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ABSTRACT

The application of deterministic models for simulating stress corrosion cracking phenomena in Boiling
Water Reactor primary coolant circuits is described. The first generation code, DAMAGE-PREDICTOR, has
been used to model the radiolysis of the coolant, to estimate the electrochemical corrosion potential (ECP), and
to calculate the crack growth rate (CGR) at fixed state points during reactor operation in about a dozen plants
worldwide. This code has been validated in double-blind' comparisons between the calculated and measured
hydrogen concentration, oxygen concentration, and ECP in the recirculation system of the Leibstadt BWR in
Switzerland, as well as through less formal comparisons with data from other plants. Second generation codes
have now been developed, including REMAIN for simulating BWRs with internal coolant pumps and the ALERT
series for modeling reactors with external pumps. One of this series, ALERT, yields the integrated damage
function (IDF), which is the crack length versus time, on a component-by-component basis for a specified future
operating scenario. This code therefore allows one to explore proposed future operating protocols, with the
objective of identifying those that are most cost-effective and which minimizes the risk of failure of components
in the coolant circuit by stress corrosion cracking. The application of this code is illustrated by exploring the
benefits of partial hydrogen water chemistry (HWC) for an actual reactor, in which hydrogen is added to the
feedwater over only limited periods during operation. The simulations show that the benefits, in terms of
reduction in the IDFs for various components, are sensitive to when HWC was initiated in the plant life and to the
length of time over which it is applied.

INTRODUCTION

Incidences of intergranular stress corrosion cracking (IGSCC) of austenitic stainless steel components
in the heat transport circuits (HTCs) of Boiling Water Reactors (BWRs) are occurring with increasing frequency
as the nuclear power reactors age. In particular, concern has arisen over the cracking of in-vessel components,
such as the core shroud and control rod drive mechanism, because of the safety implications and the high cost
of repair.

In order to aid in component lifetime and safety evaluations, algorithms are required to predict the
development of corrosion damage in a deterministic manner. A deterministic model is one that achieves
prediction on the basis of known physical laws and specified future conditions (corrosion evolutionary path,
CEP), in contrast to empirical models (EMs) that extrapolate past experience. Deterministic models (DMs)
emphasize mechanisms and their adherence to the natural laws, which provide constraints on the solution of the
constitutive equations. These models generally require little calibration" beyond that necessary to determine
values for poorly known, but physically meaningful, parameters that cannot be determined by separate
experiment. On the other hand, empirical methods seek to extrapolate past experience into the future,
frequently on the basis of models that are non-physical and do not adhere to the natural laws. Because EMs are
generally unconstrained by the natural laws, they require large calibrating data bases to capture the relationships
between the dependent and independent variables, which must be anticipated in advance. The existing data
base for IGSCC in stainless steels under BWR operating conditions does not permit the empirical development
of reliable relationships between crack growth rate and all of the independent variables that are important in
describing the accumulation of damage (stress intensity, conductivity, flow velocity, corrosion potential,
temperature, and crack length, for example). It is argued later in this paper that the CGRlcrack length
relationship is particularly important in the prediction of accumulated damage. Importantly, the DIVs presented
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here capture the synergism that exists between the mechanical, chemical, and electrochemical factors in the
IGSCC-related degradation of BWR stainless steel components.

DETERMINISM IN THE EVOLUTION OF SCIENCE

`Science" may be defined as the transition from empiricism to determinism, with the former implying that
everything that we ultimately can know must have been experienced. On the other hand, determinism (as used
in the scientific sense) is the philosophy that the future may be predicted from the past, provided that: (i) The
phenomena can be described in terms of viable physical mechanisms; (ii) the solutions to the constitutive
equations (i.e., those equations that predict the response of the system to given inputs) are constrained by
natural laws that are invariant in space and time (conservation of mass, charge, etc), and; (iii) the path to the
future state is continuous and can be specified. The philosophy of determinism does not mean that we must
predict the behavior of every particle in the system, since much of the system may be described in terms of
average properties (density, temperature, etc). Indeed, this is precisely the approximation that is used in
planning the trajectory of a spacecraft to a far distant planet; the constitutive equations (equations of motion and
the law of gravitation) are solved subject to the constraints imposed by the conservation of mass, energy (or
mass-energy), and momentum, assuming that the planets, which exert gravitational forces on the craft, can be
regarded as bodies of uniform, average properties. Clearly, this course is preferable (and less expensive) to the
empirical method of firing rockets at random to find which two bracket the target, and then repeating the process
within the bracket to find which spacecraft actually reaches the target.

One of the greatest challenges in devising a deterministic model is to decide what phenomena or
processes should be included in describing the global system. While no dogmatic rules exist to guide the
theorist on this matter, a rule-of-thumb used by the author is that all processes that have a perceptible impact on
the dependent variable, when the independent variables are varied over prescribed ranges, should be included,
but that begs a definition of the term perceptible". The most general definition of "perceptible" is in terms of the
desired precision or accuracy of the prediction; if the impact is greater than the desired accuracy, when an
independent variable is changed over a prescribed range, then the response is said to be perceptible" and the
process or phenomenon should be included in the model. As an example, consider the case referred to above
of a spacecraft flying to a far distant planet. Provided that the craft was sufficiently far from earth, a volcanic
eruption, while catastrophic to an observer on earth, would have an imperceptible impact on the trajectory and
hence it would not need to be included in the model. However, if the spacecraft was sufficiently close to the
earth, and the volcanic eruption caused a significant redistribution of mass, the impact on the trajectory may well
be perceptible and hence the eruption would have to be included in the physical description of the system.
Finally, it is worth recalling Einstein's admonishment that processes and phenomena must not be introduced into
a model in an ad hoc fashion, simply to make the model function correctly, and that ultimately all models must be
based on (and justified by) observation. The process by which this is ensured is one of prediction followed by
testing, commonly known as the "scientific method".

It is important to note that a model" is simply our perception of reality, and should not be mistaken for
reality itself. Because we can never perceive reality absolutely (we make observations only through imperfect
senses and interpret the results through an imperfect intellect), there is no such thing as the correct model",
notwithstanding the occasional claims to the contrary. All models are ultimately deficient in some respect, as
revealed by experiment, and hence eventually must be replaced when they are no longer able to predict correctly
within the accuracy of the observation. However, there is an aspect to this issue that is commonly ignored, but
which can have a profound impact on the evolution of models and that is that there must exist confluence"
between theory and experiment. Simply put, it is necessary to insure that experiments that are designed to test
a theory, and theories that are developed to account for observations, must be inter-compatible with regards to
the underlying assumptions and postulates. A classic example in electrochemistry and corrosion science of
where the "confluence" condition is violated is the use of potentiodynamic techniques for measuring polarization
data, which are then used to evaluate steady state models for the passive state, without first demonstrating that
the voltage scan rate was sufficiently low that the experimental measurements were made under acceptable,
quasi steady state conditions. In this case, the lack of agreement between theory and experiment cannot be
taken as evidence that the theory or model is wrong, but rather that the theory and experiment are not in
confluence, and hence the issue of "right or wrong" is moot. It is the author's opinion that many models have
been prematurely condemned on the basis of data that were measured under conditions where confluence did
not exist between theory and experiment. Contrariwise, other models have survived even though data from
experiments that are in good confluence with the theory are at odds with the predictions of the model!

The condition that the solution to the constitutive equations be constrained by the natural laws and that
the laws must be invariant in space and time is obvious, but it contains many subtle undertones. Thus, it is
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important to note that the empirical-to-deterministic evolution, which we refer to as "science', is compiled in the
form of the natural laws that are universally true. These laws are the summation of a wide range of empirical
observation and theoretical deduction, and contain information that extends well beyond the system of particular
interest. The universal applicability of the natural" laws has played a pivotal role in the evolution of science. For
example, it was Lorentz's realization that the (natural) laws of motion must be valid in all inertial frames of
reference, simultaneously, that led him to formulate the famous transformations that bear his name [e.g.,

m = MO/ 1 - v / c , where is the "rest" (observer's) mass, m is the mass in a frame of reference
moving at a uniform velocity v with respect to the rest" frame, and c is the velocity of light], which ultimately led
to Einstein's formulation of the Theory of Relativity. Clearly, the spatial and, in particular, the temporal invariance
of the natural laws is a critical property for the prediction of physico-chemical phenomena extending ten
thousand years or more into the future.

Another question that commonly arises in exploring the role of determinism in science concerns which of
the natural laws must be invoked in describing the behavior of a system. The short answer to this question is
simple; all of the laws must be obeyed. However, only certain laws are operatively important, depending on how
the system and observer are defined. Consider once more the spacecraft, and imagine that a component in the
environment control system that is in contact with an aqueous phase is undergoing stress corrosion cracking.
Now, stress corrosion cracking is a mechano-electrochemical phenomenon, so that the relevant (operatively
important) laws are those that constrain mechanical and electrochemical phenomena. These laws include the
conservation of mass/energy, momentum, charge, and mass/charge (Faraday's law). Assuming that the
observer is in the spacecraft and recognizing that the natural laws are the same for all frames of reference, the
laws as applied to the spacecraft, as a whole, need not be considered, because the inertial frame of reference is
common to the spacecraft and the observer. Accordingly, the conservation laws, as applied to the center of
mass of the system, are of no relevance, but only those applied to the system within the local inertial frame of
reference need be considered. Some of these laws are implicit, while others must be explicitly invoked. For
example, the conservation of mass is implicit, if the system is closed" (in the thermodynamic sense) and
balanced relationships (e.g., reactions) describe the various processes that occur in the system (e.g., metal
dissolution). Likewise, invocation of the Griffith criteria of fracture satisfies the conservation of energy, while the
use of Faraday's law ensures the conservation of mass/charge. On the other hand, some laws must be invoked
explicitly, because of the nature of the problem. For example, in the case of stress corrosion cracking, it has
been established experimentally that a positive current flows from the crack through the solution to the external
surfaces where it is consumed by some cathodic reaction. Except in a few cases, the role played by the external
environment has been totally ignored in modeling SCC, with the result that the models fail to conserve charge
and hence cannot satisfy the requirements of determinism. Close examination of these models generally
reveals that they are largely, if not entirely, empirical in nature, albeit in a sophisticated manner.

It is the author's postulate that we must use the same deterministic philosophy as that outlined above in
predicting the evolution of corrosion damage in reactor coolant circuits. In light of the fact that each reactor is
unique, particularly after it has been operated for any length of time, our `experience" with multiple, identical units
is minimal, if not non-existent, and hence there does not exist a basis for the empirical prediction of damage.
Accordingly, insufficient data are available for any given type or even model of reactor to formulate statistically
significant predictions over the intended 40-year operating life. These factors alone are devastating for the
prospects of empirical methods for predicting corrosion damage, in this instance.

STRESS CORROSION CRACKING IN BWIRs

Over the past decade, the author and his colleagues [1-5], and others [6-9], have developed radiolysis
models for estimating the concentrations of electroactive radiolysis products (eaq, H, 02, H2, H202, etc) around
the primary coolant circuits of BWRs. Some of these codes [1-5,9] have incorporated deterministic models for
calculating the ECIP [1 0] and the rate of growth of cracks [1 1-1 3] in sensitized Type 304 SS in the coolant circuit.
These models have been extensively evaluated and the calculated ECIP and crack growth rate are found to be in
good agreement with both laboratory and plant data where comparison can be made. Since this initial work,
more advanced codes, including REMAIN (internal coolant pumps), ALERT (external coolant pumps), and
DEMACE (external pumps) have been developed by either upgrading the radiolysis code (e.g., DEMACE) or
upgrading the ECP and crack growth rate codes and by incorporating new capabilities (REMAIN and ALERT).
For example, in the case of REMAIN and ALERT, the codes are written in C++, which greatly reduces the
execution time, thereby permitting the evolution of corrosion damage to be predicted over a preconceived
operating protocol. The use of ALERT for this purpose will be discussed later in this paper.
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Calculation of the species concentrations and the ECP are outlined in other papers by the author in this
conference and additional details can be found in the literature [1-4,9]. Details on the calculation of crack growth
rate are given in Refs 11-13, but it is necessary to outline some of the features of this calculation in order that
latter discussion can be fully understood. According to the CEIFMV, crack advance occurs via the slip-dissolution-
repassivation mechanism at the crack tip. The dissolution of metal (crack growth) takes place when the oxide
layer ruptures and a bare metal surface is exposed to the crack environment. Provided that the crack aspect
ratio (xla, where x is the crack length and a is the crack opening displacement) is greater that about 5, which is
certainly the case for a long, tortuous, intergranular crack in a sensitized stainless steel, particularly when
oriented transverse to the fluid flow direction, the crack internal environment is quiescent. Under these
conditions, the crack internal environment is envisioned to develop into an aggressive, low pH/high chloride
environment with the result that clear separation exists between the local anode (in the crack) and the local
cathode (on the external surfaces adjacent to the crack mouth). Thus, stress corrosion cracking falls within the
differential aeration hypothesis, which is the theoretical basis for most, if not all, localized corrosion phenomena.
The separation of the local anode and the local cathode results in (and is maintained by) the flow of positive
current through the solution from the anode to the cathode. Thus, the physico-electrochemical condition that
must be satisfied by a growing crack is the conservation of charge, which requires that the net positive current
exiting the crack mouth be consumed quantitatively on the external surfaces by various cathodic reactions (e.g.
reduction of oxygen and hydrogen peroxide). Thus, the CEFM emphasizes that the crack internal and external
environments are strongly coupled; a postulate that has been demonstrated unequivocally by experiment [14].
Indeed, the CEFM predicts that the crack growth rate may be changed by modifying the electrocatalytic
properties of the external surface [10,15]. Thus, we have shown theoretically that, if the exchange current
densities of the redox reactions (reduction of oxygen and hydrogen peroxide and the oxidation of hydrogen) are
increased in the presence of a stoichiometric excess of hydrogen, or are decreased with no restriction on the
ratio of hydrogen concentration to oxidizing specie concentrations, the ECP is displaced in the negative direction
and the crack growth rate is decreased. The first case is the basis of noble metal chemical additions (NMVCA)
[16-18]. Recent work [19] has shown that this strategy increases the exchange current densities for the
hydrogen electrode reaction (HER) and the oxygen electrode reaction (ER) at 288 C by factors of about 20-80
and 3, respectively. NCA is now undergoing trials in operating BWRs, with the initial results being very
promising [20]. The disadvantages of NMVCA are the cost of the noble metal, the uncertainty (and unknown
negative impact) associated with the introduction of a new material on future operation of the reactor, and the
need to operate with a stoichiometric excess of hydrogen. This latter factor may require that the reactor continue
to operate on HWC for the remainder of its life, or at least until a strategy is devised for removing unreactive
noble metals from the surfaces. On the other hand, inhibition of the redox reactions that occur on the surface
external to the crack is predicted and found [1 5] to strongly decrease the crack growth rate, even in the absence
of HWC. Inhibition may be achieved by a variety of means, including the deposition of a dielectric coating on the
steel surface, as has been demonstrated in the laboratory [1 5].
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Figure 1 .Comparison of measured and calculated ECP, [H2], and [02] in the Recirculation piping
system from a double blind` HWC mini-test` at the Leibstadt BWR.

As an example of modeling the electrochemistry of B3WR coolant circuits, recent work by the author and
his colleagues on the Leibstadt reactor in Switzerland are discussed below. One objective in modeling this
reactor was to evaluate the ability of DAMAGEPREDICTOR, which had been previously calibrated on the
Duane-Arnold and Dresden 2 BWRs, to predict species concentrations and ECP in the recirculation system of a
completely different B3WR model. This evaluation was performed in a double blind` manner, in that the
modelers had no access to the measured values and the plant operator had no knowledge of our calculations
until the HWC mini-test had been completed. Thus, DAMAGE-PREDICTOR was not calibrated on any Leibstadt
data prior to performing our simulation. Excellent agreement was found between the measured and calculated
data for the recirculation system over the entire range of feedwater hydrogen levels, as shown in Figure 1.
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Figure 2: Predicted oxygen concentration vs. flow path distance from the bottom of the core for
0 and 1.2 ppm of hydrogen added to the feedwater of the Leibstadt BWR.
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Figure 3: Predicted hydrogen peroxide concentration vs. flow path distance from the bottom of
the core for 0 and 1.2 ppm of hydrogen added to the feedwater at the Leibstadt BWR.



Calculated species (H2, 02, H202) concentrations, ECP, and CGIR, as a function of path length around
the primary coolant circuit in this Model 6 BWIR for two fixed state points, corresponding to normal water
chemistry conditions ([H2fedwater 0 ppm) and to super' hydrogen water chemistry conditions ([H2]fee3dwater = 1.2
ppm), are shown in Figures 2 to 6. Input parameter values for these simulations may be obtained by contacting
the author, but it is sufficient to note at this point that the reactor was assumed to be operating at full power
midway through a fuel cycle. Under NWC, the oxygen concentration is predicted to be relatively uniform around
the circuit at 60-200 ppb, but the addition of 1.2 ppm of H2 to the feedwater leads to large excursions from this
upper range at various locations around the primary circuit. In particular, the [02] is predicted to be reduced by a
factor of 105 in the core bypass, in the lower downcomer in the neighborhood of the entrance to the recirculation
piping, and in the upper regions of the lower plenum. All three regions are characterized by significant (ny) dose
rates, giving rise to recombination between 02 + H2 and H202 + H2 via the water radiolysis mechanism. The
increase in [02] at the jet pumps arises from the fact that water with high [02] from the upper downcomer is
being combined with water that is low in 02 from the exit of the recirculation system.
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Figure 4: Predicted hydrogen concentration vs. flow path distance from the bottom of the core
for 0 and 1.2 ppm of hydrogen added to the feedwater of the Leibstadt BWIR.
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Figure 5: Predicted corrosion potential (ECP) vs. flow path distance from the bottom of the
core for 0 and 1.2 ppm of hydrogen added to the feedwater of the Leibstadt BWR.

The H202 concentration is surprisingly insensitive to the feedwater hydrogen concentration (Figure 3).
However, the concentration profile around the circuit is dominated by thermal decomposition, particularly in
those regions of low dose rate, where the rate of radiolytic formation is low. This is most evident in the
recirculation system, where a first order decay is predicted to occur with distance. As in the case of 02, the
sharp increase in [H202] at the jet pumps is due to mixing of the streams from the upper downcomer and the
recirculation line.

The hydrogen concentration is the sum of that produced by radiolysis and that added to the feedwater
(Figure 4). However, local variations are determined by recombination of H2 with 02 and H202 and by stripping
of hydrogen from the liquid phase by boiling (e.g. in the core channels and upper plenum). These local
variations are important for the assessment of the viability of HWC for protecting specific components, because
it is the local concentration of H2 that contributes to determining the ECP and hence the crack growth rate. In
other words, the data plotted in these figures indicates that the local molar ratio [m., (m., + O.5 MHO,)] varies
drastically around the coolant circuit and does not correspond to the ratio of the concentrations of hydrogen and
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oxygen measured in the reactor water. The reader will recall that the molar ratio should be greater than two for
HWC to be effective. However, from the calculated species concentrations given above, the local molar ratio
varies over a considerable range that indicates that many components are not protected, even though the molar
ratio in the feedwater is greater than the required value of 2.
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Figure 6: Predicted crack growth rate vs. flow path distance from the bottom of the core for 0
and 1.2 ppm of hydrogen added to the feedwater of the Leibstadt BWR.

One of the most important parameters in assessing the effectiveness of HWC is the ECPr because the
NRC has selected the value of -0.23 Vsh, as being the critical` value for IGSCC in sensitized Type 304 SS. The
importance of this value to an operator is that credit may be taken for effective mitigation of IGSCC by HWCr
only if the ECP is displaced below (more negative than) this value. Inspection of Figure 5 shows that, for this
reactor at least, the ECP of all components is above the critical value under NWC conditions. However, the
addition of 1.2 ppm of H2 to the feedwater does displace the ECP in the negative direction and for some
components the displacement is substantial. However, the ECP for many components is predicted to remain
more positive than the critical valuer even after the addition of significant amounts of H2 to the feedwater.
Because of the concomitant generation of volatile 1 6NH3r which raises the y fields in the turbine hall and around
the piping and condensers, and hence exacts a man-REM cost, there is a practical upper limit to the feedwater
[H2]. That limit is somewhat reactor-dependent, but is of the order of 2 ppm. The ineffectiveness of HWC for
protecting many in-vessel components was noted in the late 1980s and gave rise to enhanced HWC strategies,
most notably those employing noble metal coatings (NMCs). It is argued by the author elsewhere in this
conference that use of the ECP with a critical potential of -0.23 V is possibly too conservative.
Notwithstanding the fact that the critical potential can vary over a considerable range, depending upon the
degree of sensitization of the steel and the conductivity and composition of the environment, damage is caused
by crack extension and not by the ECP per se. Accordingly, a better criterion for protection would be to define a
critical crack growth rate, with a value of about 5x10-9 cm/s (1.5 mim/year or 0.06 inches/year) possibly being
appropriate, or to define the accumulated damage for each component. The accumulated damage (crack
length) is ultimately the most important, because its value reflects not only the effects of the independent
variables identified above on the crack growth rate (ECP, conductivity, stress intensity, etc) but it also reflects the
operating history of the plant. Calculation of the accumulated damage is now possible, because of the
deterministic nature and high execution speed of ALERT.

CRACK GROWTH HISTORY AND COMPONENT LIFETIME

The ability of ALERT to simulate the accumulation of corrosion damage over a preconceived future
operating protocol is critically important for the management of damage in operating reactors. This is because
the operator is able to explore various options that result in the best compromise between profit and cost. Thus,
ALERT allows the operating protocol to be specified in an input file, including the power level, chemistry
parameters, stress level, thermal hydraulic data, etc. Shutdowns and startups are readily simulated, as are
upset conditions. The calculated damage is integrated in a piece-wise manner as the input conditions change.
The manner in which this is done is outlined below.
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The crack length, x over the anticipated service time of a component, T, is obtained by an
accumulation of the crack advances over N periods of time At,.. 9At,,... AtN

xi =xi 1 + CGR, At,, i ,.,N(1

T = 1 At,

(2)
The crack growth rate, CGR,, is presumed to be time-independent over each interval, Ati,, but of course it
depends on the crack length (through K, and because of changes in the current and potential distributions in the
crack internal and external environments) and hence changes from increment-to-increment. The initial crack
length, x, corresponds to the depth of a pre-existing crack (detected during an inspection or assumed for a
safety analysis scenario). The algorithm outlined above for calculating the accumulated damage is essentially
identical to that employed recently [21] to predict the lifetime of disks in low-pressure steam turbines under
conditions where thin electrolyte films precipitate on the steel surface.

Recognizing that the crack opening displacement, a, and stress intensity factor, K, will grow with time as
the crack advances, one can specify that failure of a component will occur during the i-th time interval if the
accumulated damage, x exceeds a limiting value, xim, which is termed the critical dimension, or if the stress
intensity, K , exceeds the critical value for fast, unstable fracture (Kic, which for stainless steel is 60-65
MPa.m M). We refer to these two cases as being damage-controlled` and "stress-controlled` failures,
respectively. In the demonstration case given below, the stress intensity is assumed to increase with xl/ , short
crack effects are ignored for simplicity, and the crack opening displacement is taken to be proportional to the
length of the growing crack, x (i.e., we assume that the aspect ratio is independent of the crack length).
Because the present calculations assume an active, preexisting crack of 0.5 cm length, no account of initiation is
incorporated into the model. We note, however, that the theories of passivity breakdown and pit growth are now
well developed [22], and the transition of pits into cracks was incorporated into recent lifetime estimations for
low-pressure steam turbine disks [21]. The present simulation covers operation of a reactor during 10 calendar
years, including scheduled and unscheduled outages. Startups and shutdowns are incorporated into the
calculation as changes in the power level, flow rate, temperature, and water chemistry (including changes in
conductivity and the implementation of HWC and/or EHWC). The system parameters, which will be published at
a later date, were chosen to be generic for a class of reactors, and do not describe any particular plant, simply
because we merely wish to illustrate the computational process. Nevertheless, plant-specific parameters are
readily incorporated into the simulation to predict the response of SCC damage in any given reactor to future
operating scenarios.

The analysis of crack advance and accumulated damage was performed for a selected location on the
core shroud inner surface above the core mid-plane. Once the length of a crack at a given location exceeds the
critical value (physical dimension of the component or corresponding to K exceeding K), failure of the
component occurs. The life-time for a component at location m can then be estimated from the point of
interception of the xm,(t) function and a horizontal line at x=xim, where x11,m is component-dependent critical crack
depth. Since crack growth will also alter the stress intensity at the crack tip, as noted above, the life-time of
certain components may be controlled not by the penetration of the crack through the component dimension
(e.g. a pipe wall), but by the value of the stress intensity after a given period of service exceeding Kic. No spatial
distribution of the stress intensity factor was assumed in this demonstration, but we emphasize that the code
accepts variable stresses (and stress intensities) in the reactor components, as would be obtained from periodic
stress analyses. It is important to note that, although the stress intensity is predicted to increase monotonically
with time (K, -c x(t) for a constant stress), the crack growth rate is predicted to decrease over the same period.
This is a consequence of the impact of increasing crack length on the current and potential distributions within
the internal and external crack environments, as predicted by the CEFM 113]. The impact that increasing crack
length has on the crack growth rate is predicted to be a function of conductivity, ECIP, flow rate (even for a high
aspect ratio crack), and stress intensity [13]. Accordingly, the predicted accumulated damage becomes a
sensitive function of the operating history of the reactor.
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Figure 7: Predicted histories of a growing crack in the core shroud of an operating Boiling
Water Reactor. The initial value of the crack length (0.5 cm) may be considered to be the depth
of a detected crack, and the time in years as the remaining (extended) service time. Normal
-water chemistry and two hydrogen water chemistry strategies were considered: 1-ppm hydrogen
injection starts immediately and after five years of operation.

The impact that hydrogen water chemistry (HWC) is predicted to have on the accumulated damage is
illustrated in Figure 7. Thus, an immediate addition of 1 ppm of H2 to the feedwater is predicted to decrease the
increment in accumulated damage in the core shroud, after 10 years of operation, by a factor of 2.5 from 2.5 cm
to about 1 cm. This is a substantial reduction in the extent of damage that could not have been estimated from
the crack growth rates at a single state point alone (because of the different, non-linear dependencies of crack
growth rate on time for the two cases shown in Figure 7), or by using a model that fails to recognize a
dependence of crack growth rate on crack length. The same level of hydrogen addition implemented five years
later yields much smaller benefits for the considered component and location. These simulations stress the
importance of applying HWC as soon as possible during the plant life and in maintaining the remedial measure
for the remaining life, if possible.

The cases discussed above employed synthetic" plant operating data (power, conductivity, and
temperature versus time) and did not include any comparison with observed accumulated damage. However,
recently Tang et. al 23] reported crack extension data for a crack in the H-3 weld on the inner surface of the
shroud, just below the top core plate at two successive outages (Figure 8). Because we do not know when the
crack nucleated (this was not reported by Tang et. al.), we chose to fit the accumulated damage versus time
curve to the first point. Accordingly, only the second point has diagnostic value. As seen from Figure 8, the
crack length calculated via ALERT is in excellent agreement with the value measured by Tang et. al. 20 months
after Outage 1 1. The slight underestimation is easily accounted for by uncertainties in the coolant conductivity
and stress intensity. Neither of these parameters were reported by Tang et. al [23] and hence we used
prototypical values in the calculation. Clearly, the uncertainty in the conductivity is of greatest importance.
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Figure 8: Depth of a crack at the H3 weld in the shroud as a function of time after Outage 1 1.
- Values calculated by ALERT. .- Reported by Tang, et. al. [23].

SUMMARY AND CONCLUSIONS

The state-of-the-art in predicting the evolution of damage due to stress corrosion cracking in sensitized
Type 304 SS components in the primary coolant circuits of Boiling Water Reactors (BWRs) is reviewed. It is
argued that the most effective and efficient prediction philosophy is determinism, using models for the radiolysis
of water, the ECP, and the crack growth rate whose solutions are constrained by the natural laws. By combining
these models into reactor codes DAMAGE-PREDICTOR, REMAIN, and ALERT it is possible to calculate ECP
and crack growth rate at closely spaced points around the coolant circuit. By also calculating the crack growth
rate along a corrosion evolutionary path, corresponding to a future operating protocol for the reactor, and by
calculating the crack length iteratively as the reactor proceeds along the evolutionary path, it is demonstrated
that the most advanced code, ALERT, can be used to accurately simulate the accumulation of damage. The
codes are sufficiently sophisticated that they can be used for damage management in operating reactors,
thereby enabling operators to choose the most cost effective strategy of operation.
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