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Abstract

Modern foreign computer codes predict a linear growth in the pipeline wall thinning with time due to the process of
flow-accelerated corrosion (FAC), i.e. erosion-corrosion wear (ECW). Linear time-thinning dependence and corrosion
rate constancy are not however typical of the NPP piping operating conditions. And the associated excessive conserva-
tism of the residual life estimates leads to increased economic costs of repeated inspections. In domestic software tools,
EKI-02 and EKI-03, the influence of operating time are taken into account by introducing the respective coefficient
into the Chexal-Horowitz model based on the yield of corrosion products into the coolant. The ECW intensity can be
however reduced through improvements in operating conditions, preventive measures, improvements in water chem-
istry, etc., and the use of the dependences once obtained may turn out to be too conservative. Based on a large number
of repeated measurements as well as on data from corrosion testers, it has been shown that the influence of time can
be described by the function of a particular form, the coefficients of which differ for different units and component and
subsystem types. This makes it possible to determine the ‘aging function’ based on inspection data, and then use it in a
targeted way for particular components. It has been shown that such estimates are much less conservative.
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Intl'OdlICtIOIl process (Henzel and Egan 1989, Chexal and Horowitz

1995, Poulson 1999, Dooley and Chexal 2000, Horo-

Erosion-corrosion wear (ECW) is a widespread type
of damage to the NPP thermomechanical equipment
and pipelines. Practically all components of the turbi-
ne plant condensate feed and steam lines at NPPs and
heat power stations are exposed to ECW. Other types
of metal wear occur in most cases in parallel with this

witz and Smith 2013).

Early versions of the codes for the ECW calculation
were developed at the USA’s Electric Power Research
Institute (EPRI). In the 1980s and 1990s, CHEC, CHEC-
NDE, CHEC-T, CHECMATE, CHECWORKS, and other
codes were developed. It was assumed in the process
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of the code development that the thinning values were
directly proportional to time (Kain et al. 2008, Zander
2012). Such dependence of the thinning value on time
is valid if conditions do not change during operation and
the secondary processes involved in the formation of
protective films play no role (Akimov 1946), that is, if
the factors which accelerate and slow down corrosion are
approximately balanced by each other.

A linear dependence of the thinning value on time
and the constancy of the corrosion rate are not typical
of the NPP pipeline operating conditions. At the same
time, excessively conservative estimates lead to in-
creased economic costs of repeated inspections, since,
in this case, the predicted residual life is much shorter
than with the decreasing ECW rate. Such approach to
thinning estimates is naturally highly conservative. The
question of whether time shall or shall not be taken into
account remains open.

The purpose of the study is to investigate the problem
based on the wall thickness inspection data, including the
analysis of repeated measurements, and the data on the
damaged pipelines, as well as to analyze the corrosion
tester readings.

ECW rate prediction model

The analog for Russian software tools, EKI-02 and EKI-03,
(the authors of this paper are the developers of these codes) is
the CHECWORKS (Chexal-Horowitz Engineering Corro-
sion Workstation) code (ASME code Case N-480). The co-
des were developed using foreign experience and the results
of domestic investigations (Gulina et al. 2010, Baranenko et
al. 2012, Gulina and Frolova 2012, Naftal et al. 2014). The
ECW and wall thinning rates are calculated using the EKI-
02 and EKI-03 codes by the following equations:

Wi = C, X F(T) ¥ Fy(XC) % Fy(v) x F,(0,) x Fy(pH) x F(K,) * F (@) x F,(4) x F(x), (1)

T

AS(@) = [ Wyeydr @)
where W, is the corrosion rate, mm/year; C, is the coef-
ficient equal to 1 mm/year; F'(7) is the coefficient that
corrects for temperature; F,(XC) is the coefficient that
corrects for the metal composition; F,(v) is the coeffi-
cient defined by the medium rate; F,(O,) is the coefficient
that corrects for the oxygen concentration; F'|(pH) is the
coefficient that corrects for the pH value; F(K)) is the
coefficient that corrects for the pipeline geometry (Keller
coefficient); F,(a) is the coefficient that corrects for steam
humidity (for a single-phase medium, /() = 1); F(4) is
the coefficient that corrects for the amine used (ammonia,
morpholine, ethanolamine); and F,(t) is the coefficient
that corrects for the component operating time; AS(t) —
wall thinning for the estimated time interval (t,, ).

A parameter has been introduced into the EKI-02 and
EKI-03 codes to take into account the influence of operat-
ing time on the corrosion rate and the wall thinning value
which allows estimating the ECW and thinning rate while
staying within the ‘reasonable conservatism’ limits.

The time parameter introduced into the EKI-02 and
EKI-03 codes allows one to calculate

» the ECW rate at the pipeline operation start time;

» the ECW rate at the pipeline operation end time;

* the average ECW rate for the estimated time interval;

* the pipeline wall thinning for the estimated time in-
terval.

It was assumed in determining the dependence which
describes the influence of operating time on corrosion
rate, that the concentration of iron in feedwater depends
on the escape of iron in the process of the secondary cir-
cuit equipment and piping ECW.

The content of iron reflects just indirectly the ECW pro-
cesses, since there are more factors such as contribution
of downtime corrosion to the corrosion processes, meas-
ures to remove corrosion products from equipment, and
others. Naturally, the model simplification at the expense
of such factors affects the code calculation accuracy. Cur-
rently, there is a sufficient array of data accumulated on
the intensity of the ECW process in the pipeline compo-
nents at NPPs with different reactor facilities. Analyzing
such data makes it possible to propose a methodology to
estimate the individual dependence of the ECW rate on
time and to use it to predict the thinning of the pipeline
component and to calculate its residual life.

Estimation of the ECW rate for
components of pipelines with
single- and two-phase media based
on reinspection data (VVER-440
NPPs)

The corrosion rate is estimated based on inspection data
as follows (Baranenko et al. 2016, 2017):

W= (S S, G)
where W is the ECW rate based on in-service inspection
data, mm/year; S is the nominal wall thickness value,
mm; S is the minimum wall thickness value based on
in-service inspection data, mm; and 7 is the time between
the component operation start and the inspection date.

In the process of follow-up measurements, pointwise
estimates of the ECW rate, obtained using formula (3),
are approximated by the function of the form f{t) = at .
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The corrosion rate calculation results for feedwater pipe-
lines (FWP) and steam lines (SP) are presented in Figs 1,
2 and in Tables 1, 2 where W__is pointwise estimates, and
W is their approximation.
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Figure 1. ECW rate for the VVER-440 NPP feedwater pipelines.

Table 1. Feedwater pipeline ECW rate obtained from inspection
data and its approximation

No.  Date, year T, years W, mm/year W, ™ mm/year
1 1984 3 0.900 0.772
2 1988 7 0.400 0.396
3 1989 8 0.238 0.357
4 1995 14 0.286 0.230
5 2001 20 0.180 0.174
6 2001 20 0.185 0.174
7 2005 24 0.158 0.146
8 2006 25 0.136 0.141
9 2007 26 0.154 0.142
10 2007 26 0.112 0.142
11 2008 27 0.148 0.138
12 2009 28 0.154 0.134
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Figure 2. ECW rate for the VVER-440 NPP main steam line.

For feedwater, the dependence for the ECW rate is

W, = 1.725 107,

trend

and for steam lines, it is

W, =3307-1"0
The following dependence is used to determine the pi-
peline operating time, At, until the minimum allowable
thickness (residual life) is reached

Table 2. Steam line ECW rate obtained from inspection data and
its approximation

No.  Date, year T, years W, mm/year  W,_ s mm/year
1 1985 4 0.700 0.882
2 1989 8 0.575 0.381
3 1995 14 0.200 0.194
4 1999 18 0.120 0.143
5 2000 19 0.158 0.134
6 2005 24 0.096 0.101
7 2006 25 0.092 0.096
At= (Smin_ Sall)/VVecw’

where Atis the residual life; and S is the minimum allo-
wable thickness value, mm.

The smooth lines in Figs 1, 2 show the trend approx-
imation.

Fig. 3 presents the steam line ECW rates calculated with
the use of codes and obtained based on the inspection data
trend. It has been shown that both curves agree well and
it is possible to use them to predict the ECW rate: after
20 to 25 years of operation, the rate values are practically
identical and are close to a constant.
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Figure 3. ECW rate for the VVER-440 NPP main steam line:
1 — code calculation; 2 — based on inspection data trend.

Time analysis of corrosion tester
readings for VVER-440 NPPs

Corrosion testers (CT) are used to calculate the metal
corrosion rate (corrosion penetration depth) for different
components and pipelines. Testers compute the corrosi-
on penetration rate value as the ratio of the loss of weight
to the metal surface area and density. In other words,
this is a characteristic of the metal general corrosion in
a medium.

To determine the nature of the CT corrosion wear at
VVER-440 NPPs, there were processed the corrosion
penetration rate values for 27 CTs installed on compo-
nents with a single-phase medium in three VVER-440
NPP units with the exposure time between 7.9 to 61.3
thousand hours (Table 3). In all units, the corrosion pene-
tration rate W changed practically equally, from 5 to 0.6
pum/year, which made it possible to merge the statistics for
all units to obtain the averaged result.
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Table 3. Corrosion penetration rate for CTs at VVER-440 NPPs

No. Exposure,h W _ ,pm/year No. Exposure,h W . pm/year
1 7896 5 14 18456 2
2 8568 3 15 19128 1.2
3 8736 4 16 24960 2
4 8784 4 17 25848 0.6
5 8856 3 18 26304 3
6 8928 4.1 19 33168 1.5
7 9528 3 20 35208 2.5
8 10224 32 21 35808 2
9 17208 2 22 41472 1.1
10 17640 2 23 43416 1.1
11 17784 3 24 51624 0.97
12 17904 2 25 51672 0.6
13 18336 1 26 61224 0.9
27 61296 0.85

Fig. 4 presents the values of the corrosion penetration
rate, W, and shows the trend line and its equation in the
form of a power dependence.

It should be noted that processing and interpretation
of inspection data are one of the most complex issues
(Baranenko et al. 2017, 2020). It can be seen when com-
paring the ECW rates in the FW pipeline (0.900 to 0.112
mm/year) and in corrosion tasters in a single-phase me-
dium (5 to 0.6 um/year) that the intensity of general cor-
rosion (testers) is two orders of magnitude as low as that
determined based on the pipeline inspection data. And
the time change is described by a function of the same
form. One of the explanations to this fact is that the ECW
rate is estimated from the maximum thinning as recorded
in the course of inspections (local effect). For corrosion
testers, however, the penetration rate was calculated as
the surface average value that characterizes general cor-
rosion. The pipeline wall thickness value, average for all
measurements, also differs very slightly from the nom-
inal thickness (a few percent), since the pipeline life is
defined largely by local effects (flow turbulence, weld ad-
jacent zones, metal composition in particular areas, etc.)
and not by general corrosion in the pipeline.

Time analysis of corrosion tester

readings for RBMK-1000 NPPs

The corrosion penetration rate was calculated for CTs of
carbon and high-chromium steels installed in pipelines
at RBMK-1000 NPP units. While carbon-steel CTs are
subject to corrosive wear during operation in an aqueous
medium, high-chromium steels and alloys corrode elec-
trochemically which is defined by the presence of the
electrode potential.

For steel 20, the exposure time in different pipelines
at NPP 1 and NPP 2 is from 10 to 113 thousand hours.
The corrosion penetration rate values lie in a range of 1
to 11.5 um/year.

In a general form, the equations to calculate the corro-
sion penetration rate W, are reduced to the form

w_ .= Cxt", um/year,
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Figure 4. Corrosion penetration rate on CTs for components
with a single-phase medium at VVER-440 NPPs (Wpen =
3.1575%g 0.796),

where C_ is the coefficient; t is the CT exposure time,
years; and » is the power index.

The average error of the corrosion penetration rare cal-
culation, according to the trend with respect to the inspec-
tion data, does not exceed 10%.

The W diagram for the saturated steam pipeline CTs
is presented in Fig. 5 showing the trend line and the ap-
proximation certainty value.
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Figure 5. Corrosion penetration rate for a saturated steam pipeline.

Fig. 6 shows processed data from CTs of the
08Cr18N10T austenitic steel in an RBMK-1000 NPP’s
FW pipeline.
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Figure 6. Corrosion penetration rate for the RBMK-1000 NPP
feedwater pipeline (08Cr18N10T austenitic steel).
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A similar function describes the dependence of the cor-
rosion penetration rate for CTs in saturated steam pipelines.

W= =0.4126x7 0L
Data from corrosion testers in stainless-steel pipelines
at NPP 2, also with the RBMK-1000 reactor, is presented
in Table 4 and in Fig. 7.
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Figure 7. Confidence intervals for the stainless-steel CT cor-
rosion penetration rate (approximation W = 0.7052xt 04415
pum/year.

Table 4. Corrosion penetration rate in 08Cr18N10T steel

Exposure time, thsd h 18 26 40 93 133

W, nmyear 020 017 013 010 0.08

Calculation of confidence intervals for the trend:
ASJ =1, (S¥/n)'2,

where A is the confidence interval value; B is the confi-
dence probability (f = 0.95); n is the number of measure-
ments (sample size = 5); Ls is Student’s inverted distribu-
tion (for n =5 and B = 0.95, the value L= 2.776); and $*
is the sampling variance:

s= (35 0)-5) 1o,

i=1

where f{t) is the rate value according to the trend at the
time #; y, is the rate values according to the experimental
data at the time #; and ¢, is the exposure time. Hence, we
get the following results: §=0.0052; A = 0.0064 (Fig. 7).
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