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Abstract

A code, PWR-ECP, comprising chemistry, radiolysis, and mixed potential models has been developed to calculate
radiolytic species concentrations and the corrosion potential of structural components at closely spaced points around
the primary coolant circuits of pressurized water reactors (PWRs). The pH(T) of the coolant is calculated at each point
of the primary-loop using a chemistry model for the B(OH); + LiOH system. Although the chemistry/radiolysis/mixed
potential code has the ability to calculate the transient reactor response, only the reactor steady state condition (normal
operation) is discussed in this paper. The radiolysis model is a modified version of the code previously developed by Mac-
donald and coworkers to model the radiochemistry and corrosion properties of boiling water reactor primary coolant
circuits. In the present work, the PWR-ECP code is used to explore the sensitivity of the calculated electrochemical cor-
rosion potential (ECP) to the set of radiolytic yield data adopted; in this case, one set had been developed from ambient
temperature experiments and another set reported elevated temperatures data. The calculations show that the calculated
ECP is sensitive to the adopted values for the radiolytic yields.
© 2006 Elsevier B.V. All rights reserved.

1. Background

Sophisticated radiolysis/chemical/electrochemi-
cal codes have been developed for describing the
electrochemistry and corrosion properties of the pri-
mary coolant circuits of boiling water reactors
(BWRs) [1-14]. Some of the component models of
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these codes are routinely used to calculate radiolytic
species concentrations, electrochemical corrosion
potential (ECP), crack growth rate, and accumu-
lated damage over the full range of operating condi-
tions experienced in this type of reactor [9-14]. The
impetus for developing the models was to prevent,
or at least minimize, intergranular stress corrosion
cracking (IGSCC) and irradiation assisted stress
corrosion cracking (IASCC) of stainless steels com-
ponents in the reactor primary coolant circuits.
Extensive experimental and theoretical work over
the past thirty years on IGSCC of sensitized Type
304 SS has shown that the crack growth rate can
be significantly reduced, or even eliminated, by
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Nomenclature

a, b, and ¢ constants in terms of fundamental
parameters

ar and ap thermodynamic activities

b, and b. anodic and cathodic Tafel constants,

1/v

bs and b, forward and reverse Tafel constants,
1/vV

Cn, and Cs concentrations of species m and s,
mol/cm?

cd ;g bulk concentration of O or R, mol/cm?

D, diffusivity of the redox species i, cm?*/s

d channel diameter, cm

ECP  clectrochemical potential, V

E, activation energy (Table 1)

E applied or spontaneous potential, V

ERjo  standard potential, V

ER o equilibrium potential, V

E, empirical constant that is derived from
the polarization curve for the oxidation
of the steel

F A conversion factor equal to 6.25 x 10'3
(from R/s to €V/gs)

SfH, partial pressure of hydrogen

F Faraday’s constant

G", G% and G” radiolytic yields for neutrons,
gamma photons, and alpha particles,
respectively, in number of particles per
100 eV of energy absorbed

ir/o; current density due to the jth redox cou-
ple, A/cm?

i;r/o limiting currents, A/em?®

ior/o exchange current density, Alem?

leorr corrosion current density, A/em?

ko rate constant at temperature 7, (room
temperature), K

k; rate constant for the reaction between
two different species

M number of species (M = 14)

N number of reactions in the model (i.e.,
N =34 (from Table 1))

Ny Avogadro’s number

N; vector flux of each dissolved species i

n electron number for the half cell reaction

R universal gas constant

RS rate of change for each species i, at a
given location ¢, mol/cm? s

R; species total rate formed by the effect of
radiolysis, mol/cm® s

R! species radiolytic rate of production,
mol/cm® s

Re Reynolds number (Re = Vd/n)

pH7r  pH at the operating Kelvin temperature
(7)

Sc Schmidt number (Sc¢ = y/D;)

T temperature, K

V average flow velocity, cm/s

Vv velocity vector for each considered sec-
tion, cm/s

z; charge number (with sign) on the ion i

VC; gradient of the concentration of species i,
mol/cm?

V¢  electrical field strength, V/cm

v space derivative vector, 1/cm

I'", ", and I'* gamma photon, neutron, and al-

pha particle energy dose rates, respec-

tively, R/s

kinematics’ viscosity

water density, g/cm?

- =

displacing the electrochemical corrosion potential
(ECP) in the negative direction [15-18]. Thus, based
upon in-reactor measurements [19], displacement of
the ECP to a value that is more negative than
—0.230Vgug at 288 °C in pure water results in the
cessation of IGSCC, and the crack then propagates
by creep alone at a rate that does not pose a threat
to coolant circuit integrity.

The currently preferred method of displacing the
ECP in the negative direction in a BWR is by add-
ing a small amount of hydrogen to the reactor feed
water [15-18]. The technique, invented in Sweden,

but which has been most extensively implemented
in the US, is termed ‘Hydrogen Water Chemistry
(HWC)’, in which small amounts of hydrogen
(0.5-2 ppm) are added to the feedwater, in order
to displace the ECP in the negative direction from
that observed under ‘Normal Water Chemistry
(NWC)’, in which no hydrogen is added to the cool-
ant. HWC has now been implemented in many
BWRs in the US and elsewhere, and it is generally
found to be effective in out-of-core regions of the
primary heat transport circuit where boiling does
not occur. However, it is deemed to be much less
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effective in boiling in-vessel regions, because the
hydrogen is stripped from the coolant.

Macdonald et al. [2] calculated H,, O,, and H,0O,
concentrations at closely-spaced points around the
primary heat transport circuits of various GE-
designed BWRs, and then estimated the ECP using
a mixed potential model (MPM) as a function of the
feedwater hydrogen concentration. They showed
that the effectiveness of this HWC depends strongly
upon the location of the component in the primary
coolant circuit. In response to the uncertain efficacy
of HWC, noble-metal enhanced chemistry strategies
(e.g., NOBLECHEM) have been devised [15-18],
which involve the deposition of noble metals onto
the steel surfaces. These deposits have the effect of
catalyzing the hydrogen electrode reaction (proba-
bly preferentially over the oxygen and hydrogen
peroxide electrode reactions), thereby rendering
hydrogen a much more effective reducing agent than
otherwise would be the case. The net result is the
displacement of the ECP in the negative direction.

DAMAGE-PREDICTOR, ALERT, REMAIN,
and FOCUS are evolutionary, deterministic codes
developed by this group for predicting damage
due to stress corrosion cracking in BWR primary
coolant circuits as a function of the operating his-
tory of a plant. The codes are ‘deterministic’,
because the outputs (‘predictions’) of the compo-
nent models are constrained by known physico-
chemical laws. All of these codes, except
REMAIN, are derivatives of the original code
(DAMAGE-PREDICTOR) that was initially devel-
oped to model BWRs with external coolant pumps
and internal jet pumps [9-13]. On the other hand,
REMAIN was developed to predict IGSCC damage
in German BWRs equipped with internal coolant
pumps. DAMAGE-PREDICTOR was initially
used to model two of the reactors (Duane Arnold
and Dresden-2) that were included in the original
study of Ruiz et al. [1], but has since been employed
to model 14 operating BWRs worldwide. The ECP
predictions provided by DAMAGE-PREDICTOR
are, in general, similar to those obtained by Mac-
donald et al. [2] using the MPM and Ruiz et al.’s
[1] calculated values for [H,], [O-], and [H,0»].

A number of radiolysis codes have also been
developed to calculate radiolytic species concentra-
tions in PWR primary coolant circuits. These
include codes by Christensen at Studsvik AB in Swe-
den [20], Dixon and coworkers at Atomic Energy of
Canada Limited [21], and Burns and Moore at
UKAEA [3]. All of the radiolysis codes confirm that

the concentrations of the oxidizing radiolytic species
(O,, H,0O,, OH) are low compared to those of vari-
ous reducing species, such as H, and H, although
differences do exist between the codes with respect
to the actual values of the concentrations. However,
none of these codes predicted the ECP, because they
lacked a mixed potential model (MPM).

The ECP modeling work of Macdonald and
coworkers [22-24] shows that under normal PWR
primary circuit conditions [25 cc(STP)/kg] and in
the absence of oxygen in the primary feedwater,
the ECP is controlled primarily by the equilibrium
potential of the hydrogen electrode reaction
(HER) according to the following equation:

2.303RT 2.303RT
ECP = — (T) log(fu,) — <T> pHy,
()

where R is the universal gas constant, fy, is the
fugacity (partial pressure) of hydrogen, F is Fara-
day’s constant, and pHy is the pH at the operating
Kelvin temperature (7). ECP values calculated from
Eq. (1), which assumes equilibrium, are of the order
of —700 to —950 mVgyEg, depending upon tempera-
ture, hydrogen concentration, and the concentra-
tions of lithium and boron in the coolant (which
determine the pH). This range of ECP is highly sig-
nificant, in the light of the findings by Totsuka and
Smialowska [25] that Alloy 600 in the mill-annealed
condition suffers from hydrogen-induced cracking
in alkaline solutions at potentials more negative
than —800 mVgyg. Thus, on the basis of Totsuka
and Smialowska’s work, as noted by Macdonald
and coworkers [23,26], Alloy 600 exists in a PWR
primary coolant circuit operating with a high hydro-
gen concentration [>15cc(STP)/kg] in a state of
spontaneous intergranular fracture, due to HIC
(hydrogen-induced  cracking). Totsuka  and
Smialowska et al. [25] also observed stress corrosion
cracking at potentials more positive than
—650 mVgyg in the same solution. Thus, for Alloy
600, at least, there exists a window of 150 mV over
which the material is apparently immune to frac-
ture. Macdonald et al. [23] used their radiolysis/
ECP code to explore the impact of hydrogen con-
centration in displacing the ECP into the immune
region (more positive ECPs). The hydrogen concen-
tration so determined using the radiolysis/mixed
potential code was about 5 cc(STP)/kg, assuming
that no oxygen is added to the feedwater. The re-
sults of these calculations are encouraging, because
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they suggest that ECP control may be a practical
way of mitigating environmentally induced fracture
in the primary coolant circuits of PWRs, in much
the same way as is being achieved in BWRs. More
recently, a comprehensive radiolysis/ECP code,
PWR-ECP, has been developed for modeling
PWR primary coolant circuits as a function of reac-
tor operating parameters and coolant hydrogen
concentration.

1.1. Theoretical basis

The main body of the code, PWR-ECP, is the
water radiolysis model, which calculates the concen-
trations of radiolysis products from the decomposi-
tion of water due to neutron, gamma and alpha
radiation. The water radiolysis model makes use
of chemical reactions coupled to fluid convection,
in order to calculate the concentrations of the
species at points around the heat transport circuit.
After the species concentrations have been deter-
mined, the ECP is then calculated using a mixed
potential model (MPM). Incorporated into the
MPM is the capability of: (i) exploring the impact
of heterogeneous catalysis/inhibition of the redox
reactions that occur on the metal surface, and (ii)
incorporating various alloys, as the requisite elec-
trochemical kinetic data for these reactions (oxida-
tion of hydrogen and the reduction of oxygen and
hydrogen peroxide) and the alloy electro-oxidation
reactions becomes available. As of now, a reason-
ably complete set of data currently exists only for
Type 304 SS. Auxiliary input parameters (such as
flow velocity, coolant temperature, alpha, neutron,
and gamma dose rates in the coolant) have been
obtained from the International Atomic Energy
Agency (IAEA) [28] and from running other avail-
able thermal hydraulic and dose rate codes. The
regions covered by the model in a PWR heat trans-
port circuit correspond to a hypothetical average
PWR reactor with four loops, where only one loop
is simulated. The pH and ECP were calculated
around the primary coolant loop under normal full
power operating conditions and under cold shut
down conditions. Only the results obtained for the
core and the steam generator will be discussed,
due to restrictions on the length of this paper.

1.2. Water radiolysis

The radiolysis of water in PWR primary heat
transport circuits has long been recognized as a

potential source of corrosive, oxidizing species, such
as O,, H,O,, OH, etc. [3,23,27]. For this reason,
hydrogen is added to suppress their radiolytic gener-
ation. However, in order to calculate the ECP, it is
important that the concentrations of the most
prevalent radiolytic species, at least, be determined,
since the contributions that any given species makes
to the corrosion potential is roughly proportional to
its concentration. In order to calculate the species
concentrations, the combined effects of the radio-
lytic yield of each species, due to radiation, and
the changes in concentration due to chemical
reactions and fluid convection must be taken into
account. The impact of the radiolysis products
is to displace the potential from the value cal-
culated using Eq. (1), which assumes equilibrium
conditions.

1.3. Chemical reactions

The chemical reactions occurring in the primary
heat transport circuits of PWRs essentially deter-
mine the species concentrations in each part of the
circuit, particularly in regions of low dose rate
(i.e., in out-of-core regions). The general reaction
set used in this study is given in Table 1, along with
the rate constants and the activation energies.

The rate of change for each species i, at a given
location c, R}, is given by reaction rate theory as

N M N M
R=>"Y kCC, - CIZI: ijcs, (2)
J=1 s=

Jj=1 mgs=1

where k; is the rate constant for the reaction be-
tween species s and m, or for the reaction between
species s and i, and C,,, and C, are the concentra-
tions of species m and s, respectively. N is the num-
ber of reactions in the model (i.e., N =34 (from
Table 1)), M is the maximum number of species
considered (i.e., M = 14 in this model).

The rate constant, ; (f denotes the reaction num-
ber in Table 1), is a function of coolant temperature.
Since the temperature throughout the heat transport
circuit is not constant, the actual rate constant for
each chemical reaction must be calculated for each
specific position using Arrhenius’ law:

E /1 1
k; = ko exp [R (T_O_F)]’ (3)
j

where kg is the rate constant at temperature 7 (the
reference temperature), E, is the activation energy
(Table 1), R is the universal gas constant, and T
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Table 1
Extended list of reactions considered in the water radiolysis model

No. Rate constant Activation energy Chemical reactions
(L/mol s) (kcal/mol)
1 1.6E+1 3.0 e +H,O=H+OH"™
2 2.4E+10 3.0 e +H'=H
3 2.4E+10 3.0 e +OH=O0H"
4 1.3E+10 3.0 e” +H,O,=0OH+ OH"™
5 1.0E+10 3.0 H+H=H,
6 2.0E+10 3.0 e~ +HO, = HO;
7 1.9E+10 3.0 e +0,=0;
8 5.0E+9 3.0 2¢” +2H,0=20H" +H,
9 4.5E+9 3.0 OH + OH = H,0,
10 1.2E+10 3.0 OH + HO, =H,0 + 0O,
11 1.2E+10 3.0 OH+O; =OH™ + 0,
12 2.0E+7 3.0 OH +H=e¢ +H,0
13 4.5E+8 3.0 e +H+H,0O=0H +H,
14 6.3E+7 3.0 e~ +HO; + H,O =OH +20H"
15 1.44E+11 3.0 H"+OH™ =H,0
16 2.6E-5 3.0 H,0=H"+OH"
17 2.0E+10 3.0 H+ OH =H,0
18 3.4E+7 4.6 OH+ H,=H+ H,0
19 2.70E+7 34 OH + H,0, = H,0 + HO,
20 44E+7 4.5 H + H,0, =0H + H,0
21 1.9E+10 3.0 H+ O, =HO,
22 8.0E+5 3.0 HO, =0; + H"
23 5.0E+10 3.0 O; + H" = HO,
24 2.7E+6 4.5 2HO, = H,0, + O,
25 1.7E+7 4.5 20; +2H,0 = H,0, + 0, +20H™
26 2.0E+10 3.0 H + HO, = H,0,
27 2.0E+10 3.0 H+ O, =HO;
28 1.8E+8 4.5 e +0; +H; sO=HO, + OH™
29 1.8E+8 4.5 OH™ + H,0, = HO; + H,O
30 1.9973E—-6 14.8 2H,0, = 2H,0 + O,
31 1.04E—4 3.0 H+ H,O =H,+ OH
32 1.02E+4 3.0 H,0 + HO; = H,0, + OH™
33 1.5E+7 4.5 HO, +0; = 0, + HO;
34 7.7E—4 7.3 H,0, =20H

The rate constants were measured at 25 °C; and a temperature adjustment was performed in each reaction via Eq. (3). The rate constants
and activation energies for Reactions 1-34 were used by Macdonald and coworkers [13]to model BWRs (the rate constant for Reaction 30
was used to calibrate the model to measure in-plant ECP data). All but the italic numbers were traced to the original publication of Burns
and Moore [3]. The italicized numbers sources are Lukashenko [31] and Pastina [32].

is the operating temperature in Kelvin. The rate
constant for hydrogen peroxide decomposition
(Reaction No. 30) was calculated separately using
an experimentally derived relationship [9]:
ks = 1.4096 % 10° - e~ () (4)
Notice that [H"] and [OH ] are calculated from the
pH and the dissociation constant of water at the
prevailing temperature.

1.4. Radiolytic yield

The rate at which any primary radiolytic species
is produced is given by [9]

1

GII
Ry = !
(100 * 100 100

G'rr~  G*r*\ ~
LG )Fp/m (5)

where R has units of mol/cm’ s, G, G&, and G* are
the radiolytic yields for neutrons, gamma photons,
and alpha particles, respectively, in number of par-
ticles per 100 eV of energy absorbed, N, is Avoga-
dro’s number, F equals 6.25 x 103 (the conversion
factor from rad/s to eV/gs), and p is the water den-
sity in g/em’®. I'", I'™, and I'* are the gamma photon,
neutron, and alpha particle energy dose rates,
respectively, in units of rad/s. Alpha particles are
produced by the 10B5(1H0,4H62)7Li3 reaction and
may make a significant contribution to the total
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Table 2
G values for primary radiolytic species at high temperatures
(‘high: reported at high temperatures’)

No. Gamma Radiolytic yields Alpha [27] Species
[26]285°C neutron [31]285°C  270-300 °C

1 415 0.93 0.13 e

2 1.08 0.50 0.12 H

3 397 1.09 0.45 OH

4 125 0.99 1.55 H,0,

5 0.00 0.04 0.00 HO,

6 0.00 0.00 0.00 HO;

7 0.00 0.00 0.00 0,

8  0.00 0.00 0.00 0,

9 0.00 0.00 0.00 (o
10 0.00 0.00 0.00 (on
11 0.00 0.00 0.00 0
12 0.62 0.88 1.65 H,
13 0.00 0.00 0.00 OH~
14 415 0.93 0.13 H"

radiolytic yield (>10%), depending upon the
location.

Table 2 lists the radiolytic yields reported for
aqueous solutions at roughly reactor operating
temperatures. The species to which those values
correspond are in the rightmost column. For com-
parison, Table 3 summarizes the radiolytic yields
measured at a lower (ambient) temperature. Clearly,
temperature exerts an important influence over the
radiolytic yield.

1.5. Overall equations

By adopting the rates of change of species con-
centration from the various sources discussed

Table 3
G values for primary radiolytic species at low temperature (‘low:
reported at room temperatures’)

No. Gamma Radiolytic yields due Alpha Species
[16]20 °C to: neutron [20] 20 °C  [20]

20 °C
1 2.6 0.37 0.04 e
2 055 0.36 0.16 H
3 267 0.46 0.10 OH
4 072 1.00 1.3 H,0,
5 0.00 0.17 0.30 HO,
6 0.00 0.00 0.00 HO;
7 0.00 0.00 0.00 0,
8 0.00 0.00 0.00 0;
9 0.00 0.00 0.00 o~
10 0.00 0.00 0.00 )
11 0.00 0.00 0.00 o)y
12 045 1.20 1.70 H,
13 0.10 0.00 0.00 OH~
14 276 0.37 0.04 H"

above, we write the total rate of species formed by
the effect of radiolysis as [9,24]

(G GT G~
= \ 00w, " 100N, " 100N, )"

N

N M M
>N KCCu—CY D kG

J=1 ms=1 j=1 s=1

+ . (6)

The approach used in this work to solve the set of
coupled ordinary differential equations (ODEs)
makes use of a publicly available subroutine
(DVODE), developed by Hindmarsh at the Law-
rence Livermore National Laboratory in California.
This algorithm is designed to solve first order, stiff
ODE equation sets. Our system of equations is in-
deed coupled throughout via the concentrations of
all the species considered (up to 14, depending of
the case considered) and is very stiff.

The flux of each dissolved species is given by
[9,24]
N, = —zD,(F/RT)CN ¢ — DNC; + C;V, ;
Flux = migration + diffusion + convection, 7

where D; is diffusivity of the redox species 7, N, is the
vector flux of each dissolved species, z; is the charge
number (with sign) on the ion, R is the gas constant,
T is the temperature, C; and VC; are the species
concentrations and concentration gradient; V¢
is the electric field strength, F is Faraday’s num-
ber, and ¥ is the fluid velocity vector for each sec-
tion considered. Note that velocity is considered in
one dimension and is assumed to be constant in
each unbranched section of uniform cross-sectional
area.

Because of efficient mixing and in the absence of
an electric field, we may ignore diffusion and migra-
tion, respectively, and hence, the material balance
can be written as

oC, = —
o -V - N;+R;, (8)

(accumulation = net input + production) where R;
is the rate of production of the species in the fluid
due to homogeneous reactions. Accordingly,

oC — oV aC;
5 =V (CTV)+R=—-Cig o~V +R, (9

where V' the velocity for each considered section, as
noted above.
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1.6. Mixed potential model

After the concentration of each radiolysis species
is calculated, the corrosion potential of the compo-
nent can be calculated using a mixed potential
model (MPM) [28]. The MPM is based on the phys-
ical condition that charge conservation must be
obeyed at a corroding interface. Because electro-
chemical reactions transfer charge across a metal/
solution interface at rates measured by the partial
currents, the following equation expresses the
charge conservation constraint:

> injoE) + fun(E) = 0, (10)

where ir/o; is the partial current density due to the
jth redox couple in the system and i, is the metal
oxidation (corrosion) current density. These partial
currents depend on the potential drop across the
metal/solution interface.

In the current version of the MPM, developed for
modeling the ECP of Type 304 SS in BWR primary
circuits, the steel oxidation current density, ico, Was
modeled as an empirical function of voltage, based
on the data of Lee [29],

icorr - —r, 11
384.62e% + X (1)
where
(E-Eo)
e
X = (12)
2.61 x 107 3¢ ros2E—£0)"3
and
E,=0.122 — 1.5286 % 10 T. (13)

In these expressions, E is the voltage, E, is an empir-
ical constant that is derived from the polarization
curve for the oxidation of the steel, and, by and b,
are the forward and reverse Tafel constants, respec-
tively, for the metal dissolution reaction, with values
of 0.06 V being assumed for both. In actual fact,
they are empirical constants that were assumed «
priori in fitting Eq. (11) to the current/voltage data.
It is important to note that Eq. (11) applies strictly
to Type 304 SS in near neutral solutions [29] and,
hence, this expression may not be a good empirical
model for stainless steels in PWR primary circuits.
More recently, the authors have developed the point
defect model [30] for the oxidation of a passive me-

tal. This model yields the passive current density in
the form

icor = a % exp(bE) + ¢, (14)

where the parameters a, b, and ¢ are given in terms
of fundamental parameters, as described in the
original publication [30]. The first term on the right
side of Eq. (14) arises from the transmission of
cations (via cation vacancies) across the passive film
from the metal/film interface to the film/solution
interface, while the second term reflects the trans-
mission of oxygen ions (via oXxygen vacancies)
and/or metal interstitials in the reverse direction.
We hoped to fit Eq. (14) to available experimental
data from the literature for the alloys of interest
(Alloy 600 and stainless steels, data for which are
now being assessed) under the conditions that most
closely approximate those that are present in the
primary coolant circuits of PWRs. However, the
required steady state current/voltage data is
unavailable at the present time and this approach,
which is more soundly based on the theory of
passivity, had to be abandoned.

Because electrochemical kinetic data are avail-
able only for the hydrogen electrode reaction
(HER, H,/H"), the oxygen electrode reaction
(OER, 0,/H,0), and the hydrogen peroxide elec-
trode reaction (HPER, H,0,/H,0), only H,, O,
and H,O, can be considered as the redox species
in the MPM. Fig. 1 shows the approximate metal
alloy composition of a schematic representation of
a PWR. In this paper, we did not differentiate
between metal alloys, because the requisite data
are not yet available. However, the model has the
capability of accommodating those values as they
are produced.

In solving Eq. (10) for potential (ECP), it is nec-
essary to first express the redox current for each
conjugate redox pair in terms of the potential and
kinetic, thermodynamic, and mass transport param-
eters for the reaction. From electrochemical kinetic
theory, The current density (ir0) for a redox couple
(e.g., 02/H,0, H"/H,, H,0,/H,0)

R < O +ne, (15)

(where R is the reduced species and O is the oxidized
species) can be expressed in terms of a the general-
ized Butler—Volmer equation as

o) o)
) € Tl  —e Tk
IR/0 = (E-E5 ) ORE (16)
1 1 1 R/O
- —¢C ——¢C be
I),R /O lif liyy
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Fig. 1. Schematic of a PWR primary coolant circuit showing regions of different metallurgy.

where iy r/o i the exchange current density, i ¢ and
iy are the mass-transfer limited currents for the for-
ward and reverse directions of the redox reaction,
respectively, and b, and b, are the anodic and catho-
dic Tafel constants. E} /0 is the equilibrium potential
for this reaction, as computed from the Nernst
equation:

2.303RT ar
e 0
Eyjo = Erjo — = log <%) (17)

where ar and ag are the thermodynamic activities of
R and O, respectively, and E} /o 1s the standard po-
tential. Limiting currents are calculated using the
equation [29]

_ +0.0165nFD;CY, o Re"*°Sc"
li,R/O = d . ( 1 8)

The sign in Eq. (18) depends on whether the reac-
tion occurs in the forward (+) or reverse (—) direc-
tion, Fis Faraday’s number, D; is the diffusivity of
the redox species, i, Ch /o 18 the bulk concentration
of R or O, as appropriate, Re is the Reynolds num-
ber (Re = Vd/y), Sc is the Schmidt number (Sc =/
D;), dis the channel diameter, V' is the flow velocity,
n is electron number for the half cell reaction , and 7
is the kinematics viscosity.

1.7. Parameters values used in the calculation

The following parameters were adopted in these
calculations:

[O,] = as indicated
[H,] = as indicated
Hydrodynamic diameters and flow velocities
depend on the section considered
[Boron] = 840 mg/kg
[Lithium] = 1.9 mg/kg
Core bypass, gamma dose rate = 0.717 * 107> R/s
neutron dose rate = 1.29 * 107> R/s
alpha dose rate = 0.792 * 107> R/s
Outside of the core temperature range = 293-328 °C
Core temperature = 328 °C
Core radiation levels,
gamma dose rate = 0.286 * 107° R/s
neutrons dose rate = 0.514 * 10"° R/s
alpha dose rate = 0.317 * 10" R/s

We explored two scenarios. In the first scenario,
the oxygen concentration in the feedwater was
maintained at zero and H, was injected into the pri-
mary circuit at the pressurizer. In the other, we
maintained the H, concentration constant and
changed the concentration of oxygen dissolved in
the feedwater. We calculated the ECP around the
primary loop of a PWR using the ‘High’ and
‘Low’ radiolytic yields and the set of reactions used
by Macdonald and coworkers to model BWRs.

1.8. Experimental data

Fig. 2 shows a collection of experimental data for
the ECP of stainless steels (Types 304 and 316)
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Fig. 2. Comparison of calculated electrochemical potentials for
Type 304 and 316 SS with experimental data obtained in
hydrogenated solutions and deoxygenated solutions [23].

obtained as a function of temperature (at tempera-
tures up to PWR core conditions) in aqueous solu-
tions containing various amounts of hydrogen and
oxygen [23]. These data shows the strong effect
expected when as little as 20 ppb of oxygen contam-
inates the feed water. The figure also shows that a
corrosion potential (ECP) of about —700 to
—800 mVgyg, corresponding to the hydrogen elec-
trode potential at very high temperatures and with
no oxygen in the feed water, might be expected in
the primary coolant circuit of a PWR, in good
agreement with calculation (see below). However,
the data also suggest that, if even only small concen-
trations of oxidizing species are produced by radiol-
ysis or are added via the feedwater (e.g., O,), the
potential (ECP) may be significantly more positive
than that calculated and measured for hydrogenated
solutions.

2. Results and discussion

During normal operation of a PWR, and with
hydrogen concentrations that are sufficiently large
to completely suppress the radiolytic generation of
oxidizing species, such as oxygen and hydrogen per-
oxide, we can expect that the ECP in the core will
closely follow that calculated for the hydrogen
electrode. It is also expected that, for very high H,

concentrations injected into the feed water of the
reactor, the core will adopt a potential between
—0.8 and —0.9 Vgyg. If the hydrogen concentration
is lowered, and the radiolytic generation of oxidiz-
ing species is allowed to occur, the ECP will shift
in the positive direction, particularly at lower tem-
peratures (the pump side of the steam generator,
for example) [23]. Oxygen in the feedwater also
has an impact on the ECP, because it shifts the elec-
trochemical potential in the positive direction and,
in extreme cases, may raise the ECP to the point
where certain alloys, such as Alloy 600, may suffer
stress corrosion cracking. Because the region of
potential over which Alloy 600 is immune to either
HIC (at ECP < —-800mVgyg) or SCC (ECP>
—650 mVgyg) is so narrow (150 mV), it is evident
that potential control in a PWR primary circuit will
require a great deal of finesse.

Fig. 3 shows the predicted ECP throughout the
primary loop of a PWR under normal operation.
A constant H, concentration of 25 cc(STP)/kg,
was assumed, while the O, concentration injected
into the feedwater was varied. Note that increasing
the O, concentration is predicted to increases the
ECP. These calculations were performed by assum-
ing the 34 reactions with 14 species adopted by
Macdonald and coworkers for BWR simulation
(Table 1) and the ‘High’ radiolytic yield set (Table
2). The hot parts of the core and the cold leg
entrance to the core display ECP values that are
approximately the same as the hydrogen electrode
reactions.

Fig. 4 shows the predicted ECP throughout the
primary loop of a PWR for the same conditions
assumed in Fig. 3, except that the ‘Low’ set of radio-
lytic yields (Table 3) was assumed. Note that, again,
increasing the O, concentration increases the ECP.
It is evident, however, that the calculated potential
versus distance around the primary coolant circuit
is sensitive to the set of data assumed for the yields
of radiolytic species, particularly in the core, hot-
leg, steam generator, and cold-leg regions. At the
current time, we do not know which of the two
radiolytic data sets are more realistic. This question
could only be answered by measuring the ECP in
the circuit; unfortunately these data are not cur-
rently available. Thus, the importance of employing
an accurate set of radiolytic yield data is well
demonstrated.

The calculated data plotted in Fig. 5 shows the
ECP in the primary loop of a PWR at constant
O, concentration (5 ppb O,) and as a function of
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Fig. 3. Calculated ECP throughout the primary loop of a PWR. The O, concentration injected into the feedwater was varied from 0 ppb
to 5000 ppb. The H, was maintained constant at 25 cc(STP)/kg. The ‘High’ radiolytic yield set (Table 2) was used in the calculations.
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Fig. 4. Calculated ECP throughout the primary loop of a PWR. The O, concentration injected into the feedwater was varied. The H, was
maintained constant at 25 cc(STP)/kg. The ‘Low’ radiolytic yield set was used in the calculations.

the H, concentration. The calculations employed
the ‘High’ set of radiolytic yields. The results of
the calculations indicate that even if [Hy]=
35 cc(STP)/kg, as little as 5 ppb of oxygen injected
into the feedwater, will have a significant impact
on displacing the ECP in the positive direction
(compare Figs. 5 and 3).

Fig. 6 shows the predicted ECP in the primary
loop of a PWR at constant O, concentration
(5 ppb O,) as a function of the specified H, concen-
tration  [1-35cc(STP)/kg]. The calculations
employed the ‘Low’ set of radiolytic yields. By
adopting this set of radiolytic yields, the calculated
ECP is predicted to remain at very negative values
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Fig. 6. Calculated ECP in the primary loop of a PWR. The O, concentration is 5 ppb and H, concentration was varied as indicated. The

model uses the ‘Low’ set of radiolytic yields.

(at the hydrogen electrode potential), even in the
case where there was 5 ppb of oxygen in the feed-
water of the primary reactor loop. Again, these
calculations demonstrate the high sensitivity of the
predicted ECP to the values assumed for the radio-
lytic yields, as concluded above.

Experimental measurements (Fig. 2) appear to
indicate that twenty ppb levels of dissolved oxygen
in the coolant reactor loop will shift the ECP of
the primary loop (at temperatures between 250

and 350 °C) to an area of potential where stress
corrosion cracking occurs (ECP > —650 mVgyg for
Alloy 600). Calculation of the ECP, by adopting
the 34 reactions used by Macdonald and coworkers
in BWRs and the radiolytic yields measured at
‘high’ temperatures (see Table 2), show that the cor-
rosion potential is very sensitive to oxygen contam-
ination. The results also show that a part of the core
has a calculated ECP greater than —400 mVgyg
when operating with sufficient hydrogen to
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‘suppress radiolysis’. Clearly, the divergent results
discussed in this paper argue for the development
of more reliable and accurate data sets for the radio-
lytic yield for various species produced by the radi-
olysis of water under PWR primary coolant circuit
operating conditions.

3. Conclusion and recommendations

At this point, it is important to determine how
accurate the radiolysis model needs to be in predict-
ing the concentrations of radiolytic species. Bearing
in mind that, if our objective is to calculate the ECP,
it is evident from the mixed potential model that the
contribution that any given species makes to deter-
mining the corrosion potential is roughly propor-
tional to its concentration. Thus, only those
electro-active species that are present at the highest
concentrations will have a significant impact on the
ECP. These species include (as determined from
previous modeling of BWR primary circuits [9]):
H, (added to the coolant), possibly O, (feedwater
component), H>O,, ¢~ (aq), and OH (radiolysis),
with the latter two being of doubtful significance.
If oxygen is not a component of the feedwater, its
predicted concentration in a hydrogenated PWR
coolant is virtually zero (in our calculations zero
concentration are assigned to any species with a
concentration below 107'>M level). Thus, the
important question is whether O, can survive the
passage through the core at a concentration that is
not significantly reduced from the feedwater value.
The essential requirement is, therefore, that the model
accurately predicts the concentrations of the most
abundant species, not that it predicts the concentra-
tions of all species accurately. We believe the pro-
posed model meets these requirements, but that
the results that are obtained are very sensitive to
the radiolytic yield data that are assumed in the cal-
culation. It is therefore essential that accurate data
be determined for the yields under the operating
conditions of the reactor.
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