimental results, it is not clear that the true
significance of each mechanism has been approp-
riately accounted for/12/.

The semi—empirical CRUDSIM code/3/ em-
ploys a conceptually simple model compared with
the comprehensive models: of CORA and PAC-
TOLE. In this model, only two nodes-represent
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the PWR primary coolant circuit and the radioac-
tive elements considered are Co®® and Co®°. Crud
and activity transport are predicted only on the
basis of a driving force of solubility difference.
Therefore, the results of CRUDSIM -calculations
are generally used in relative or empirically ad-
justed comparisons of various coolant chemistry
conditions (i.e., pH). Reasonable comparisons with
measured plant histories can be obtained using a
judiciously selected transport characterization pa-

rameters. Because of the attractive features of
good results and conceptual simplicity, we

selected the CRUDSIM (“Slurry tank”) model as
the basic frame of our computer code for the
evaluation of the domestic PWRs water chemistry
operation data. However, we employed the semi-
empirical equation for solubility calculation recent-
ly published by Lee and Lindsay/12,15/ since the
solubility is very important for the driving force of
crud transport in the model. And we also utilized
the various plant specific data such as coolant
temperature, heat transfer area of core and steam
generator and coolant flow rate for each plant to
apply our computer code to the domestic plants.

The model is illustrated in Figure2. In this mod-
el, the hot tank represents the in—core part of the
primary system where the radiation occurs, while
the cold tank represents the entire out—of-core
part of the system including steam generator.
Corrosion products enter the cold tank at a con-
stant rate R, measured in kg Fe/day. Coolant is
taken from the bottom of cold tank at primary
coolant flow rate, F(kgH,O/day), and returned to
the top of the tank at the same rate. A fraction of
this flow, 8 F passes through hot tank and is
equilibrated with the solid contents of hot tank.
The remainder, (1— 3) F, is returned directly to
the top of cold tank.

The selection of coolant temperature influences
on the overall results greatly. The cold tank and
hot tank temperature (t. and t;) in the CRUDSIM
code were 285C and 3207 respectively. Howev-

IRON
ADDITION
R(kg Fe/day)
sF
ot { coLp { i
—_— | === —— -
— e e
W ¥ ¥’
}
— - ; I
F
# (1-5)"_2 2’“’,,.
Fikg HzO/day)
e TEMPERATURE — — — — — — tc

Sh — —IRON SOLUBILITYCkg Fe/kg Ha0)--Sc

In————IRON INVENTORY(kg Fe)—~———Ic

Ap———ACTIVITY INVENTORY(CURIES)——-A.

Fig. 2. Schematic Representation of CRUDSIM(“S-
lurry Tank”) Model.

er, in this work we selected the t. and t, from
FSARs of each plant and correlated t,, with t. as
equation (1) :

t,=t.+a" P (1)

Here, a’ is the plant specific values and P is
percent of full power. Thus, the temperature
selection in our code describes the real tempera-
tures of each plant more closely than in the
CRUDSIM code.

In accord with the assumptions of the model,
the material balances in hot and cold tanks can be
described as follows :

oty
= BFS. - BF S, 2)
A0
Al
=[ (1-B)F S. + BF S,
o [ (1-8) B ] 3)
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Here, S, is solubility of iron (kg Fe/kg H,0) in the
cold tank, S;, is iron solubility in the hot tank.

With isotopic exchange in each tank, the activity
balances in hot and cold tanks for Co®® can be
“obtained as follows :

AAhGO Aceo
= a%°P1, + BFS,
A6 I,
A, S°
In
AAgGO AhGO Aeeo
= BF s, _BFs.
A8 I, 1
Here, A% is the decay constant for Co® and @
Yy

% is a production rate constant for Co®. A similar

set of equations is derived for Co®.

We calculated the iron solubilities from pH,
temperature and dissolved hydrogen concentra-
tion which are given according to the operating
conditions of the primary coolant. This solubility
calculation is considered as the most important
step since the crud and activity transport is calcu-
lated only on the basis of a driving force of solu-
bility difference in this computer code. CRUDSIM
code used the data of solubility experimental re-
sults by Sandler and Kunig/13,14/. But in this
study, we utilized the equation and parameters
recently published by Lee and Lindsay/12,15/.
The model equation is,

z2

S = 106 A P"2)/(3—x) ( KO

7.2
K. Ks
+ K,z + + ) (6)
7o 7% 2
where,

S=iron solubility
A=stoichiometric factor for the solid=
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(1 _x)(l—x)/(S—x)

z=hydrogen ion concentration, given by z=
107°H
Puz=hydrogen partial pressure (atm)
¥,=generic activity coefficient for univalent
ions
Yo=activity coefficient for neutron species
and the coefficient Ky :-K3 are given by
log;0Ko=Ag+Bo/T
logi oK1 =A;+B,/T
log;oKa=Az+B,/T
log10K3 =A3 + B3/T+ longw
with K, =thermodynamic ion product for water
T=absolut temperature(°K}

The parameters Ay --Az and By -B3 are thermo-
dynamic quantities to be determined by least
squares analysis. These parameters were obtained
through the analysis of experimental data by Wes-
tinghouse and CEA based on the iron solubility of
non-stoichiometric nickel ferrite published. These
calculated values may be considered to be the
precisest ones of the iron solubility up to
now/12,15/. Details of this program are described
elsewhere/16/.

4. Results and Discussions

4.1. The Histories of Coolant Chemistry for
Domestic PWRs

Domestic nuclear power plant operation has
over 10 years of history but the operation has
been done without consideration of relationships
between water chemistry and radiation field buil-
dup up to now. In 1986, Westinghouse suggested
the Coordinated B-Li operation mode (constant
pH mode) and domestic PWRs operation has fol-
lowed this mode since then.

In order to evaluate the effect of domestic PWR
primary coolant chemistry conditions on the plant
personnel exposures, water chemistry data were
collected from operating PWRs (Kori Unit 1 and 4,
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Fig. 3. Boron vs. Lithium Concentrations in KORI
Unit 4 Reactor Coolant during Cycle 1.
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Fig. 4. pH Values of Operation Cycle 1 at KORI Unit 4

Young Gwang(YGN) Unit 1, and Uljin Unit 1) and
compared with predicted values by our comp-
uter code under the various operation modes.
In Frgure 3, actual B-Li operation data at KORI
Unit 4 during cycle 1 were illustrated and com-
pared with predicted values under the coordinated
B-Li mode based on the solubility of magnetite
and under the Elevated Li mode based on non-
—stoichiometric nickel-ferrite/11/. The former
mode has been utilized in domestic power plants
and the latter mode has recently recommended by
EPRI. From the Figure 3, we can evaluate
whether the plant has been operated according to
the suggested pH opeartion mode or not. It is
more clearly shown in Figure 4 that the pH of the
primary system water at an average coolant
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temperature had been maintained mostly between
6.9 and 7.1 during 340 days operation of cycle 1
at KORI Unit 4. This result indicates that KORI
Unit 4 had been operated very well in accordance
with the Coordinated B-Li mode suggested by
Westinghouse.

The similiar tendency has been shown in the
case of the other plants except KORI Unit 1. Fi-
gure 5 shows that the KORI Unit 1 had been
operated in the lower pH and irregular mode dur-
ing cycle 1. This discrepancy of operation mode
from the recommended one might be due to the
factors that the plant was the first commercial nuc-
lear power plant in Korea and that the operators
had no experiences at the beginning of its opera-
tion.

4. 2. Radiation Field Buildup of Domestic PWRs

Table 1 describes the calculational results of
radiation field buildup in domestic PWRs. Since
operation of the KORI Unit 1 which was the first
commercial Nuclear Power Plant in Korea, quite
lots of activities are estimated to have produced in
early operation. And, with the continuity of plant
operation, the activity ratio of Co®®/Co® is shown
to be reduced, and the activity portion of Co®,
which has long half-life, is founded to be in-

creased.
EZ = Elevated Li operation motle W
a,
£
g
=
= 1
-~
a
O .l 1 1 A 1
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Fig. 5. Boron vs. Lithium Concentrations in KORI
Unit 1 Reactor Coolant during Cycle 1.
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Table 1. Results of Activity Calculations in Domestic PWRs.

Ex~Core In—Core
Co*® 3
Plant Cycle| Co*® Co*® Iron o Co®  Co®  Iron
KORI Unit1 1 5326 0802 0.197 6.6 27.20 1573 0.086
2 5472 1380 0.258 40 27.69 1971 0.087
3 7.060 1.894 0.302 3.7 35.56 2.366 0.095
4 7217 2201 0310 33 35.23 2.440 0.095
5 6.960 2559 0.338 2.7 42.28 3.078 0.107
6 739 2812 0.343 2.6 44 52 3.273 0.109
7 7311 2983 0.343 25 4583 3.497 0.119
KORI Unit4 1 3.130 0297 0074 104 11.61 0.600 0.045
2 5214 0800 0.124 6.5 15.77 1.029 0.058
3 5403 1.172 0.153 46 21.62 1.445 0.063
YGNUnitl 1 2860 0239 0.073 119 7.689 0.363 0.033
2 4382 0607 0.120 7.2 13.14 0.746 0.046
ULJINUnit1 1 3.096 0248 0072 124 7.866 0378 0.034

* Activity in #Ci/cm? and Iron in mg/cm?,

Since our computer code can predict the out-
—of-core activities according to various chemistry
operation methods, it was applied in this work to
the evaluation of the chemistry operation history
in nuclear power plants and to the establishment
of the chemistry operation strategy in future. But it
is suggested that these calculation results should
not be used in relative comparison between plants
because of the difference in operating days, op-
eration conditions (boron, lithium, and dissolved
hydrogen concentration), and the days of plant
shutdown.

4. 3. Comparison with the Elevated Li Opera-
tion Mode

Elevated Li operation mode which was recom-
mended by EPRI recently, maintains the max-
imum limited lithium concentration (2.2 ppm Li)
until reaching a pH of 7.4 (at 300C) and then
follows the pH 7.4 line. In order to evaluate the
chemistry factor due to pH related solubility differ-

ences only, our calculations were made for the
four domestic plants assuming that they had been
operated using the Elevated Li chemistry during
the first cycle. This was done by using the actual
plant concentration of boron and hydrogen, and
power values for the first cycle of operation, and
by changing only the lithium levels to match the
corresponding boron values as if the plant had
operated with the Elevated Li chemistry. In Figure
6, the predicted values under the operating condi-
tion of the assumed Elevaied Li chemistry are
compared with actual chemistry operation data in
KORI Unit 4 during cycle 1. The relative results
are shown in Table 2.

Since the above technique fixed the operation
parameters of the coolant cheimstry such as hyd-
rogen concentration and power values, the only
effect is changing lithium concentration according
to boron concentration of coolant in the plants. It
is shown in Table 2 that in the case of Elevated Li
mode the amount of activity in the out—of-core
can be reduced by 10 to 25% compared with that
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Fig. 6. Assumed Elevated Li Operation Mode Com-
pared with Actual Chemistry Mode in KORI
Unit 4 during Cycle 1.

of actual chemistry. But the amounts of iron in the
out—of—core are slightly increased. In the case of
in—core, both activity and iron are greatly reduced.
These results indicate that the Elevated Li mode
suppresses the deposition of corrosion products in
the core and makes them deposited on the out-
—of—core. Based on the above results, it is evident
that the activation of corrosion products in the

core and the amount of the out—of—core radiation
buildup can be reduced significantly when the Ele-
vated Li mode is applied.

In Table 3, the data of activity calculation are
listed in two cases of operations of actual chemis-
try mode and assumed Elevated Li mode during
cycles 1, 2 and 3 at KORI Unit 4. After cycle 3,
the activities in the Elevated Li mode can be re-
duced by nearly 35% in the out-of-core and by
about 75% in—core compared with the ones of
actual chemistry mode. These results indicate that
we could accomplish more activity reduction if the
plant had been operated by Elevated Li mode
continuously over entire cycles.

4. 4. Comparison with the Various Operation
Modes

We employed the computer code for the eva-
luation of five lithium—boron operation modes to
see the chemistry change effects on the activity
buildup. In Figure 7, the concentration change of
boron and lithium is shown for the five operation

Table 2. Calculated Relative Activity Values for Domestic PWRs Using Actual Chemistry Data and

Assuming Elevated Li Chemistry Operation

Ex—Core
Actual Elevated Li Activity ratio
Plant Chemistry Chemistry of Elevated
Activity Iron Activity Iron Li to Actual
KORI Unit 1 6.128 0.197 4994 0.207 0.82
KORI Unit 4 3.427 0.074 2.589 0.082 0.76
YGN Unit 1 3.099 0.073 2.792 0.077 0.90
ULJIN Unit 1 3344 0.072 2.681 0.077 0.80
In-Core
KORI Unit 1 28.773 0.856 12.507 0.050 0.44
KORI Unit 4 12.210 0.045 2.701 0.018 0.22
YGN Unit 1 8.052 0.033 2.798 0.017 0.34
ULJIN Unit 1 8.244 0.034 2.791 0.018 0.34

* Activity in #Ci/cm? and Iron in mg/cm?®.
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Table 3. Calculated Relative Activity Values for KORI Unit 4 during Cycle 1, 2 and 3 Using Actual
Chemistry Data and Assuming Elevated Li Chemistry Operation.

Ex-Core
KORI Actual Elevated Li Activity ratio
Unit 4 Chemistry Chemistry of Elevated
Activity Iron Activity fron Li to Actual
Cycle. 1 3.427 0.074 2.589 0.082 0.76
2 6.014 0.124 3.745 0.134 0.62
3 6.575 0.153 4344 0.163 0.66
In-Core
Cycle 1 12.210 0.045 2.701 0.018 0.22
2 16.799 0.058 3.777 0.025 0.23
3 23.065 0.063 6.009 0.029 0.26

* Activity in #Ci/cm? and lron in mg/em?.

* Used actual chemistry values for KORI Unit 4 cycle 1,2 and 3.

6 A : constant Li(0.5)
E B : constant pH(6.9)
— C : EPRI Elevated Li
g D : Ringhals Elevated Li
N E : Constant pH(7.4)
~4f D
£
2
5 C
S
B
A
0 . 4 ) .
1200 800 400 0

Boron (ppm)

Fig. 7. The Assumed Changes of Lithium Concen-
tration in KORI Unit 4 during Cycle 1.

modes. The actual chemistry data of the first cycle
operation -at KORI Unit 4 were utilized except
lithium concentration. Mode A represents the con-
stant Li of 0.5 ppm and mode B is the currently
employed lithium-boron mode. Mode C repre-
sents the Elevated Li mode recently recom-
mended by EPRI and mode D is also the Elevated
Li mode, which has now being tested at Ringhal
plants in Sweeden/17/. Mode E is the constant
pH of 7.4 line which represent the zero tempera-
ture coefficients of iron solubility in nickel
ferrites(Nip sFes 50.).

The calculation results of activity buildup level

Talbe 4. Calculated Effect of Various Li Operation Modes on Activity and Iron Values in KORI Unit 4

during Cycle 1.

Operation Modes Ex~Core In—~Core
Co®  Co®®  Iron Co®®  Co®  Iron
Constant Li 0.5 3.553 0.337 0.071 1594 0.861 0.055
Constant pH 6.9 3.158 0.298 0.075 10.99 0.566 0.044
EPRI Elevated Li 2.360 0.229 0.082 2577 0.124 0.018
Ringhals Elevated Li 1484 0.149 0085 0.888 0.041 0.010
Constant pH 7.4 1.103 0.113 0.086 0.483 0.022 0.007

* Activity in #Ci/cm? and Iron in mg/cm?

* Used actual chemistry values for KORI Unit 4 cycle 1.
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are shown in Table 4. It is noticed in the table that
the effect of pH levels on relative ex—core activity
is quite big. Namely, if the pH increase 6.9 to the
7.4, the out—of—core activity level can be reduced
by 65%. The reduction of in the in—core activity
level is even more dramatic by increasing pH
level. From our calculations, it is found that at
higher pH (i.e., higher Li concentration), the
corrosion products tend to deposit on out—of—core
surfaces rather than on the fuel and that activity
buildup of out—of—core can be reduced.

On the other hand, before application of the
Elevated Li mode it is considered that the fuel
integrity must be confirmed under the conditions
of high pH operation mode, since the higher
lithium concentration has a possibility of increas-
ing fuel cladding corrosion/18/. But, if the nuclear
fuel integrity js guaranteed by the vendor speci-
fication, it is recommended that pH should be as
high as possible in a view of the great advantages
for radioactivity management.

5. Conclusion

From the analysis of the water chemistry opera-
tion data in the operating domestic PWRs, it was
confirmed in this study that most of domestic
PWRs have been operated in accordance with the
constant pH operation mode which is based on
the solubility of magnetite and specified by the
vendors.

Activity buildup levels were calculated for the
two operation modes of Elevated Li chemistry and
actual cheistry. The Elevated Li operation mode
recently recommended by EPRI is based on the
solubility of nickel ferrite which has recently been
identified as a major component of corrosion pro-
ducts in the primary water system. The calculation
results indicate that the Elevated Li operation
mode could reduce the out—of—core activity buil-
dup by about 25% compared with the actual che-
mistry mode during 1 cycle of plant operation.

And if the plant is operated by Elevated Li mode
through 3 fuel cycles (cycle 1,2 and 3), the out-
—of—core activity buildup can be reduced by about
35%. Furthermore, it is also shown that the out-
—of—core activities can be reduced by 65% during
1 cycle if the plant is operated at constant pH 7.4
instead of at pH 6.9.

In reality, the effect on the plant exposure rates
might be a little different from the results shown in
this study, since the calculation has been done
assuming that only solutes in the primary coolant
are responsible for the transport of radioactivity
without consideration of the transport of the par-
ticulates and colloids which are also known to
have a role in the crud transport process.

However, the results of this study suggest that
increase of the coolant pH, or lithium concentra-
tion will significantly reduce the plant radiation
levels judging from the application of the compu-
ter code. In addition, a plant test is recommended
before application of the Elevated Li mode in the
plant operation for examination of its operation
effect on radiation exposure rates and the integrity
of system structural materials and the fuel clad-
ding.
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