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Over the past decade, we have developed deterministic models for predicting materials
damage due to stress corrosion cracking (SCC) in boiling water reactor (BWR) primary
coolant circuits. These steady-state models have been applied to fixed state points of
reactor operation to yield electrochemical corrosion potential (ECP) and crack growth
rate (CGR) predictions. However, damage is cumulative, so that prediction of the extent
of damage at any given time must integrate crack growth rate over the history of the
plant. In this paper, we describe the use of the REMAIN code to predict the accumulated
damage functions for major components in the coolant circuit of a typical BWR that
employs internal coolant pumps. As an example, the effect of relatively small amounts of
hydrogen added to the feedwater (e.g., 0.5 ppm) on the development of damage from a
0.197-in. (0.5-cm) intergranular crack located at the exit of an internal pump was ana-

lyzed. It is predicted that hydrogen additions to the feedwater will effectively suppress
further growth of the crack. We also report the first predictions of the accumulation of

damage from SCC for a variable power operating cycle. We predict that the benefits of
hydrogen water chemistry (HWC), as indicated by the behavior of a single crack under
constant environmental conditions, are significantly muted by changes in reactor power.
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prediction of accumulated damage. Importantly, the approach pre-

Incidences of stress corrosion crackif8CO of stainless steel sentgd here captures the synergism that exists between the me-

components in the heat transport circyitsTCs) of boiling water chanical, chemical, and electrochemical factors in the SCC-related
degradation of BWR stainless steel components. Examples of

o eors o e o e e Ak englh Uacking and preicion of he sccumated dmage
p ge. r the service life of a hypothetical BWR under constant load

cracking of in-vessel components, such as the core ShrOUd'ﬁg%eration are presented. The impact of water chemistry on the
0

Introduction

even more concern is the possible cracking of components in ' S
lower plenum, which contains the control rod drives, because [jptime of a component is discussed.
the safety implications and the high cost of repair.

In order to aid in component lifetime and safety evaluationd;he Approach

algorithms are required to predict the development of damage in agyer the past decade, a number of water radiolysis codes that
deterministic manner. A deterministic model is one that aCh'eVEFedict the concentrations of radiolysis produgisincipally Hy,
predlctlon_qn the basis qf .kn.own physical laws apd specmed‘ f@z’ and HO,) around the primary coolant circuits of BWRs and
ture conditions. Deterministic methods emphasize mechanisif%iner aqueous radiolytic systems have been develfipefl. In

and their adherence to the natural laws, which provide constraigfg previous wor4—6,9, we combined a radiolysis code with

on the solution of the constitutive equations. Generally, determifhe geterministic mixed potential modéMPM) [9] to predict

istic models require little “calibration” beyond that necessary tgcp and with the deterministic crack growth rate algorithm
determine vqlues for poorly known, .but physically meaﬂlng,kacoumed environment fracture model, CEFMO0—-1 to form a
parameters, if they canno_t _be determined by separate expenmagherm code, DAMAGE-PREDICTORI—6], in order to predict

On th.e othgr hand, empirical methods seek to.extrapolate paﬁhage due to SCC in BWR HTCs. These steady-state models
experience into the future, frequently on the basis of models thatye heen applied to fixed state points of operation to yield
are nonphysical and that do not adhere to the natural laws. B@nap-shots” of the developing damage in a differential sense
cause empirical models are unconstrained by the natural |a\lﬁ%_l in terms of the CGR However, damage is cumulative, so
thgy require a large calibrating data_base to capture _the relathﬁat prediction of the extent of damage at any given time must
ships between the dependent and independent variables, Whiggrate the crack growth rate over the history of the plant, which
must be anticipated in advance. o is the innovation reported in this paper.

In the present application, the existing database for SCC in\ye emphasize that our approach is largely deterministic in na-
stainless steels under BWR operating conditions does not pergiife in that the outputs of the component models are constrained
the development of an empirical relationship between Cragly known physicochemical lawgl3]. This algorithm has been
growth rate and crack length, for example. We argue later in thigccessfully used in modeling eleven BWRs operating in the US
paper that the CGR/crack length relationship is essential to thgq Europe. Two of these reactéBuane Arnold and Dresden-2
were included in the original study of Ruiz et 8], who showed
o Contrikil/ﬂed llJy thg lf_r{:‘-SSlge \f/essels gnd IFD’i_ping gi\f?ion_ af}dlpfgeggedl gg thait the reactors exist at the opposite extremes in the spectrum of

ressure vessels an Iping Conterence, san Diego, California, July —30, H
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS Manuscript received by %Ctor response to hydroger_l Water ch_em|$EﬁyVC). Indeed,
the PVP Division, September 16, 1998; revised manuscript received October RAMAGE'PREDICTOR was ”j"“a”y calibrated on data from
1999. Associate Technical Editor: D. M. Fryer. only Dresden-2, by adjusting liquid/steam transfer constants for

Journal of Pressure Vessel Technology Copyright © 2000 by ASME FEBRUARY 2000, Vol. 122 / 45

Downloaded From: https://pressurevesseltech.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Thermal Hydraulic Data — the net positive current exiting the crack mouth be consumed
" Water Radiolysis o : :
Velocity, Temperatur, Corrosion Potential quantitatively on the external surfaces by various cathodic reac-
& Steam Qualty Radiolytic Effects T tions (e.g., reduction of oxygen and hydrogen peroxidéus, the
CEFM emphasizes that the crack internal and external environ-
Initial Conditions Species _
& Plant Data Chemical Reactions ) Concentrations ments are str_ongly coupled, a DOStmate that has been demon
strated unequivocally by experimdit7]. Indeed, the CEFM pre-
) ‘ \I/ dicts that modifying the electrocatalytic properties of the external
Dose Rate Profiles Fluid Convection | | o surface may mitigate crack growth. Thus, we have shown theo-
Crack Growth Rate . . .
Neutron & Gammaj retically that, if the exchange current densities of the redox reac-
tions (reduction of oxygen and hydrogen peroxide and the oxida-
Fig. 1 Structure of the algorithm tion of hydrogen are increased in the presence of a stoichiometric

excess of hydrogen, or are decreased with no restriction on the
ratio of hydrogen to oxidizing specie concentrations, the ECP is

H, and G and the rate constant for the thermal decomposition &fSplaced in the negative direction and the crack growth rate is
H,0, within physically reasonable bounds or within the ranges éfecreased. The first case is the basis of noble metal-enhanced
values that had been observed experimentally. The predicted Vidrogen water chemistyNMEHWC), as achieved by using
ues for[O,] and[H,] in the main steam line and in the liquid noble metal coatings on the stau_wle_ss steel surfa(_:es external_ to the
(recirculation systemphase, and the predicted ECP, as measurétack[18—-20. Recent work{21] indicates that this strategy in-
in autoclaves connected to the recirculation piping, were in goetieases the exchange current densities for the hydrogen electrode
accord with plant data that had been reported by Ruiz €B4l. reaction(HER) and the oxygen electrode reacti@ER) at 288°C
and Indig and Nelsofl4]. Additionally, the radiolysis/ECP/crack by factors of about 20 and 3, respectively, as determined by fitting
o R oA PREDI T b e o B RAEB ol it e e

- : “going trials in operating BWRs. The disadvantages of NMEHWC
tests(e.g., on the KKL BWR in SwitzerlanflL5]), where the plant 5o the cost of the noble metal, the need to store hydrogen on site,

results(ECP, oxygen concentratipmere not known to us in ad- o L .
vance. Subsequent comparison of the predicted and measured 89@4ant circuit activation due to Cotransport and the formation

has shown that the code provides for accurate simulation of re@-N'®, and the uncertaintyand unknown negative impacsso-
tor coolant electrochemistry. Importantly, no recalibration ofiated with the introduction of a new material into the HTC on
DAMAGE-PREDICTOR has been necessary when simulating réiture reactor operation. This latter factor may require that the
actors across the entire HWC response spectrum. reactor continue to operate on HWC for the remainder of its life,
The code REMAIN that is used in the present work was devely at |east until a strategy is devised for removing unreactive
oped to model BWRs that contain internal main coolant pumpgeple metals from the surfaces. On the other hand, inhibition of
This code also contains deterministic models for calculating radhe redox reactions that occur on the stainless steel surfaces ex-
olytic species concentrations, ECP, and crack growth rate, but Rag | to the crack is predicted and foui®] to strongly decrease
been optimized for speed of execution, so that calculations may{@ crack growth rate, even in the absence of HWC. Inhibition
performed in “real time.” Thus, by employing an optimized al-may pe achieved by a variety of means, including the deposition

gorithm for solving simultaneous ordinary differential equationsyf 5 dielectric coating on the steel surface, as has been recently
and by writing the code in €+, that time of execution on a 200 gemonstrated in the laboratofg2].

MHz PC, compared with that of DAMAGE-PREDICTOR, has

been reduced by a factor of 50 to 100. This enhanced code permits

a single state point to be simulated in 1—-2 min, thereby making

practical iterative calculations over a locus of state points, as rérack Growth History and Component Lifetime

ported in this paper. The crack lengthx,, over the anticipated service time of a
The main body of the algorithr(Fig. 1) is the water radiolysis componentT, is obta?ned by an accumulation of the crack ad-

model, which yields the concentrations of radiolysis producis,,ces ovelN periods of timeAt At At

from the decomposition of water under neutron and gamma irra- LB 2N

diation, coupled with homogeneous and heterogeneous chemical X;=X;_1+CGR-At;, i=1,...N Q)
reactions, liquid/steam transfer of volatile species and Q), N

and fluid convection. After the species concentrations have been

determined in the whole heat transport circuit under steady-state T= Izl At @)

conditions, the ECP is calculated using an optimized mixed po-
tential model(MPM) and the crack growth rate is estimated usin@he crack growth rate, CGRis presumed to be time-independent
an optimized coupled environment fracture mo@@EFM). Aux-  for each intervalAt;, but of course it depends on the crack length
iliary input parameters, such as flow velocity, coolant temper&hroughK, and because of changes in the current and potential
ture, steam quality, and neutron and gamma dose rates in thstributions in the crack internal and external environmerisd
coolant are obtained from other codesg., thermohydraulic data hence changes from increment to increment. The initial crack
from RETRAN). length, X, corresponds to the depth of a pre-existing créde
According to the CEFM, crack advance occurs via the sligected during an inspection or assumed for a safety analysis sce-
dissolution-repassivation mechanism at the crack tip. The dissohario). The algorithm outlined in the foregoing for calculating the
tion of metal (crack growth takes place when the oxide layeraccumulated damage is essentially identical to that employed re-
ruptures, due to elastic and plastic deformation at the crack tigently [23] to predict the lifetime of disks in low-pressure steam
and a bare metal surface is exposed to the crack environmentbines under conditions where thin electrolyte films precipitate
Provided that the crack aspect ratida, wherex is the crack on the steel surface. Finally, we note, parenthetically, that the
length anda is the crack mouth opening displacemeistgreater present calculations have been made possible by enhancing the
than about 5, which is certainly the case for a long, tortuous imathematical and computational procedures to achieve reductions
tergranular crack in a sensitized stainless steel, particularly whienthe execution time of the code by a factor of about 100. Thus,
oriented transverse to the fluid flow direction, the crack internaltypical simulation involves a value df ranging from 40 to 100.
environment is hydrodynamically quiescent and the CEFM can B&e nonenhanced DAMAGE-PREDICTOR typically requires
used to accurately calculate the crack growth rgt6]. The 1-2.5 h to execute a single state point on a 200-MHz computer to
physico-electrochemical condition that must be satisfied by yéeld a total simulation time of up to 250 (he., more than 11)d
growing crack is the conservation of charge, which requires thilbwever, the enhanced codim this case, REMAIN performs
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Fig. 2 Predicted histories of growing cracks in the lower plenum of an operating boiling water reac-

tor. Location no. 1 is at the bottom of the internal pump, and location no. 9 is at the bottom (entrance )
to the core. Intermediate locations  (nos. 3, 5, and 7 ) represent regions near the bottom of the reactor
vessel and at various elevations along control rod drive structures.

the same calculation in about 1.5 min per state point to yieldratio is independent of the crack lengtBecause the present cal-
much reduced, and more practical, simulation time of 1.0 to 2.5 ¢ulations assume an active, preexisting crack of 0.19{0ib.cm
Recognizing that the crack opening displacemangnd stress in length, no account of initiation is incorporated into the model.
intensity factor,K,, will grow with time as the crack advances,We note, however, that the theories of passivity breakdown and
assuming a constant load, one can specify that failure of a copit growth are now well developeld6,24), and the transition of
ponent will occur during théth time interval if the accumulated pits into cracks was incorporated into recent lifetime estimations
damage X, exceeds a limiting valueX;,, which is termed the for low-pressure steam turbine disk23].
critical dimension, or if the stress intensity, ; , exceeds the criti-  As noted in the foregoing, the present calculations have been
cal value for fast, unstable fractufi,c , which for stainless steel carried out on a hypothetical BWR employing internal coolant
is 60-65 MP&m). We refer to these two cases as beingumps operating under both normal water chemiéitwC) and
“damage-controlled” and ‘“stress-controlled” failures, respechydrogen water chemistrgHWC) conditions. The HWC operat-
tively. In the demonstration case, the stress intensity is assumedng conditions assume that 0.5 ppm of hydrogen is continuously
increase withx*?, short crack effects are ignored, and the crackijected into the feedwater. The present simulations further as-
opening displacemeng, is assumed to be proportional to thesume that the reactor operates continuously for 40 yr at full
length of the growing crackX (i.e., we assume that the aspecpower. This assumption is, of course, unrealistic, because it ig-
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20 will also alter the stress intensity at the crack tip, as noted in the
// foregoing, the lifetime of certain components may be controlled,
not by the penetration of the crack through a component dimen-

/"' sion(e.g., a pipe waJl but by the value of the stress intensity after

a given period of service exceedihgc . In this latter case, the
16 / service life is determined by the intercept &f,(t) and K,
/ =K,c in Fig. 2c). It is important to note that, although the stress
14 intensity is predicted to increase monotonically with time, the
crack growth rate is predicted to decrease over the same period.
This is a consequence of the impact of increasing crack length on
12 /( the current and potential distributions within the internal and ex-

ternal crack environments, as predicted by the CHAM]. The

10 impact that increasing crack length has on the crack growth rate is
/ predicted to be a function of conductivity, ECP, flow rééven

Crack Length (cm)

for a high aspect ratio cragkand stress intensity12]. Accord-
08 ingly, the accumulated damage that is predicted becomes a sensi-
/ tive function of the operating history of the reactor, in a manner
06 WW that is unlikely to be captured by empirical models.
M The impact that hydrogen water chemistyWC) is predicted
to have on the accumulated damage is illustrated for one case
—e— Normal Water Chemistry (Location no. } in Fig. 3. Thus, the addition of 0.5 ppm of kb
—O— Hydrogen Water Chemistry the feedwater, under HWC operating conditions, is predicted to
02 decrease the increment in accumulated damage at the bottom
(exit) of an internal pump after 40 yr of continuous operation
approximately 0.7%40x 365=10,950 EFPDs, assuming an
0 10 20 30 s availability of 75 percent by a factor of almost ten from
Years 2.0-0.5-1.5cm(0.591 in) to 0.655—0.56-0.155 cm(0.061 in).
This is a substantial reduction in the extent of damage that could
Fig. 3 Predicted effect of HWC  (feedwater [H,]=0.5ppm) on  not have been estimated from the crack growth rates at a single
the accumulated damage. The initial value of the crack length state point alonébecause of the different, nonlinear dependencies
(0.5 cm, 0.197 in. ) may be considered to be the depth of a de- of crack growth rate on time for the two cases shown in Figpr3
tectod cr_ack, and t_he time in years as the remaining (extended ) b - del that fails t - d d f K
service time after introducing HWC. y using a model that fails to recognize a dependence of crac
growth rate on crack length. In this particular case, neither stress-
controlled failure(i.e., K;>K,c) nor damage-controlled failure
(X>Xim) is predicted to occur, provided thx,,,>2 cm (0.787
in.).
nores scheduled fueling outages and unscheduled outages for ur)l-
anticipated maintenance. Accordingly, the time is better identifiegglummary and Conclusions
(but only approximately owith the number of effective full ) )
power days40 yr=14,600 EFPDs). However, scheduled and un- 1 "€ concept of accumulated damage., the damage function
scheduled outages are easily incorporated into the calculation hgs been introduced for the purpose of analyzing SCC-induced
are changes in power level, stress state, and water cherfiistry degradatlon_ of_ stainless stoel components in the primary heat
cluding changes in conductivity and the implementation of HW&ansport circuits of operating boiling water reactors. In the
and/or EHWG. The system parameters, which will be publishe&resem work, accumulated damage is estlmated by calculotlng the
at a later date, were chosen to be generic for a class of react&f&ck growth rate at closely spaced state points and then integrat-
and do not describe any particular plant, simply because W Over tlme to yield _the crack length. This approach |IIu_strates
merely wish to illustrate the computational process. Neverthele&3€ Synergism that exists between the mechanical, chemical, and
p|ant_specific parameters are read”y incorporated into the Simu%ectrochemlcal faCIOI’S n SCC-I’elated degradatlon processes that

tion to predict the response of SCC damage in any given reactofdgfur in stainless steel components in BWR coolant circuits.
future operating scenarios. Prediction _of the_ac_cumulated crack length was p_erformed for
The analysis of crack advance and accumulated damage \W§¥eral locations within the lower plenum of a generic BWR that
performed for several locations in the lower plenum of the prf}as internal coolant pumps, by specifying an initial crack length
mary coolant circuit. The first location shown in this analysiécorresponding to a detected craelnd a future operating sched-
(Location no. } corresponds to the bottotexit) of an internal ule. Examples of component lifetime estimations are presented for
pump, while the last locatiomo. 9 is at the botton{entrancé of both dama_ge-controlled and stress-controll_ed failures. Further-
the core. The intermediate locatiofisos. 3, 5, and J7represent More, the impact of hydrogen water chemistiyWC) on the
examples of regions near the bottom of the reactor vessel andggumulated damage, due to the growth of a crack at the exit of an
various elevations along the control rod drive structures. Becad8érmal pump, has been explored. The addition of 0.5 ppm of
more highly oxidizing conditions, due to radiolytically generate@ydrogen to the reactor feedwater is predicted to reduce the accu-
oxygen and hydrogen peroxide, exist closer to the core, the crdBklated damage over 40 yr from the point of application of HWC
growth rate is predicted to vary significantly among the locatiorfyy @ factor of almost ten, compared with the damage that would
chosen for this simulation; Fig.(d). As a result the damage have been incurred under NWC operation.
(crack length that accumulates over the assumed service time
is arbitrarily taken as 40 yris predicted to vary strongly with Nomenclature

0.4

0.0

position along the lower plenum; Fig(t8. Once the length of a  At; = ith increment in time

crack at a given location exceeds the critical value, failure of the T = service time

component occurs. The lifetime for a component at locatimman CGR = crack growth rate forth time increment

then be estimated from the point of interception of %g(t) X; = crack length at end dfth increment in time
function and a horizontal line aX=X,, where X, is K, = stress intensity

component-dependent critical crack depth. Since crack growtlK,. = critical stress intensity
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