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This work is a study of changes in coolant activity due to corrosion products of extended
burn-up cycles of 18-24 months duration, in a typical pressurized water reactor, under pH
and boric acid variations. It deals with non-linearly changing corrosion rates coupled with
pH effects. The CPAIR-P computer program was modified to accommodate for time-de-
pendent rising corrosion and effects of coolant chemistry. These simulations suggest that the
effect of an increase in pH value for an extended 24-month cycle on a specific activity, in the
form of a decrease in the said activity, is smeared by the rising corrosion. The new saturation
values for activity at the end-of-cycle are lower than with a reactor operated at constant low
pH/natural boric acid in the coolant. For a non-linear rise in the corrosion rate coupled with a
pH rise from 6.9 to 7.4 and the use of enriched boric acid (30%-40%), coolant activity first
rises to a peak value during the cycle and then approaches a much smaller saturation value at
the end of the cycle, when compared with the activity for the system having a constant low pH
value (6.9) in the coolant. In this work, we have shown that the use of enriched boric acid as a
chemical shim actually lowers primary coolant activity when higher pH values, rather than
natural boric acid, are employed in the coolant. For multiple long-term operating cycles, the
saturation value of corrosion product activity increases in the first two cycles and becomes
constant in subsequent ones, due to the high operational pH value for enriched boric acid
(40%) as a chemical shim.
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INTRODUCTION

Several studies on pressurized water reactors
(PWR) have shown that enriched boric acid (EBA) re-
duces the needed concentration and elevated value of
pH (~7.4) can be achieved by using an acceptable 2.2
ppm of lithium without corrosion cracking problems
[1-4]. Then the discharged burn-ups can be substan-
tially increased to 40-50 MWd/kgU, as compared to
previous generations having an average burn-up of
33 MWd/kgU. Such long-term operating cycles are
based on higher initial enrichments and/or higher fuel
loading and better neutron absorption at the beginning
of the cycles.

" Corresponding author; e-mail: nasirmm@yahoo.com;
nmm(@pieas.edu.pk

Moreover, it was also perceived that corrosion
products were mostly composed of magnetite (Fe;0,)
in the primary loop. However, recent studies have
shown that corrosion products are mainly composed
of nickel-ferrite (Ni,Fe; ,O,) [5]. Therefore, for such
systems, higher pH levels of 7.4 are more suited, as
compared to the pH value of 6.9 for the primary cool-
ant. It has also been observed that corrosion product
activity can be minimized by using high pH values.
The primary coolant in PWR becomes very corrosive
due to high prevalent values of temperature and pres-
sure in the system and the decomposition of water by
radiation further increases its corrosive nature. Corro-
sion products may originate as soluble and insoluble
oxides or in anumber of other forms. The rate of corro-
sion in the reactor's primary system keeps increasing
as the time of its operation at full power increases [6,
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7]. However, high pH values can minimize the corro-
sion rate and corrosion product activity in the primary
circuit.

In the reactor core, corrosion products become
activated due to neutron irradiation and their subse-
quent buildup in the core, the primary coolant and on
piping inner surfaces taking place due to their lifelong
exposure. Large end-of-cycle radioactivity can pro-
hibit prompt access to the primary pumps, valves and
their vicinity. The build-up of activity in the circulat-
ing coolant, inner surfaces of the coolant piping and
the core surfaces does, indeed, create problems re-
garding the operation and maintenance of the reactor
in terms of accessibility demands [8-11].

Corrosion product activity in PWR is primarily
due to the short-lived **Mn and ?*Na. Nearly all of the
long-lived activity in the coolant is due to iron, mo-
lybdenum, and cobalt, the most significant
radionuclides being °Fe, *°Mo, and ®Co. Various
nuclear properties of these nuclides are summarized
in tab. 1 [12]. >>Mn has an activation cross section of
13.4 b for the thermal neutrons to produce *Mn. The
neutron activation of structural 2’Al and the activa-
tion of 2’Na from salt impurities in water can produce
24Na. The use of high-purity water, demineralization
of water and the presence of filters keep the amount
of dissolved salts to less than 0.05 ppm [9]. However,
the half-lives of the dominant corrosion products are
longer than two hours. Therefore, the primary cool-
ant retains the activity for several hours, even after re-
actor shutdown, and any transient condition during
operation can further increase the end-of-cycle cool-
ant activity [10, 11].

Experimental data on Corrosion Product Activ-
ity (CPA) is generally inaccurate due to problems re-

lated to the withdrawing of representative samples
from the PWR primary coolant through long sampling
lines. The measured values of concentrations of some
corrosion products, (e. g., soluble ®Co, **Co, and
>*Mn), are strongly dependent on the sampling flow
rate, pH values and boron concentration [13, 14]. Op-
erating parameters of the reactor also strongly affect
the types of radionuclides formed, levels of saturation
activity reached and the rates at which saturation is
achieved. These parameter include the composition of
materials in contact with the coolant, the amount and
types of impurities present in the coolant, reactor
power, residence time of the coolant in the core, tem-
peratures, pressure, coolant flow rates, corrosion rates,
filter efficiency and deposition rates of radioactive ele-
ments in the coolant.

Several studies on coolant activation in PWR
and the effects of flow rate and power perturbations
were carried out. Simulations of low and high-flux
systems have shown that transients under reactivity
and loss of flow lead to the peaking of the neutron flux
in the reactor and the production of activity in the cool-
ant [8, 15]. This strongly affects coolant activity and
corrosion rates. The void coefficient, Doppler coeffi-
cient and the temperature of the moderator exhibited
significant effects on power peaking in a non-uniform
manner within the core.

Venz et al. have shown that, in extended operat-
ing cycles of PWR, the chemistry of the reactor cool-
ant plays an important role and that the dose in the pri-
mary coolant circuit at the nuclear power plant
Beznau was lowered when the pH level was in-
creased to 7.4 [16]. Also, the evaluation of corrosion
product activity in PWR as a function of variations in
the primary coolant chemistry for a long-term operat-

Table 1. Various prominent activation products and their reaction properties”

Corrosion Reaction and neutron Activation cross-section y-ray energy MeV
products energy and half-life (intensity %)
YT Al(n, o)**Na 6107 m’ 1.368 (99.994)
2, (E, > 11.6 MeV) 5.3989-10% s 2.754 (99.855)
»Na(n, 7)**Na 0.53-10 % m?
(E, is thermal) 5.3989:-10" s
0.8467 (98.85)
oM *Mn(n, y)**Mn 13410 m’ 1.8107 (26.9)
(E, is thermal) 9.2808-10° s 2.1131(14.2)
2.5231 (1.02)
0.1426 (1.02)
g BEe(n, 7)*Fe 0.9-10 % m? 0.1923 (3.08)
(E, is thermal) (1.6018:10° 5) 1.0992 (56.5)
1.2916 (43.2)
2107 m? 1.1732 (99.85)
60, 59 60,
C
o Co(n, y) "Co (1.6638-10% 5) 1.3325 (99.98)
0.1811 (6.14)
St %Mo(n, 7) Mo 0.45-10 %% m? 0.3664 (1.20)
E,>3.1 MeV (2,3751.105 s) 0.7395 (12.26)
0.7779 (4.3)

" Interactive chart of radionuclides NuDat 2.6, NNDC databases, Brookhaven National Laboratory

(http://www.nndc.bnl.gov/nudat2/chartNuc.jsp)
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ing cycle was done by Song et al. [17]. The program
involves the modeling of CRUD, a colloquial term
for corrosion products and rust & wear particles
which become radioactive as they pass through a
prevalently neutron field inside the core of a nuclear
reactor. The authors used the COTRAN code based
on a two-layer model and predicted that every subse-
quent generation of CRUD will increase as the opera-
tion cycle duration increases. They also predicted
that enriched boric acids in the coolant reduce the
amount of CRUD and that high pH operation periods,
thus, become possible.

For acid-free coolants, the modeling of time-de-
pendent CPA due to corrosion products in the primary
coolants of PWR under various perturbations were
carried out in order to investigate the effects of flow
coast down and linear decrement of flow for constant
corrosion rates [18]. The effects of coolant chemistry
were not taken into consideration. Computer code
CPAIR was developed in FORTRAN -77, so as to cal-
culate the specific activities due to >*Na, **Mn, *'Fe,
%0Co, and Mo in primary circuits of light water reac-
tors. It was shown that the minimum value of coolant
activity strongly depends on the slope of the linear
decrement of the flow rate. The program was further
improved to incorporate the effects of power perturba-
tions on corrosion product activity in the coolants of a
PWR [18]. The computer code was then modified as
CPAIR-P/PH and the effects of fast and slow tran-
sients on dose rates due to corrosion activity in the
coolant were studied. All of these studies assumed a
constant and uniform corrosion rate and fixed pH val-
ues, during and after transients. However, the corro-
sion rate does increase slowly with plant operation; it
also increases with temperature and pressure. The rate
of increase in corrosion depends on the integrated ef-
fects of the neutron flux, reactor operation cycle
length, reactor temperatures and coolant chemistry.

This work is aimed at including the effects of the
pH value and chemical shim so as to simulate the be-
havior of corrosion product activity in a typical PWR
over extended cycles. In it, coupled effects of both an
increase in the corrosion rate due to normal corroding
processes and decreases due to coolant chemistry, are
considered in the primary circuit. The said changes
were superimposed and the computer program CPAIR
[18] modified to incorporate both the linear and non-
linear rise in corrosion rates and the effects of pH /bo-
ron concentrations in the coolant. Using different
coolant pH/chemical shim values, we have first ana-
lyzed CPA due to the non-linear accelerating corrosion
rates coupled with coolant chemistry effects in an ex-
tended operating cycle. The results for various corro-
sion products of possible pH/boron perturbations are
also reported here. Finally, the behavior of time-de-
pendent corrosion product activity using high pH con-
centrations and enriched boric acid is also presented
for multiple long-term operating cycles.

LONG -TERM OPERATING CYCLE AND
COOLANT CHEMISTRY

Several studies have shown that the light water
reactor's operating cycle can be extended to average
batch burn-ups of 45 MWd/kgU for PWR and to about
40 MWd/kgU for BWR. Long-term operating cycles
(18-month to 24-month cycles) were shown to in-
crease the capacity factor from 3% to 7%. They also
resultin an increase of 5 to 7% in fuel fabrication costs,
coupled by an overall decrease in the electric power
generation costs [1-4].

In general, a 12-month cycle has 1200 ppm of
boron at the beginning of the cycle and a maximum of
2.2 ppm of lithium is needed to satisfy the need for a
pH value of 6.9 in the primary coolant. However, for a
long-term operating cycle of 18-24 months, much
higher initial boron in the range of 1500 to 1900 ppm is
needed and that puts the pH values in much higher re-
gimes. While on the one hand a higher pH concentra-
tion results in an increase in the release rate of various
metal ions, on the other, it decreases the solubility of
the corrosion product. Both of these effects shape the
buildup of corrosion product activity over a long-term
operating cycle and, in this work, we have aimed at es-
timating the said effects of activity buildup. A typical
PWR uses natural boric acid (NBA) as a soluble poi-
son or chemical shim. Boron-10 has a very high ther-
mal absorption cross-section (=3800 barn); however,
natural boron has only a 20 atom percent of B-10,
while 80% is B-11 (having a very small absorption
cross-section of about 0.005 barn). Several studies
have shown that EBA reduces the needed concentra-
tion and that an elevated pH value of 7.4 can be used in
the coolant with 2.2 ppm of lithium for extended oper-
ating cycles [1, 2].

In PWR, along with boron, the level of lithium is
adjusted to keep the pH values near 6.9, where the sol-
ubility of impurities in the coolant is high. Several
studies have indicated that a high value of pH close to
7.4 minimizes nickel ferrite precipitation in the core
[1]. Several PWR used lithium at 3.5 ppm and a pH
value of 7.4 and have reported lower out-of-core radi-
ation fields. However, elevated lithium programs were
interrupted due to concerns over the primary wa-
ter-based stress corrosion cracking of alloy 600 and
zircaloy cladding corrosion due to the prolonged use
of lithium at a level of 3.5 ppm.

An extended cycle needs the so-called “modified
coolant chemistry” in which the reactor operates with the
coolant having a pH value of around 6.9 at the beginning
of the cycle with high boron and lithium concentrations,
until the lithium drops to 2.2 ppm. At that point, the pH is
steadily raised to 7.4 and kept at this value until the end of
the cycle, as in the case of enriched boric acid. The trend
for possible enrichments of boric acid in a typical PWR,
vs. effective full-power days, is shown in fig. 1(a). Also,
the pH value as a function of effective full-power days
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Figure 1. Extended cycle coolant chemistry as a function
of time; (a) boron concentration values and (b) pH value
of coolant as a function of EFPD for various indicated
values of enrichment with soluble boron

(EFPD) is shown in fig. 1(b), pertaining to extended op-
erating cycles [17]. Various possible coolant chemistry
scenarios are shown in fig. 1. The first case covers the
use of natural boric acid (NBA) in which lithium is kept
ata 2.2 ppm level and the initial pH remains close to 6.9.
In the second case, enriched boric acid (EBA) of 30% is
used: lithium is kept at a less than 2.2 ppm value and pH
variations are shown in fig. 1(b). Subsequently, EBA
equal to 40% is employed with a Li-concentration value
less than 2.2 ppm. The pH variations start at 7.02 and are
allowed to increase to 7.35 within approx. 300 days, as
shown in fig. 1, respectively.

MATHEMATICAL MODEL

Various pathways leading to the production and
losses of corrosion products are shown in fig. 2. We
have assumed uniform time-dependent corrosion in
the primary coolant circuitand have ignored space dis-
tribution effects. The deposition of this activity on sur-
faces in contact with the cooling water is proportional
to the concentration of the corrosion products in water.
The concentrations of target nuclides in the primary
coolant on the inner walls of the piping and on the core
surfaces have been denoted by N, N,,, and N, respec-

mary coolant is [20]

dn &0, [
—Y =gh N, —| > LYK alny, +
dt PN w (]ZVW §VW ]W

K K

+—pnp+—°nC €))

where o is the group constant for the production of the
isotope from the target nuclide; ¢, is the effective
group flux [neutrons per cm” per s]), N,, is the target
nuclide concentration in water [atoms per cm’]. The
values of the decay constant (1) for each isotope of in-
terest are provided in tab. 1. The sum over j for &;Q; is
given as

2605 =610y +€,0, +6.0. +€p0r ()
J

where, quantities £i01, £,0p, €.0., and grQr are re-
moval rates due to the ion exchanger, deposition on
pipes, deposition on core surfaces and removal by fil-
ters, respectively. The term /y is the rate at which the
primary coolant loop loses water from its A" leak
[cm’s™], K, and K_ are rates at which isotopes are re-
moved from the scale on the piping [cm’s™']) and from
the core [cm’s '], respectively. For a typical PWR, the
measured values of these removal rates have been con-
sidered [10, 11] and shown in tab. 2. Coolant chemis-
try change perturbations are introduced through a pa-
rameter A(f)

h(t) = functional dependence of C(t) on
PpH and corrosion rate 3)

The neutron flux for a given energy group is av-
eraged over the geometry of the core and has been esti-
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mated using LEOPARD [19] and ODMUG [20] in the
CPAIR-P/PH program. The times, T, and 7}, are the
core residence time and loop time (required to com-
plete the primary loop once), respectively, which have
been included. The rate of the build-up of target nu-
clide concentration in coolant water can be written as

dn [ €0, I,
= ——+) —+o +
dt ; Vw ;VW ¢8 w
K

K

+—LN +=SN_+S, 4)
C(t)S N,

Sy =—"""271 f 5

T Afnﬁ (5)

where N, is the concentration of the target nuclide on
the piping, N, is the concentration of the target on the
core, and S, is the source term for corrosion. C(7) is the
modified time-dependent corrosion rate [g per cm® and
s], including the effects of coolant chemistry, S is the
area of the system exposed to coolant corrosion, N is
the Avogadro's number (6.02-10% atoms per g-mole),
and A4 is the atomic weight of the target nuclide [g].
Here, f; and f;, are the abundances of the target nuclide
and chemical element in the system, respectively.
The removal of impurity by the ion-exchanger,
core deposition and leakage are directly related to the
flow rate. Also, the rate of re-entry from the scales is
directly proportional to the primary coolant flow rate.
Therefore, the rate of activity build-up on the core
scale is given by
1o _ g N+ 5%,y —(KC +/1an (6)
dt V. V.

C

C

where 7, is the volume of the scale on the core [cm’]
and ¢ is the thermal neutron flux average over the ge-
ometry of the core [neutrons per cm® and s]. The rate of
build-up of target nuclide concentration on the core
scale (V) is given by
AN, _ €00 K,

— = ny —| —+0¢, |IN 7

dr Vp w Vp ¢0 c ( )

The rate of deposition of active material on the

piping scaling (n,) can be obtained from the following

balance
dn g K
J:&nw _[pMan )

@ v, v,

where V), is the volume of scale on the piping [em’].
Then, the rate of change of target nuclide on the piping
walls (NP) is

dv, ¢ K
Ny _0Qp N, ——2N 9)

w p
ad v, v,

Based on the cited system of equations (1
through 9), the CPAIR-P (corrosion product activity in
reactors) computer program [ 18] was modified to in-
clude the effects of both the accelerating corrosion rate
and coolant chemistry as functions of time.

The modified CPAIR-P/PH program written for
personal computers in FORTRAN-77 now calculates
corrosion product activity as a function of reactor op-
eration time under both time-dependent corrosion and
coolant chemistry. The overall computational algo-
rithm is illustrated in the form of a flow chart (fig. 3).
After initialization, it calculates group constants using
core design parameters (tab. 3) in the LEOPARD [19]
code which is a zero-dimensional unit cell-based com-
puter code with 54 fastand 172 thermal energy groups.
An early data set is used in the cross-section library. In
this work, equivalent cells of a typical PWR have been
employed to generate group constants for fuel cells
and water holes. These cell-averaged group constants
are then employed in the one-dimensional multi-group
diffusion theory based ODMUG [20] code. Using
ODMUG, the group fluxes as a function of position in
the reactor are calculated. These group fluxes are sub-
sequently averaged over the core. Both LEOPARD
and ODMUG are treated as subroutines of the
CPAIR-P/PH program. Then, in next step, equations 1
through 9 are used to find activity values due to corro-
sion products in the primary coolant, on the piping and
core surface.

RESULTS AND DISCUSSION

Atypical PWR is considered with the initial con-
centration of impurities taken to be zero [9]. Experi-
mental data has been employed in the analysis of the
fractional exchange rates (¢;0;/V,) and re-solution
rates (Ki/V,). These values are shown in tab. 2. The de-

Start _’l
| Initialize variables | I

Find corrosion rates |

'

Increment time |

Runge-kutta (Rk4)

Solve corrosion ODEs

Leopard
Generale group constants S
‘ Next time step?
Odmug
Compute group fluxes No

oolant chemistry
hange: (pH/boron)?

Next isotopa?
| Medify source term |

+ Y
Couple corrosion rate with
pH and boron conc.

Figure 3. Flow chart of the computer program
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sign data values for a typical PWR are shown in tab. 3
[10, 11]. Core averaged group fluxes have been com-
puted using LEOPARD and ODMUG codes. The
plant surface area of 108cm? is exposed to the primary
coolant for corrosion and an equilibrium corrosion
rate of 2.4-10 g/cm?-s [10] exists after a year of reactor
operation. It has a primary coolant volume of
1.3-107cm?. We assumed values of parameters f, and f;
as 1.0 and 0.5, respectively, for °Mn to be on the con-
servative side. Upon that, a corrosion rate of 25 pug/s
has been used as a normal equilibrium rate in our sub-
sequent studies.

Table 2. Experimental values of exchange rates in a
typical PWR*

Rate type Value
Deposition on core, £.0., [cm3s’]] 80.0
Deposition on piping, £,0,, [em’s™)] 13.7
Ton-exchanger removal, £,0), [cmSS’l] 500-781
Re-solution ratio for core, K, [cm3 s’l] 40.0
Re-solution ratio for piping, K, [em’s ] 6.9
Volume of primary coolant, Py, [cm’] 1.37-107
Volume of scale on core, V,, [cm’] 9.08-10°
Volume of scale on piping, V}, [cm’] 1.37-10°
Total corrosion surface, S, [cm’] 1.01-108
Average corrosion rate, C,, [kg/cm s 2] 2.4.107'°

* Rafique et al., 2005, and Mirza et al., 2005

Table 3. Design specifications of a typical pressurized
water reactor®

Parameter Value
Specific power [MWkg™ U] 33
Power density [MWm ] 102
Core height [m] 4.17
Core diameter [m] 3.37
Assemblies 194
Rods per assembly 264
Fuel type Uo,
Clad type Zircaloy
Lattice pitch [mm] 12.6
Fuel rod outer diameter [mm] 9.5
Average enrichment [*%] 3.0
Flow rate [kgs™'] 18.3-10°
Linear heat rate [kWm ] 17.5
Coolant pressure [MPa] 15.5
Inlet coolant temperature [°C] 293
Outlet coolant temperature [°C] 329

*Raﬁque et al., 2005, and Mirza et al., 2005

Simulations are started at time =0, when the re-
actor is considered to be operating at full power, with-
out any impurity. The purification rate due to an
ion-exchanger, ;0;, must be large enough to take into
consideration deposition, re-solution and leakage as
second-order effects. Therefore, an optimum removal

rate of activity by the ion-exchanger was determined at
a constant corrosion rate (25 pg/s) and it was found
that the saturation value of coolant activity remains
fixed when &0 is higher than 400 cm?/s. Thus, a re-
moval rate of 600 cm?/s in which the saturation value
is sufficiently low was selected.

Five corrosion products (**Mn, **Na, 3°Fe, ®°Co,
and *Mo) were considered in this study. Isotope **Mn
remained the largest contributor to the total activity
during reactor operation at full power. However, co-
baltisotopes dominate coolant activity even after shut-
down. Their activity accounts for approx. 36% of the
total corrosion product activity in the PWR, whereas
other isotopes, including ?*Na, *°Fe, ®Mo, and *°Co,
contribute with about 23.4%, 29.6%, 9.5%, and 1.4%,
respectively. The activity due to **Mn saturates at
about 150 hours after the start of the reactor. Its satura-
tion value is 0.22 uCi/cm? and it makes the primary
coolant as a 24.531 PBq — source within 150 to 230
hours of reactor operation at full power.

Inclusion of the time-dependent
pH value effect

The change in the solubility of a coolant depends
on both pH value and temperature. The deposition and
release rates of corrosion products depend on solubil-
ity. Respective boric acid concentrations [ppm] as a
function of EFPD are shown in fig. 1(a) and typical
changes of the pH depending on reactor operation time
for various EBA are shown in fig. 1(b). Then, the pH
level is increased from low to high values in a gradual
manner, slowly lowering the solubility. The tempera-
ture coefficient of solubility also becomes positive.
This translates into a reduction of transport into and
out of the core. Also, when the operating cycle period
is increased to 24 months, the generation of corrosion
products is affected.

We have assumed that the corrosion rate remains
constant during the steady-state operation of the reac-
tor and that corrosion product activity for the system is
balanced by egs. 1 through 9. In addition to natural re-
moval by decay and other removal processes, the
chemistry of water also affects activity. The said ef-
fects on coolant corrosion product activity are ob-
served using the CPAIR-P program. First, we have
computed the activity when a constant corrosion rate
(25 pg/s) is present in the system coupled with time-
dependent effects due to pH. Using fig. 1(b), the
time-dependent pH for different enrichments of boric
acid cases can be written as

pH(0); t, <t <t
pH(¢)=4 pPH(0)tslopex (¢ —¢, );t, <t <t,  (10)
pH(0)(max); ¢, <t <t ..

where, ty, t1, t, and ., are the estimated times from
the figure. The slope is calculated using the least
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square curve fitting the data. Estimated slopes are
0.00173 per day, 0.00138 per day and 0.00097 per day,
for NBA, EBA (30%), and EBA (40%), respectively.
Then, the effect on the corrosion rate term with a slope
(m) estimated from fig. 1(b) is

h(t)=
B { 1.0; where, pH(¢ ) < pH(0)

10—mx pH(¢)—pH(0); pH(0) < pH(¢) < pH(max)

(1D

The coupled effects of both the constant corro-

sion rate and the effects of pH on corrosion rate are
given by a modified corrosion rate

C(1) = h(t)Cyy (12)

Such a modified corrosion rate has been em-
ployed in eq. 4 and 5, respectively, to simulate the
build-up of corrosion products in the core, primary
coolant and on the inner piping surfaces. For the two
cycles, using the above models, the pH-values in the
primary coolant as a function of EFPD are shown in
fig. 4, for NBA, EBA (30%), and EBA (40%), respec-
tively.
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Figure 4. The pH value from model equations for the first
two cycles of a typical PWR as a function of EFPD for
various enrichment scenarios with soluble boron

Non-linear changes in corrosion
and pH effects

A typical PWR can have a non-linear rise of the
corrosion rate superimposed by effects of changes in
the primary coolant chemistry. We have assumed a lin-
ear rise in the corrosion rate, C(#), coupled with pH ef-
fects in the coolant with the following model for the
first(startup) cycle

0,0<t

C(t)=1 h(t)C, {I—exp[-m(t —a)]}, a <t <b (13a)
h(t)f.C,.b<t<c

where m is a positive constant slope of the corrosion
rate in the time domain [a, b], Cs — the equilibrium
value of the rate after time b, h(z) — the effect of
time-dependent pH on the corrosion rate as given by
egs. 11 and 12, respectively, and f;s — the fraction of
corrosion rate at the end of cycle (b < ¢ < ¢). In this
study we have assumed a, b, and c as 10, 570, and 600
days, respectively. For the startup cycle, fig. 5 shows
the normalized corrosion rate vs. time for five different
cases of soluble boron enrichment (from zero to 40%).
If A(?) is taken as one, then the effects due to pH are ig-
nored and EOC corrosion product activity is mush
larger. The corrosion rate first rises to a peak value and
then decreases to a low equilibrium value during the
first cycle (fig. 5).
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Figure 5. Effective corrosion rate as a function of reactor
operation time for various enrichments with soluble
boron in the core, primary coolant pipes and primary
coolant

In the second burn-up cycle, the corrosion rate
C(¢) has a non-zero initial value from the first cycle.
Then it gets superimposed by the rise in the corrosion
rate and a competing decrease in it due to pH. The
model for the next cycle is

C(t)z{h(t)[fcsCs +C {l—exp[-m(t—c)]}],c <t <d
M) fos (Cs + [esCs ), d <t <e (13b)

For the second cycle, we have taken values of c,
d,and eas 600, 1170, and 1200 days, respectively. The
normalized corrosion rate vs. time for an equilibrium
value (C,) using the above model for NBA,
EBA(30%), and EBA(40%), respectively, is shown in
fig. 5. Here, the EOC equilibrium corrosion rate value
for the second cycle (0.696 C,) is higher compared to
the equilibrium value for the firstcycle (0.633 C). The
AC shown in the figure is about 0.084 C; in the case of
40% enriched boric acid. In the second cycle, the cor-
rosion rate rises again to a maximum value and then
starts decreasing due to pH effects and gains a new
equilibrium value, as shown in fig. 5.

Using corrosion rates shown in fig. 5, the spe-
cific activity for ®®Co from the modified CPAIR-P/PH
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code as a function of time for the core, pipes and pri-
mary coolant is shown in fig. 6. The study has been
carried out for various boron concentration scenarios
that in turn change the pH values in the primary cool-
ant. When we consider /4(¢) =1 (no effect of pH-value
on corrosion) then, first, only a non-linear rise in cor-
rosion occurs and it saturates to an equilibrium value.
These values are the largest of all cases for the core,
pipes, and coolant regions. In the first cycle, the satu-
ration values are 8.88 kBg/cm®, 3.7 kBg/cm?®, and
0.629 kBq/cm? for core, primary pipes and coolant, re-
spectively.

In all other cases with natural or enriched boron
in the primary coolant, the activity in the first hundred
days builds up and eventually saturates within the core
region. Then, due to an increase in pH value from
pH(0) to pH(max) in steps, a decrease in the corrosion
rate occurs and the resulting °°Co activity also starts
decreasing monotonically (fig. 6). As soon as the pH
reaches the high value of pH(max), the activity attains
a new low saturation value. This effect is further pro-
nounced when we test the plant for enriched boric acid
and a different set of values for the rate of increase of
pH values is employed. As the pH increases and the
corrosion rate decreases, dictated by the gain and loss
terms in the balance equations, the end of cycle activ-
ity then becomes much lower when compared with
values in a case where /(7)) =1. This saturation can be
achieved much earlier in case of EBA (40%) than
NBA. Similarly, in the primary pipes, the end of cycle
activity for NBA is about 50% lower when compared
with the 4(f) = 1 case. When we use 40% EBA, an ear-
lier saturation (within 300 days) occurs to these low
activity values.

For the non-linear rise in the corrosion rate, in
case of EBA (40%), the specific activity in the primary
coolant reaches the equilibrium value in the shortest
time of all cases (tab. 4). The peak value in the second
cycle is higher when compared with peak values in the
first cycle. The equilibrium or saturation CPA values
are also higher for the second cycle, as compared to the
values in the first cycle for all three regions. The equi-
librium values for EBA (40%) in the first cycle are
6.068 kBg/cm?, 2.627 kBg/cm?, and 0.444 kBg/cm® in
the core, primary pipes and coolant regions, respec-

tively. These values are 46%, 41%, and 42% lower
when compared with equilibrium values for /(f) = 1
for all three regions, respectively. The overall behav-
ior of CPA shows an initial rise in the activity that
reaches a peak value due to the rise in the corrosion
rate and then falls to a low saturation value, due to
coolant chemistry effects.

The short-lived *Mn (half-life ~2.58 hours)
dominates the total specific activity due to corrosion
products. The specific activity due to ®°Co (half-life
~5.3 year) remains low during burn-up cycles; how-
ever, it dominates after reactor shutdown. Its EOC value
decides the total activity after reactor outage. In the case
of EBA (40%), we have compared the specific activity
due to **Mn and *°Co for two cycles and the results are
shown in fig. 7. In the first cycle, the saturation values
for core, pipe and coolant are 387.02 kBq/cm?, 4.625
kBg/cm?, and 3.737 kBg/cm?, respectively, for **Mn.
However, due to °Co, the values are 6.068 kBg/cm?,
5.18 kBg/cm?, and 0.148 kBg/cm?® in the three regions,
respectively. During the reactor shutdown period (570
days < ¢ < 600 days), **Mn activity becomes less than
107 kBg/cm? and ®Co activity remains at levels of
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Figure 6. Specific activity due to®’Co in the core, primary
pipes and the primary coolant of a PWR under different
enrichments of soluble boron and pH scenarios. Here,
the non-linear corrosion rate only case means /(f) =1 (no
effect of pH-value)

Table 4. Equilibrium and peak values for “’Co specific activity kBg/cm® (1Ci/cm”) for two cycles

Case Core Primary pipes Primary coolant
First cycle equilibrium value 6.068(0.164) 2.627(0.071) 0.407(0.011)
Second cycle equilibrium value 6.697(0.181) 2.886(0.078) 0.444(0.012)
First cycle peak:
NBA (20%) 8.288(0.224) 7.067(0.191) 0.5476(0.0148)
EBA (30%) 7.77(0.210) 6.66(0.180) 0.518(0.0140)
EBA (40%) 7.252(0.196) 6.253(0.169) 0.481(0.0130)
Second cycle peak:
NBA (20%) 9.213(0.249) 7.881(0.213) 0.6068(0.0164)
EBA (30%) 8.621(0.233) 7.4(0.200) 0.5698(0.0154)
EBA (40%) 8.066(0.218) 6.919(0.187) 0.5328(0.0144)
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Figure 7. Comparison of the specific activity due to **Mn
and “Co for the core, primary pipes, and primary cool-
ant with a non-linearly rising corrosion rate and EBA
(40%) in the first two extended cycles

0.0037, 1.48, and 0.148 kBq/cm? for the three respec-
tive regions. Cobalt isotopes remain the largest contri-
butors even after reactor shutdown and its saturation
values are the lowest in the EBA (40%) scenario, even
with the non-linear rise in the corrosion rate. These re-
sults were compared with the reported results of the
COTRAN code [17] and our results are in good agree-
ment with end-of-cycle behaviors and values for similar
extended cycles. The results by Song et al. [17] for ex-
tended multiple cycles showed a linear increase in
CRUD and a non-linear rise in core activity.

We have also compared corrosion product activ-
ity due to the ®°Co in the core, pipes, and primary cool-
ant for multiple long-term operating cycles. This anal-
ysis was done for EBA (40%) where the lowest peaks
occur and relatively quick equilibrium is achieved.
The results of the three-cycle analysis are shown in fig.
8. For the core region, the peak value in the second cy-
cle is about 11% higher when compared to the peak
value in the first cycle. The value of the third cycle
peak is only 1% higher than the second peak. Similar
results are obtained for pipes and coolant. They show
that no substantial increase in the peak or saturation
values occurs after the second cycle. Thus, the EOC
values of the second cycle can be used to represent the
saturation value for the equilibrium core. The satura-
tion values in each cycle also remain a function of the
performance index (g;0;) of the ion-exchanger. Here,
we have assumed the removal rate from the
ion-exchanger as £,0; ~600-900 cm?/s. If the removal
rates of the ion-exchanger are low (;0; ~ 100-300
cm’/s), then the activity keeps building up and in sub-
sequent cycles saturation values become gradually
higher. However, when ion-exchanger performs well
(£,0; ~ 600-900 cm?/s), then the overall ®’Co activity
remains low and the saturation value does not grow
much in subsequent cycles.
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Figure 8. Comparison of the specific activity due to “Co
in the first three cycles having a non-linearly rising
corrosion rate and EBA (40%) within the core, primary
pipes, and primary coolant of a typical PWR

CONCLUSIONS

The shift of nuclear power plant operation prac-
tice from a 12-month operating cycle to 18-24 months
long-term operating cycles requires new operational
methods to satisfy long-term safety and protection.
These extended operating cycles have complicated ef-
fects on primary coolant chemistry and finding the op-
timum pH concentration range. From the results of the
modified CPAIR-P/PH code, it has been observed that
for 2*Na, **Mn, >°Fe, ®®Co, and *°Mo, the specific ac-
tivity in the primary loop approaches equilibrium val-
ues under normal operating conditions fairly rapidly.
During reactor operation, the predominant corrosion
product activity is due to >**Mn and post-shutdown ac-
tivity due to the dominance of cobalt isotopes. The pH
values and the operating cycle length are key factors
affecting corrosion product activity in the core region,
primary pipes, and primary coolant.

These simulations suggest that the effects on the
specific activity of an increase in pH value for an ex-
tended 24 month cycle, in the form of a decrease in the
activity, is smeared by the non-linearly rising corro-
sion rate. The new saturation values for activity at the
end of the cycle are lower than the corresponding val-
ues for a reactor operated at a constant low pH/natural
boric acid in the coolant. As for the non-linear rise in
the corrosion rate coupled with a rise in pH from 6.9 to
7.4 and the use of enriched boric acid (10% - 40%),
this results in a coolant activity peak during the cycle,
dropping to much smaller saturation values at the end
of the cycle, when compared with the activity of the
system having a constant low pH value (6.9) in the
coolant. The use of enriched boric acid as a chemical
shim actually lowers the primary coolant activity
when, rather than natural boric acid, higher pH values
are employed in the coolant. For multiple long-term
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operating cycles, the saturation value of corrosion
product activity increases in the first two cycles and
then becomes constant in next cycle due to the high pH
concentration for the enriched boric acid (40%) used
as chemical shim.
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IlaBang . MAJIUK, Hacup M. MUP3 A, Cukangep M. MUP3A

INMPOYYABAIE AKTUBHOCTU ITPOU3BOJA KOPO3UIJE, Y PWR
PEAKTOPUMA CA INIPOAYXEHMUM IOPUBHYM HUKIYCHUMA

OBaj paj je cTyaumja o IpOMeHaMa y aKTUBHOCTH pacxJiajHe TeUYHOCTH YCle[] KOPO3UOHUX
IpojiyKaTa MpoAyKEeHOT TOPUBHOT LUKJIyca Y Tpajawy off 18-24 mecena y TunuunoM PWR pekaropy, ca
Bapujanujama BpegHocTu pH u 60pHe kucenune. Pa3marpa ce HeamHeapHa NMpoMeHa Op3MHE KOpo3suje
nosesaHa ca pH edexruma nusmemenum pauyHapckum nporpamom CPAIR-P npunarobenum BpeMeHcKH
3aBHCHOM PacTy KOpO3Hje W XeMUjCKUM e(peKTrMa y pacxiafiHoj TeuHoctr. Cumyranmje CyrepuIy ja je
edekT nopacra pH BpegHOCTH Y IPOAYKEHOM ABOTOAMNIIHEM UKITYCY Y OOIHMKY CMambea clieludpuyHe
AaKTUBHOCTH — yOJIasKeH pacToM Koposuje. HoBe BpeiHocTu 3aciheha aK THBHOCTH Ha KPajy IUKITyCa HIDKE
Cy Ol OHUX KaJla peakTOp pajy MpH KOHCTaHTHO HUCKOj BpegHocTH pH 1 ca mpupogHnM cTtamem GopHE
KHUCENIMHE Y pacxJlaiHOj TEYHOCTH. 3a HeJIMHeapHH IopacT Op3uHe KOopo3uje moBe3aH ca nopactom pH
BpepHocTu ca 6.9 Ha 7.4 u y3 ynorpedy oborahene 6opHe kucenune (30%—-40% ), akTHBHOCT pacxiiajHe
TEUHOCTH HajIIpe pacTe 10 MaKCHMAaJIHE BPEHOCTH TOKOM IUKJTyCa M IOTOM ce Mpu6InkKaBa 3HaTHO Mamk0j
caTypanuoHOj BpeTHOCTH Ha Kpajy UKIIyca — y nopebemy ca akTUBHOIIThy cCTeMa KOJ| KOTa je BPEHOCT
pH y xmapmony KoHcTaHTHO HucKa (6.9). Y oBOM pajy mokaszaHO je fa ymoTpeba oborahene GopHe
KHUCENIMHE Y XJIaJuoIly, YMECTO MPUPOAHE OOPHE KUCENHNHE KAa0 XeMHjCKe MOJJIOTe, CMambyje aKTUBHOCT
npUMapHe pacxjajHe TEeYHOCTH Kaja cy Behe pH BpemnocTu. 3a BumiecTpyke AyroTpajHe IUKIIyce,
caTypal@ioHa BpPEHOCT aKTHBHOCTH KOPO3MOHUX IPOAyKaTa pacTe y TpBa jBa NHKIyca W IOCTaje
KOHCTaHTAa Y HapeIHUM [IUKJITyCHMa ycies Bucoke pagae pH Bpernoctn o6orahene 6opue kucenune (40% )
Kao XeMHjcKe NOoJJIore.

Kmwyune peuu: modenosarbe u cumyaayuja Ha pawynapy, upou3soo koposuje, pH epeornociii, obozahena
6opna kuceauna, PWR peaxitiop, iipo0yxceHu ZopusHu yuxkayc




