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ABSTRUCT

The purpose of this paper is to perform a wall thinning assessment of past Periodic Inspection
Plan (PIP) inspections near the Primary Heat Transport (PHT) headers at Ontario Power Generation
(OPG) nuclear units, including Pickering and Darlington stations. The assessment carries out the
evaluation of thinning rates and the comparison of projected wall thickness against the acceptable values
in the area of interest. There is strong evidence that wall thinning near headers is insignificant and there is
a large margin to ensure fitness for service to End of Life (EoL). A proposal was made to regulator to
revise PIP to exclude wall thickness inspection near headers for Pickering and Darlington feeders in
future outages in order to optimize inspection scope and resources while meeting the CSA N285.4
objectives and requirements.

1. INTRODUCTION

In CANDU nuclear power plant, feeder pipes carry heavy water to and from the reactor fuel
channels to remove heat produced by the fission of uranium fuel. The feeder pipes connect the inlet and
outlet headers to the reactor core. The number of feeder pipes is in the range of 760 to 960 for various
types of CANDU design. A typical feeder layout is shown in Figure 1. The feeders are made of SA106
Grade B carbon steel and range from 1.5 inch (38 mm) to 3.5 inch (89 mm) nominal pipe diameter, with
lengths from 20 feet (6.1 m) to 60 feet (18.3 m). Feeder piping is designed to Class 1 piping requirements
of the ASME Boiler and Pressure Vessel Code, Section III, Subsection NB and CSA Standards. A typical
feeder has several bends between a header and a fuel channel. In general, the bends closest to the fuel
channel connections, or near the Grayloc joints, represent the most critically stressed sections of the
feeder pipes. Severe wall loss in this area due to FAC has been found in CANDU stations, the wall
thickness reduction is as high as the half of nominal wall values. The thinning at other areas is relative
benign.

The requirements of the periodic inspection of CANDU nuclear power plant components are
governed by the CSA N285.4 standard (Reference 1). The CSA standard provides uniform rules for the
periodic inspection of pressure retaining systems and components. The standards were introduced in 1974
and were revised in 1978, 1983, 1994, 2005 and 2009. The 2005 revision underwent significant changes
in the area of feeder pipe inspection, i.e. Clause 13 (Fuel channel feeder pipes — Supplementary
inspection). Those changes reflect substantial operating experience reported on the feeder piping system.

At OPG, the original feeder wall thickness measurements, as part of PIP, were performed at both
bends near headers and the Grayloc joints. Since late 1990s, In-Service Inspections (ISI) of outlet feeder
pipes have found that the feeder pipes are experiencing significant thinning at bends close to the Grayloc.
The cause of wall loss is attributed to Flow Accelerated Corrosion (FAC). Subsequently, more than ten
thousand ISI wall thickness inspections have been carried out at OPG stations.

From 2011 onwards, OPG stations were licensed to CSA N285.4-05. The location of feeder wall
thickness PIP inspections shall be in compliance with CSA N285.4-05 Clause 13.2.2.1 (a), which states
that “The periodic inspection shall include wall thickness measurements at the locations most likely to
experience the greatest reduction in wall thickness and at locations most likely to be the first to be
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reduced to design minimum thickness”. The ISI of outlet feeders near the Grayloc area is currently driven
by the requirements listed in the Feeders Life Cycle Management Plan (Reference 2). Inherited bend near
header inspections are still included PIP plans because of previous FAC understanding and CSA
requirements.

In the meanwhile, feeder pipe wall thickness PIP inspections near the PHT headers have generated
adequate data to perform a thinning assessment to determine whether the thinning is significant or not in
order to justify the continuation of PIP at this area.

2. INSPECTION DATA

Although it was believed that PIP has been performed since the inaugural inspection of all OPG
reactors, few data was found prior to 2000. The data only reported the minimum thickness; thus it is
uncertain whether these inspections were carried out using a diamond template which is a part of the
current measurement tool set. In addition, the corresponding thinning rates were much higher than the
most recent inspection data (as discussed later). Therefore, the assessment in this paper is primarily based
on the PIP inspections performed in the last decade.

The inspection has been performed using a D-meter UT probe on a diamond pattern template on
the extrados area of the 1* bend near the header nozzle as shown in Figure 2. It is not necessary that the
nodes on the template were marked on the pipe bends thus the inspection could be repeated on the same
point to get a reliable repeat thinning rate. The thickness measurements could also have been influenced
by the operator performance, i.e. holding and rotating the probe around to find the lowest measurement
only when the probe is held at the most perpendicular angle. In early PIP inspection at Darlington, a
rectangular template was also used other than the diamond pattern template.

In Bruce Power Unit 4 2009 inspection, three (3) feeders were measured with both the D-meter
using the 5-point diamond and with the 14-probe tool, the latter is an improved tool be extensively used in
ISI on tight radius bends within the CANDU industry. The comparison shows that the D-meter reading is
only at most 1.3% higher than the 14-probe reading. Thus even with human performance effects, the D-
meter measurements are proved to produce comparable quality data against the advanced tooling used in
the current feeder inspections.

Because of distinctive design and vintage, OPG 10 running reactors are divided into three groups:
Pickering Units 1 & 4 (P1&P4), Pickering Units 5-8 (P5-P8) and Darlington Units 1-4 (D1-D4). The
inspection history for all units is given in Table 1. Some units only have single inspection and other units
have multiple repeat inspections near headers.

3.0 THINNING RATE ASSESSMENT
3.1 Thinning Rate

A nominal initial thickness is required to obtain a thinning rate from the initial thickness. The
estimated nominal initial thickness is defined below as Tpom.

Thinning rates are determined using two methods, namely Rate from Initial and Repeat Rate.

Rate from Initial: When there is only one measurement data available, the rate is calculated from
the initial thickness to the measured value over time from the unit inauguration.
Rate from Initial: = (Tom —Tmin) /EFPY
Where T,om: estimated nominal initial thickness (mm)
Tmin: measured minimum thickness (mm)
EFPY: time of the measured minimum thickness

Repeat Rate: This is the thinning rate calculated using repeat measurements. To determine a
thinning rate by using repeat measurements, the values that are compared over time should come from the
same location of the pipe. It is assumed that the subsequent measurements are at the same location
because a diamond template was used on the feeder bend, a linear regression of the data is performed. On
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the other hand, most inspections only have two measurements, which would introduce high uncertainty
on the repeat rate. The rate from two repeat measurements is calculated as:
Repeat Rate = (Tyin1 —Tminz) /AEFPY
Where T, : measured minimum thickness at Outage 1 (mm)
Tominp: measured minimum thickness at Outage 2 (mm)
AEFPY: elapsed time between the two outages
For cases where more than two data points are available, the least squares regression function
LINEST in Excel® is used.

3.2 Projected Thickness at EoL and Required Thickness
The projected wall thickness at EoL is the wall thickness thinned from the time of inspection to
EoL with the estimated thinning rate.
T, = Thin - (EoL - EFPY ;,) *thinning rate
Where T,: projected thickness at EoL
Toin: measured minimum thickness (mm)
EFPY .i: EFPY when T, was measured
EoL: End of Life of each reactor unit
The bend next to the header is a large radius bend and is subject to lower stress than the tight
radius bends near the Grayloc, where the pressure based thickness has been assessed as the acceptable
limit. Therefore, the pressure based thickness can be conservatively used as the required thickness for
bends near headers.
Pressure based thicknesses for feeders at different stations are calculated with ASME Sec III NB-
3641.1 Equation (1) and are listed in Table 2. The projected thickness at reactor EoL is compared to the
corresponding required thickness (T,.q) to determine whether this section of feeder pipe is fit for service to
the end of reactor service life.

4.0 ASSESSMENT RESULTS

The distribution of thinning rates, both the Rate from Initial and the Repeat Rate are presented as
a normal distribution. The probability plots refer to graph paper for plotting observed data and their
corresponding cumulative frequencies or probabilities. Normal probability plots are often used as a means
of assessing the normality of a set of data. Based on the assessment of linearity or straightness of the data,
thinning rate can be reasonable assumed as nominal distributions.

4.1 Pickering Units 1&4 — Rate from Initial

Rates from the Initial thickness are calculated for each point on the diamond template. There are
total of 85 inspection data, including 40 data points from inlet feeders.

The statistical summary of inlet and outlet data is shown in Table 3. The thinning rates for outlet
feeders are much higher than the thinning rates for inlet feeders, consistent with current understanding of
FAC on feeders. The average thinning rate for outlet feeders is 0.037 mm/EFPY. The upper bound
thinning rates for inlet and outlet feeders are 0.026 mm/EFPY and 0.061 mm/EFPY, respectively. The
thinning rate (for both average and upper bound) for outlet feeder is more than 2.4 times that of inlet
feeder. The thinning rate, mean or upper bound, for outlet feeder bends near headers is much lower than
the average thinning rate of 0.100 mm/EFPY at the tight radius bends near the Grayloc.

There are no repeat measurements in these two units therefore Repeat Rate is not calculated.

4.2 Pickering Units 5-8 — Rate from Initial and Repeat Rate
4.2.1 Rate from Initial

There are a total of 144 outlet feeder and 48 inlet feeder inspection data points. The seven (7)
Unit 6 inlet and outlet data points obtained in 1990 show high inlet thinning rate which is contradict to the
current FAC knowledge and rates for outlet feeders are also significant high. It is known that the
inspection tool used at the time has deficiency. The small EFPY value between the start of the Unit and
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the inspection also increases the calculation uncertainty. Thus these data are not included in the following
assessment.

The majority of inlet feeder thinning rates are either negative or very low, which indicate either
the inlet feeders are not thinning or the thinning is not significant enough to be detected due to tool
measurement limitation.

The statistical summary of inlet and outlet data is shown in Table 3. The average thinning rate for
an outlet feeder is 0.030 mm/EFPY. The upper bound thinning rate for outlet feeders is 0.053 mm/EFPY,
which is close to the corresponding thinning rate of 0.061 mm/EFPY for Pickering Units 1 & 4.

4.2.2 Repeat Rate

There are a total of 55 Repeat Rates for outlet feeders, 37 of them have positive values. There are
no inlet feeders having repeated inspections. The negative rates may indicate the rate is small and/or the
measurement location of the same node on the diamond template is not identical as previously stated.

The statistical summary 37 positive outlet feeder Repeat Rates is shown in Table 4. The average
and upper bound Repeat Rate are 0.060mm/EFPY and 0.136mm/EFPY, respectively.

4.3 Darlington Units 1-4 — Rate from Initial and Repeat Rate
4.3.1 Rate from Initial

In this case, the minimum thickness from the diamond or rectangular template is conservatively
used to calculate the rate from the initial thickness. It appears that there is significant thickness reduction
at the inauguration and early inspections. It could attribute to various causes, such as inspection tool
limitation, inspections performed on extrados, pipe fabrication thickness tolerance, etc. In addition, the
small EFPY values also increase the rate calculation uncertainty. The rate calculated from early data is
significant higher than the rate calculated from the most recent data. The ratio could be as high as 2.17.
The high rates calculated from the early data are apparently not reasonable with current feeder FAC
understanding.

The statistical summary of all the outlet data of the entire population across the four units is
shown in Table 3. The average and upper bound Initial Rate are 0.060mm/EFPY and 0.083mm/EFPY,
respectively.

The fitted normal distribution and upper bound (95% confidence level) of Rate from Initial of all
stations are shown in Figure 4. The shape of the distributions is the same, i.e. with an identical standard
deviation value of 0.012 while the mean value of D1-D4 is higher.

4.3.2 Repeat Rate

In Repeat Rates calculation, minimum thicknesses from each inspection were used in the
calculation assuming the minimum thickness are from the same location though they may be from
different nodes of the inspection template. There are no inlet feeders having repeated inspections. There
are a total of 40 feeders that have two or more repeat measurements. The statistical summary of outlet
feeders is shown in Table 4. Of total 40 repeat measurements, there are 24 positive rates. The average and
upper bound Initial Rate are 0.012mm/EFPY and 0.03 1mm/EFPY, respectively.

The fitted normal distribution and upper bound (95% confidence level) of all repeat rates are
shown in Figure 5. The shape of P5-P§ data is much short and wider, indicating a much higher standard
deviation of measurement data.

4.4 Comparison of statistical data between Repeat Rate and Rate from Initial
The statistical data comparison between the repeat rate and the rate from initial of both Pickering
Units 1&4, Units 5-8 and Darlington 1-4 are given in Table 5 and Figure 6. It is observed that:
* The average value is approximately 0.030 mm/EFPY for the rate form initial for both P1&P4 and
P5-P8 while the value for D1-D4 is 2 times higher at 0.060 mm/EFPY.
» The standard deviation of rate from initial for all stations has identical value of 0.012. The
standard deviation of repeat rate of P5-P8 is approximately 3.3 times higher while the
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corresponding D1-D4 value is only 0.010 which is in line with the rate from initial. The repeat
rate is based on two point calculation.

» For Pickering Units 5-8, the upper bound limit of the Repeat Rate is subsequently 2.6 times
higher than the corresponding value of the Rate from Initial, or approximately 0.136 mm/EFPY.
This value is unrealistically high, even higher than the commonly recognized mean rate of
approximately 0.100 mm/EFPY at tight radius bends near the Grayloc. Nevertheless, this rate is
still used in the calculation of future wall thickness performed in the next section to ensure a
conservative prediction of future thickness.

*  The mean repeat rate for D1-D4 is only 0.031 mm/EFPY. In contrast to P5-P8, the repeat rate at
D1-D4 is lower than the corresponding rate from initial.

4.3 Predicted Thickness at EoL
The predicted thicknesses at EoL are calculated and compared to the allowable thickness of the
respective feeder size, which is shown in Table 6. The results show a great margin between two values.
* The predicted thickness is at least 130% higher than the allowable thickness using the upper
bound Rates from Initial
* The predicted thickness is at least 143% higher than the allowable thickness using the upper
bound Repeat Rate.

5.0 CONCLUSIONS AND RECOMMENDATIONS

Using the past PIP results, the thinning rate of the feeder pipe section near the header caused by
FAC is demonstrated insubstantial. The predicted minimum thickness at EoL for each unit is significantly
higher than the required thickness. The fitness for service of the feeder pipe in the area of the header is
not at risk even when the most conservative rate is applied. The objective of PIP, according to Clause
13.2.2.1 (a) of CSA N284.5, is to focus at the locations most subject to wall thickness reduction, such as
tight radius bends near the Grayloc. Based on this assessment, there is little value to continue the wall
inspections near headers for PIP. In the meanwhile, this inspection consumes unnecessary dose and
outage time.

Having demonstrated the significant margin of fitness for service for feeder pipes in the area of
interest, this paper recommends the removal of the feeder wall thickness inspection near headers in the
future PIP programs for Pickering and Darlington Nuclear Stations.
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Table 1 Feeder Pipe Thickness near Header Inspection History

Reactor Unit Feeder near Header Inspection History

Pickering Unit 1| 2007

Pickering Unit 4| 2009

Pickering Unit 5| 2005 2011

Pickering Unit 6| 1990* 2007 2011

Pickering Unit 7| 2006

Pickering Unit 8| 2004 2008

Darlington Unit 1]  1990* 1996* 2000 2004 2008
Darlington Unit 2] 1988* 2003 2007
Darlington Unit 3  1991* 1999* 2000 2006

Darlington Unit 4 2001 2010

* Data were not used in the assessment.

Table 2 OPG Outlet Feeder Pipe Pressure Based Minimum Thickness
- Required Feeder Pipe Thickness near Headers

Station Pressure Based Minimum Thickness  t,,,,* = PpD,/[2(S,.+YPp)]
ND (in) | Taom (mm) [ D, (mm)| Design T (°C) | Design P (MPa) | S, (Mpa)|  tmin™
1.5 5.56 49.4 1.97
Pickering 1& 4 2.0 6.48 618 299.4 10.1 122.6 2:47
2.5 7.42 77.8 3.10
3.0 8.15 90.5 3.61
1.5 5.08 48.4 1.97
Pickering 5-8 2.0 >.54 €0.0 307.2 10.2 120.9 2.44
2.5 7.01 77.0 3.13
3.0 7.62 89.4 3.64
1.5 5.1 48.3 2.20
2.0 5.5 60.3 2.75
Darlington1-4| 2.5 7.6 73.0 318.3 11.3 119.0 3.33
3.0 7.6 88.9 4.06
3.5 8.1 101.6 4.64

Table 3 Statistical Calculation of Rate from

Initial (All Stations)

Station P1& P4 P5- P8 D1-D4
Statistic data Inlet Outlet Out{ln Inlet Outlet Out{ln Outlet
ratio ratio
Min 0.000 0.010 -0.055 -0.005 0.040
Max 0.024 0.058 2.4 0.025 0.053 2.1 0.087
Range 0.024 0.048 2.0 0.080 0.059 0.7 0.046
Sample size 40 45 45 140 36
Average 0.014 0.037 2.8 0.002 0.030 16.4 0.060
Median 0.014 0.041 3.0 0.012 0.031 2.6 0.059
Variance 0.000 0.000 0.000 0.000 0.000
Stdev 0.006 0.012 1.9 0.022 0.012 0.5 0.012
low bound 0.001 0.014 10.5 -0.041 0.007 0.037
upper bound 0.026 0.061 2.4 0.044 0.053 1.2 0.083
Max rate 0.024 0.058 2.4 0.025 0.053 2.1 0.087
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Table 4 Statistical Calculation of Pickering and Darlington Repeat Rates

Station P5- P8 D1-D4
Statistic data| Outlet Feeders| Outlet Feeders
Min 0.010 0.003
Max 0.177 0.052
Range 0.167 0.050
Sample size 37 24
Average 0.060 0.012
Median 0.055 0.010
Variance 0.001 0.000
Stdev 0.039 0.010
cov 0.700 1
confidence 95.0% 95.0%
low bound -0.016 -0.008
upper bound 0.136 0.031
Max rate 0.1770 0.052

Table S Comparison of Repeat Rate and Rate from Initial

Type of rate Rate from Initial Repeat Rate |repeat rate/initial rate
Parameters |P1&P4|P5-P8|D1- D4|P5-P8|D1-D4| P5-P8 D1-D4
Mean 0.037 | 0.030 | 0.060 | 0.060 | 0.012 2.0 0.2
Stdev 0.012 | 0.012 | 0.012 | 0.039 | 0.010 3.3 0.8

Upper bound| 0.061 | 0.053 | 0.083 | 0.136 | 0.031 2.6 0.4

Table 6 Comparison of Repeat Rate and Rate from Initial

Station Pickering Darlington
Unit Unit 1{Unit 4|Unit 5|Unit 6| Unit 7| Unit 8] Unit 1| Unit 2| Unit 3| Unit 4
EoL (EFPY) 283 29.1| 282|282 | 28.2 | 282 23.4| 209 | 24.2 | 25.3
Minimum Thickness (mm) | 7.1 6.4 | 6.2 6.3 6.4 | 6.2 7.1 7.1 7.1 7.1
EFPY at Min Thks. 184 | 202|209 | 219| 176 | 17.1| 13.9 | 13.6 | 11.5 | 146
Allowable Thickness (mm)| 3.61 | 3.10 3.14 4.64

Upper Bound Rate from
Initial (mm/EFPY)

0.061 0.053 0.083

Predicted Thickness (mm) | 6.48 | 5.84 | 580 | 597 | 5.84 | 5.65| 6.31 | 6.44 | 6.05 | 6.25

Predicted Thk/Allow Thk. | 1.79 | 1.88 | 1.85 | 1.90 | 1.86 | 1.80 | 1.36 | 1.39 | 1.30 | 1.35

Upper Bound Repeat Rate
(mm/EFPY)

0.136* 0.136 0.031

Predicted Thickness (mm) | 5.74 | 5.17 | 5.19 | 5.44 | 496 | 473 ] 6.76 | 6.79 | 6.64 | 6.74

Predicted Thk/Allow Thk. | 1.59 | 1.67 | 1.65 | 1.73 | 1.58 | 1.51 | 1.46 | 1.46 | 1.43 | 1.45
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Figure 1 Typical CANDU Feeder Pipe Arrangement

Figure 2 Current Areas of PPI Inspection
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POSITION OF THICKKESS MEASUREMENT
STATION OW FEEDER FWE ELBOW
(Sew Datol A)

DETAIL A

NOTES:
1, AREAS MARKED IN RED ARE SELECTED FOR PERIODIC
THICKNESS MEASUREMENT INSPECTION (See Table 12)

Figure 3 PIP Inspection near the Header

Figure 4 Fitted Distribution of Rate from Initial for All Stations (Outlet Feeders)
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Figure 5 Fitted Distribution of Rate from Initial for All Stations (Outlet Feeders)
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Figure 6 Mean, Standard Deviation and Upper Bound for Initial, Repeat Rates for All Stations



