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Thermal cycling induced fatigue is widely recognized as one of the major contributors to
the damage of nuclear plant piping systems, especially at locations where turbulent mix-
ing of flows with different temperature occurs. Thermal fatigue caused by swirl penetra-
tion interaction with normally stagnant water layers has been identified as a mechanism
that can lead to cracking in dead-ended branch lines attached to pressurized water reac-
tor (PWR) primary coolant system. Electric Power Research Institute (EPRI) has devel-
oped screening methods, derived from extensive testing and analysis, to determine which
lines are potentially affected as well as evaluation methods to perform evaluations of this
thermal fatigue mechanism for the U.S. PWR plants. However, recent industry operating
experience (OE) indicates that the model used to predict thermal fatigue due to swirl pen-
etration is not fully understood. There are limitations with the EPRI generic evaluation.
In addition, cumulative effects from other thermal transients, especially those resulted
[from outflow activities, may also contribute to the failure of reactor coolant system (RCS)
branch lines. In this paper, we report direct OE from one of our PWR units where ther-
mal fatigue cracking is observed at the RCS loop drain line close to the welded region of
the elbow. A conservative analytical approach that takes into account the influence of
thermal stratification, in accordance with ASME section 11l class 1 piping stress method,
is also proposed to evaluate the severity of fatigue damage to the RCS drain line, as a
result of various transients, particularly the transients from outflow activities. Finally,
recommendations are made for future operation and inspection based on results of the

evaluation. [DOI: 10.1115/1.4053013]

1 Introduction

Thermal fatigue caused by swirl penetration interaction with
normally stagnant water layers has been identified as a mechanism
that can lead to cracking in dead-ended branch lines attached to
pressurized water reactor (PWR) primary coolant piping. The
Electric Power Research Institute (EPRI) has developed screening
methods to determine which lines are potentially affected as well
as evaluation methods to perform evaluations of this thermal
fatigue mechanism [1—4]. These methods are published under the
EPRI material reliability program (MRP) for managing the effects
of aging degradation in PWR internals. EPRI Report MRP-132
[1] summarizes the screening and evaluation methodology derived
from extensive testing and analysis, including its application in a
generic assessment of thermal cycling and fatigue in U.S. PWR
plants. EPRI Report MRP-146 [2] provides guidance for the appli-
cation of the assessment techniques in MRP-132 [1] and guidance
relative to actions that can be taken based on the results of the
assessments. The EPRI screening methods have been performed
on the reactor coolant system (RCS) loop drain lines for North
Anna (NAPS) and Surry (SPS) power stations. Six down horizon-
tal (DH) lines at NAPS, all off RCS cold legs, were screened-in to
be susceptible to thermal cycling by MRP-170 (Palo Alto, CA) [3]
evaluations. These lines were then evaluated by the MRP-146S
[4] generic evaluation and concluded that thermal fatigue was
NOT significant. The RCS loop drain lines at SPS were all
screened-out by MRP-170 [3] evaluations. It should be noted that
there are limitations with MRP-146/MRP-146S [2,4] generic eval-
uation: it does not apply to lines with socket welded fittings and is
also limited to the piping sizes/geometry of DH lines; it also does
not include cumulative effects from various thermal transients
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that result from reactor services, such as the RCS chemistry sam-
pling activities and excess letdown. These transients can result in
further thermal fatigue damage to the DH line elbow, where stress
concentrators occur when hot flow passes through the drain lines
that are normally at ambient conditions.

On Dec. 22, 2014, a nonisolable RCS pressure boundary leak
was identified on the North Anna Unit 1 “B” cold leg drain line
upstream of the isolation valve. A through-wall axial crack was
identified in the elbow region along with circumferential cracks in
the welded region. Follow-up material inspections determined
that the cracks were thermal fatigue related. Recently, several
operating experiences (OE) have been reported across the industry
[5]: MRP-85, material reliability program: operating experience
regarding thermal fatigue of piping connected to PWR reactor
coolant systems, documents 22 cracking events associated with
thermal fatigue. Of the 22 events, 14 have been leakage incidents
in nonisolable portions of normally stagnant piping systems con-
nected to the RCS and two were leakage in isolable portions.
Also, there were six part-through-wall cracking incidents in noni-
solable piping due to thermal fatigue. Oconee nuclear power sta-
tion also experienced a failure of a 50-mm (2-in) loop drain line
due to thermal fatigue. A contributing cause to this event was the
chemistry samples that had been collected from the same line.
Although this OE was in the Institute of Nuclear Power Opera-
tions database and was discussed in MRP-85, evaluation of the
additional stress caused by sampling was not clearly mentioned or
referenced in associated EPRI guidance. In this article, we discuss
in detail on the findings of the OE from dominion energy’s own
fleet nuclear stations through material examinations. In addition,
an evaluation method for thermal fatigue is proposed to evaluate
damages as a result of various transients that are not considered in
the MRP generic evaluation.

The ASME piping stress formula is widely adopted across the
industry for pipe integrity evaluations. Evaluating thermal fatigue
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with this method requires precise cycle counting as well as ther-
mal load determination. Transients involving hot and cold fluid
entering each other may cause thermal stratification, resulting in
thermal bending stresses in addition to regular thermal loads. Seo
et al. and Kweon et al. [6,7] have investigated the fatigue effect of
thermal stratification on a safety injection line using ASME class
1 formula along with finite element thermal analysis. We present,
in this article, an analytical approach with reasonable assumptions
to address the thermal bending due to thermal stratification. Previ-
ously, the European Commission [8] has also suggested the feasi-
bility of performing fatigue assessment on thermal stratification
using ASME method [9]. It is the purpose of this article to focus
on the influence of various transients, particularly those as a result
of outflow activities such as chemistry sampling and excess let-
down, on thermal fatigue of the RCS drain lines. A reliable evalu-
ation method is needed to provide a basis for understanding the
severity of different transients, which can not only assist the plant
operation but also reduce time-loss resulted from unplanned
outages.

2 Design Information

North Anna power station has two Westinghouse three-loop
design pressurized water reactors, each with a capacity of around
900 MW. The NAPS Unit 1 was constructed in 1971 and began
commercial operation in May 1978. The NAPS unit 1 reactor
coolant system has three steam generators (SG) with three reactor
coolant pumps (RCPs). Each RCS loop consists of a hot leg prior
to each SG and a cold leg after each SG. Each loop drain line
(50 mm or 2 in. in diameter) taps off the bottom of the RCS cold
leg between the RCP and SG and drops down and turns 90 deg via
an elbow to the horizontal, as shown in the picture of Fig. 1. The
loop drain lines are then routed to excess letdown and RCS sam-
ple lines. All three drains have a vertical run dropping approxi-
mately 340mm (13.5 in.) from the bottom of the RCS piping to
the centerline of the elbow, and a horizontal run extending
1070 mm (3 ft 6 in.) to the first isolation valve. The 50-mm (2-in.)
line is schedule 160 A376-Type-316 stainless steel pipe that is
butt welded to the RCS nozzle and then drops 350 mm (13 3/4 in.)
down. It then transitions to a 50-mm (2-in.) 90-deg schedule 160
A403-WP-316 stainless steel elbow which is butt welded on both
sides. The line then travels horizontally another 760 mm (2 ft 6
in.) to a “T” where it is diverted between the sample system line
and the excess letdown line. SPS is a similar plant to NAPS. How-
ever, the RCS loop drain line configuration of SPS is slightly dif-
ferent from that of NAPS: it has a much longer vertical drop from
the RCS line; the transition connection of the RCS loop drain line
from vertical to horizontal is through a socket weld rather than
butt weld.

Fig. 1
(b) a schematic diagram of the RCS loop drain line down horizontal elbow and thermal cycling mechanism
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Chemistry sampling is performed by purging to gas stripper.
During the reactor coolant sampling process, flow at elevated tem-
perature is introduced into the drain line and then exits from a 20-
mm (3/4-in.) sampling line, which is usually located at a close
vicinity to the DH line elbow as shown and illustrated in Fig. 1.
The RCS sampling is conducted at a flow rate of 0.18-0.23 m*h
(0.8 to 10.01 gpm) and can occur when the reactor is online or
offline, corresponding to different coolant temperatures. From
2004 and through 2014, both NAPS and SPS units had begun con-
ducting chemistry sampling while the reactors were online.
Around 500 sampling had been documented on a single loop dur-
ing the 10-year period.

In contrast, the excess letdown is a more severe transient with a
flow rate of 3.4-4.8m’h (15 to 21+0.2 gpm) and a temperature
changes from 50 to 286 °C (120 to 547=2°F) in 14.6 s. The maxi-
mum temperature during excess letdown can last for about a one-
hour in duration. In addition, it is conducted by passing fluid
through the entire RCS drain line (off cold leg) as opposed to the
sampling line. However, the excess letdown is conducted at a
much less frequency of only a few times per year. Thermal stratifi-
cation may occur during chemistry sampling activities, as hot flow
enters the stagnant coolant existing in the drain lines, causing fur-
ther damage due to additional bending stresses. The associated
thermal transients with various flow paths and conditions result in
different stress ranges that contribute to overall thermal fatigue
damages.

3 Material Inspection

The as-received elbow with the attached downstream section of
approximately 300 mm (12 in.) of pipe was cleaned in a tank of
P&G™ water to remove as much loose contamination as possible.
The downstream section of pipe was cut at the elbow longitudi-
nally to allow inspection of the interior surface. A through-wall
axial crack about 50 mm (2 in.) long was identified approximately
25mm (1 in.) from the weld on the pipe side of weld. The elbow
was sectioned in half longitudinally to allow inspection of the
interior surface. A through-wall axial crack about SOmm (2 in.)
long was identified in the elbow, along the inside diameter of the
pipe section. Circumferentially oriented cracks about 20 mm (0.75
in.) long were also identified in the toe of the weld region on both
the pipe and elbow sides of the circumferential weld. Dye pene-
trant was applied to the elbow to enhance the crack location for
photographing. Cross-sections were cut from the elbow through
the crack approximately 25 mm (1 in.) from the leak location as
well as from the downstream weld for metallography, as shown in
Fig. 2. Some branching of the crack had occurred along the end
away from the weld. It is also noticed that the fracture surface of
the sample was heavily oxidized, indicating long-term exposure in
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Fig. 2 Photo of a section of the crack that was cut out and
opened in lab, showing heavily oxidized fracture surface

EMT=2000kv Mag= 154X
Signal A= SE1  WD= 13mm

Dec 2014
144726

Fig. 3 SEM micrograph taken from the opened crack face near
the ID, showing worn transgranular fracture (original magnifica-
tion 154 %)

the RCS environment. The samples were then polished to a 1-um
finish using standard metallographic techniques and then etched
electrolytically with 10% oxalic acid to reveal the grain structure
of the material.

A section of the crack shown in Fig. 2 as indicated by the arrow
was cut out and opened in lab for fractographical examination.
Three locations of the cutout sample from near the origin of the
crack (close to ID), the center of the crack face, and the leading
edge of the crack (close to OD) were examined using scanning
electron microscope (SEM). Figure 3 shows a SEM micrograph of
the fracture surface, close to the pipe inside surface, that appears
to have worn transgranular fracture. The transgranular fracture
becomes more well-defined at the center of the crack face as
shown in Fig. 4. This cracking feature is more pronounced toward
the crack tip because of less exposure in the RCS environment.

EHT=2000kv Mag= 163X Date :28 Dec 2014

SignalA=SE1 WD= 12mm Time :14:33:47

Fig. 4 SEM micrograph taken from approximately the center of
the crack face, showing more well-defined transgranular frac-
ture (original magnification 163x)
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Fig. 5 SEM micrograph showing the surface features along
the leading edge of the crack. The surface has very faceted
transgranular appearance with some large striation-like marks
across it. Original magnification 1000x.

The SEM micrograph of the fracture surface along the leading
edge of the axial crack in Fig. 5 clearly shows that the fracture
surface has very faceted transgranular appearance. Large
striation-like marks were noticed across the surface, indicating
possible thermal fatigue related failure during the crack propaga-
tion. Further investigation showed finer striation marks with a
spacing around 7 um.

To determine a comprehensive and direct cause of the thermal
fatigue failure in the loop drain line, a failure modes and effects
analysis (FMEA) was performed and revealed two main contribu-
tors to this failure: swirl penetration and chemistry sampling.
Other degradation mechanisms that were considered but dis-
counted include the following: stress corrosion cracking, general
corrosion, and flow accelerated corrosion. Stress corrosion crack-
ing is not a concern at this location since it is in direct contact
with the RCS, which utilizes a chemistry control program to
ensure known contaminants such as chlorides, fluorides, and sul-
fates are maintained below required levels. General corrosion is
not a concern because the drain line is constructed of stainless
steel which is not susceptible to general corrosion. Flow acceler-
ated corrosion seldom occurs in stainless steel and is not consid-
ered relevant at this location because the line is primarily
stagnant. As a matter of fact, outflow activities can induce thermal
transients to the drain line depending on the flow path and the
flow conditions, such as temperature, pressure, and velocity. In
the following section, we evaluate outflow and plant operation
activities to better understand how different transients contribute
to the overall fatigue utilization.

4 Analysis Method

4.1 Modeling Description. A piping model of the RCS loop
as well as the drain lines attached to it was constructed using
NUPIPE-II computer code. The full RCS loop was modeled to
investigate the impact of plant operation to the loop drain line,
including steady-state power fluctuation, reactor startup and shut-
down, and pressurizer heat-up and cooldown etc. An isometric
sketch of the loop drain line is presented in Fig. 6. The basic
method of analysis used in NUPIPE-II is the finite element stiff-
ness method. In accordance with this method, the continuous pip-
ing is mathematically idealized as an assembly of elastic
structural members connecting discrete nodal points. Nodal points
are placed in such a manner as to isolate particular types of piping
elements, such as straight runs of pipe, elbows, valves, etc., for
which force-deformation characteristics can be categorized. Nodal
points are also placed at all discontinuities, such as piping sup-
ports, concentrated weights, branch lines and changes in cross sec-
tion. System loads, such as weights are applied at the nodal
points. Stiffness characteristics of the interconnecting members
are related to the effective shear area and moment of inertia of the
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Fig. 6 Top view of the RCS loop with the loop drain lines (bold) attached to it, showing the piping route with
respect to the reactor, the reactor coolant pump, and the steam generator, with an Isometric sketch of the RCS

loop drain line configuration

pipe. The 50-mm (2-in.) RCS loop drain lines are then conserva-
tively evaluated using the ASME code section III class 1 piping
stress formula and criteria (NB-3600) [9], consisting of mem-
brane, bending, pipe through-wall thermal gradients, and gross
discontinuity terms.

4.2 Thermal Stratification. Thermal stratification may occur
as hot RCS fluid enters the drain line and mixes with the cold
(ambient temperature) stagnant coolant. When thermal stratifica-
tion occurs, the pipe is partially filled with hot water and partially
filled with cold water. In some cases, the interface is very small,
and the gradient is very large; while in the other extreme, the tran-
sition between the hot and cold fluid can occur over the entire
pipe cross section [10], as illustrated by Fig. 7. The causes of each
of these two cases are related in a complex fashion to the flow
rate, temperature difference, length of flow, pipe slope, pipe mate-
rial and temperature (insulation characteristics), entrance condi-
tions, and exit conditions. Once the interface height has been
identified, the velocity and other fluid parameters can be calcu-
lated for given volumetric flow rates. This is important because
calculation of the heat transfer and stability of a stratified flow is
dependent on the flow velocity.

A simple methodology has been provided in Ref. [10] to esti-
mate the interface height of a stratified flow by assuming that the
interface is well defined, that is, no intermixing layer. A diagram
is included in Fig. 8 for illustration of this method. The stratified
flow interface height is calculated using an iterative solution of
the equation described as follows:

_ A A

0’ (1
p Wy

where Q is the volumetric flow rate, A, is flow area, and W, is
width of free surface. By plugging in Ay:d2~(ocy — sina,)/8 and

Interface
Wess Warmer Interface
________ Thickness

Cooler

&/ )T

Fig. 7 lllustration of thermal stratification with hot and cold
fluid within a pipe section, showing thin versus intermixing
over the entire cross section
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Fig. 8 lllustration of stratification interface height

W, =d-sin (a,/2), and by re-arranging the terms, the equation can
be written as

sin(oy,/2)  Ap  gd’

o 51202

(@3]

(ot — sinay) 3

where d is the pipe inside diameter, p is the density of the flowing
fluid, Ap is the absolute value of the density difference between
stratified fluids, and g is the acceleration due to gravity. The angle
o, bounding the critical depth in radians can be solved from the
relation above for given flow properties. The critical depth is cal-
culated as y, =d(1 —cos(a,/2))/2. The stratified interface
height, H, can then be determined based on flow condition, pipe
configuration, flow entrance, and exit conditions in accordance
with Table 3.1-1 of Ref. [10]. Note that the pipe Richardson num-
ber, Ri, = (Ap/p) - (gd/u?) (u is average velocity of the stratified
flowing fluid), must be calculated to verify that the flow will
remain stratified. If Rip, is less than 4.0, it can be assumed that
stratification will not occur in the pipe, which is equivalent to if
the height is calculated to be greater than 0.83d for horizontal
pipes.

Because the sampling line at the loop drain off the hot leg is
located fairly close to the DH elbow (within 30cm), it is less
likely that thermal stratification would occur (i.e., hot flow exits
downward through the sampling line right after it passes the DH
elbow). The sampling line at the loop drain off the cold leg, how-
ever, is located much further away from the DH elbow, thus, pro-
viding adequate range for the flow to remain stratified if thermal
stratification would have occurred according to the method
described in this section. It is calculated that the excess letdown
flow will not remain stratified due to high volumetric flow rate,
while the chemistry sampling flow from the cold leg loop drain is
expected to stratify with an interface located close to the midsec-
tion of the loop drain pipe, as summarized in Table 1. This will
result in bending moments in addition to thermal expansion loads.

Transactions of the ASME



Table 1

Predicted thermal stratification condition for excess letdown and RCS sampling

Stratified height to diameter ratio

Richardson number Stratification condition

Outflow activity transients H/d Ri, Y/N
Excess letdown 1.00 0.02 N
Online chemistry sampling 0.40 10.13 Y
Offline chemistry sampling 0.70 4.58 Y

Fig. 9

__________________________________________________ B __x ""e\ir sharp
M/ iH Tlc/ T, T

Fluid Thermal Gradient

lllustration of thermal stratification bending calculation with thermal gradient

approximations to account for different mixing mechanisms

Note that the chemistry sampling flow from the hot leg loop drain
is not expected to stratify, as a result of the current piping configu-
ration that the sampling line is located fairly close to the vertical
run of this drain line.

4.3 Thermal Stratification Induced Bending. Thermally
stratified flow causes pipe to bend as a result of differential ther-
mal expansion. Bending stress can be calculated based on similar
assumption used in determining the stratification interface height,
that is, the temperature change occurs right at the interface of the
hot and cold fluid, corresponding to a sharp temperature gradient
as illustrated in the diagram below. It is also assumed that the pipe
wall shares the hot and cold temperatures, 7}, and T, with the pipe
fluid above and below the interface, respectively. On the other
hand, the intermixing of hot and cold fluid over the entire cross
section can be approximately estimated by a linear temperature
gradient. The sharp temperature gradient is conservative as it
results in the largest differential thermal expansion in the pipe
axial direction as opposed to a linear thermal gradient across the
full or partial pipe cross section.

To calculate the global bending of a pipe due to thermal stratifica-
tion, the two temperature gradient profiles, as discussed earlier, are
considered: a linear temperature gradient corresponding to a wide
mixing and a step change corresponding to a narrow mixing of cold
and hot fluid, as illustrated in Fig. 9, where the interface position is
defined by angle ¢ and the interface height is denoted as H.

For the linear temperature gradient, the equivalent strain is
exactly half of the thermal strain between the pipe inside and out-
side surfaces, therefore, the bending stress, ,(x) at a given point
with a distance of x from the neutral axis, and bending moment
over the pipe cross section can be simply written as

1 2x

O'];(X) - EE(OCL'TC - OChTh) ' D 3)
1

Miinear = E[(O(CT‘- — ahTh) - 4)

D

For the sharp temperature gradient, the equivalent bending is
calculated by considering the continuity and equilibrium equa-
tions at the pipe cross section, assuming fixed-end boundary con-
dition, as follows:

& — &n = ocTe — oy Ty,

(%)

Ee A+ EepAp =0 (6)
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Solve for ¢, ¢, obtain

e = — (00T — o Tp) @)

RS

&p = — (1 - %) (a(‘TC - O(hTh) (8)

where ¢, ¢, are thermal strains at the cold and hot sections of the
pipe due to temperature difference and A, A, are cross-sectional
areas of the cold and hot sections, respectively. The equivalent
bending moment due to thermal stratification is then calculated by
integrating the equivalent bending strain over the pipe cross

section
2
3

Z(R? - r3)sin(p -E(a.Te — o Th)

Mgparp = JEac.dA(. S X+ jJEghdAh X

(C)]

where R and r are the outer and inner radius, respectively, of the
pipe cross section. Thus, for a thin-walled pipe ( —R), the equiv-
alent bending stress and bending moment yield as

2sin 2x

op(x) = ( n“’)E(cchC — i) 5 (10)
4si 1

My = ( ““"’) El(Te = oT)) - (11)

The bending stress formula for thin-walled pipe, derived herein,
agrees with those reported in Refs. [11] and [12]. Note that a fac-
tor, Kex accounting for the flexibility of the boundary conditions,
can be added to the calculation. Considering the piping configura-
tion and piping support characteristics, Kp.x = 1 is set to conserva-
tively represent the constraint condition. The thermal stratification
bending moment at three temperature ranges (55, 189, and
244 °C), accounting for offline chemistry sampling, an intermedi-
ate temperature range, and online chemistry sampling, respec-
tively, are included to investigate the effect of thermal
stratification on fatigue damage.

4.4 Stress Analysis. The details of ASME class 1 piping
stress method are provided in this section. As per ASME section
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III [9], the alternating stress intensity is calculated by the equa-
tions below, provided that the primary plus secondary stress inten-
sity or the thermal expansion stress and primary plus secondary
membrane plus bending stress intensity criteria are met (NB-
3653.6)

S
Sall =K, £

: (12)

where S, is the peak stress intensity range calculated as follows:

S KCP+KCDM+ ! K3Ea|AT, |

= J— —M; +—— o

A TR | 20-v)"° :
+K3C3Eah|O(aTa — OC;,T;,‘ + EO(|AT2| (13)

1—v

K, is the factor depending on the primary plus secondary stress
intensity (of a given cycle) S,, allowable design stress intensity
S, and material parameters (m and n, provided in Table NB-
3228.5(b)-1 [9]) by the following expression:

K, = 1.0, S, <3S,
=10+ (1 —n)/n(m —1)(S,/3mS,, — 1), 3S5,<S, < 3mS,
= 1/”1 Sn > 385n

(14)

4.4.1 Thermal Stress. The peak stress intensity consists of pri-
mary stresses (membrane plus bending) and secondary stresses
due to thermal gradients. AT, and AT, are the linear and nonlinear
portion of the temperature range between outside and inside pipe
surfaces, respectively, and are calculated as [9]

12 /2
AT, = J

ol (15)

YT (y)dy
1 1
ATz = max(\T,, — Tl —§|AT|‘, |Tl — Tl —§|AT1|7 0) (16)

a7

1 /2
T= 7[ T(y)dy

4 —t/2

where ¢ is the pipe wall thickness, T; and T, are the pipe inside
and outside temperatures, respectively, and 7(y) represent the tem-
perature distribution across the pipe wall thickness. The TRHEAT
computer code is used to determine the temperature responses of a
pipe due to thermal transient in the contained fluid. A pipe is rep-
resented in TRHEAT as a slab of uniform thickness. The outside
of the pipe is assumed to be insulated and the inside to be in con-
tact with a fluid which undergoes a thermal transient. TRHEAT
results include the equivalent linear and nonlinear pipe wall tem-
perature gradients and the discontinuity temperature differences,
required for calculation of piping stresses in accordance with the

requirements for class 1 piping specified in the ASME boiler and
pressure vessel code, section III, nuclear power plant components.

4.4.2  Stress Indices. The primary stress indices, B; and B,, do
not feed into the peak stress intensity calculations, rather, they
determine the applicability of the calculation by the primary stress
intensity criteria

PD D
By —+ By —=M; < 1.55,,

2 21 18

Cj, C,, and C; are secondary stress indices for specific compo-
nent under investigation; K;, K>, K5 are local stress indices for
specific component under investigation. The stress indices given
in Table NB-3681(a)-1 of Ref. [9], are applicable to girth fillet
welds used to attach socket welding fittings, socket welding
valves, slip-on flanges, or socket welding flanges. The primary
stress indices, By and B,, and secondary stress indices, C; and C,
for socket weld fittings shall be taken as follows:

By =0.75(1,/Cy) > 0.5
By = 1.5(t,/C,) > 1.0
Cy = 18(1,/Cy) > 1.4
C, =2.1(1,/Cy) > 1.3

19)

where ¢, is the nominal pipe wall thickness and C is the fillet
weld size. Bounding values of these stress indices can be calcu-
lated by using minimum fillet weld size (the minimum fillet weld
size gives the maximum value of #,/Cy = 0.917). The local stress
indices K;, K>, K3 and the other secondary stress indices C3, C’3
can be directly retrieved from Table NB-3681(a)-1 of Ref. [9].
The stress indices at the location of interest are summarized in
Table 2 below. Note that it is the range of pressure, temperature,
and moment between two load sets, which is to be used in the cal-
culations. This calculation is based upon the effect of changes that
occur in mechanical or thermal loadings which take place as the
system goes from one load set to any other load set which follow
it in time. The fatigue calculation is carried out at the DH line
elbow within NUPIPE-II, which finds the most conservative load
set for each transient analyzed to compute the alternating stress as
well as other stress intensities and loading criteria associated with
it. The thermal stratification bending moment is conservatively
applied as an external load in the program.

4.5 Fatigue Calculation

4.5.1 Plant Operation and RCS Drain Line Transients. Tran-
sients from plant operations, such as plant heat-up and cooldown,
can cause variations in pressure and thermal expansion to the RCS
loop, which may also affect the loading condition of the RCS loop
drain DH line elbow. However, to what degree these fluctuations
in temperature and pressure would contribute to the loop drain
line fatigue utilization highly depend on the piping configuration
and pipe support constraints. Table 3 summarizes possible plant

Table2 Stress indices for pipe elbow and welded sections

Applicable for Do/t < 100 for C or K indices and Do/t < 50 for B indices

Internal pressure Moment loading Thermal loading
Pipe products and joints B, K, B, C, K, Cs C/5 K5
Curved pipe or elbows, as specified within NUPIPE-II 1.000 1.256 1.000 1.466 1.954 1.000 1.000 0.500 1.000
Girth butt welds between nominally identical 0.500 1.000 1.200 1.000 1.000 1.800 0.600 0.500 1.700
wall thickness items, as-welded
Girth fillet weld to socket weld, fittings, socket weld valves,  0.688 1.376 3.000 1.651 1.927 2.000 2.000 1.000 3.000

slip on or socket welding flanges
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Table 3 Plant operation transient conditions

Temperature range hot leg

Temperature range cold leg Pressure range

Description of transients °F °F psi

Steady-state fluctuations 611-617 544-550 2200-2300
Plant loading 547-614 - -

Reactor load increase/decrease 606-619 544-560 2155-2325
Reactor trip from full power 536-614 536-549 1870-2250
Pressurizer heatup/cooldown 70-547 70-547 400-2250
Large step decrease with steam dump 533-616 535-556 1975-2350
Loss of load from full power 551-640 547-580 1600-2500
Loss of flow one loop 499-620 507-547 1875-2250
Loss of power 547-634 546-558 2070-2500
Primary leak test 70-400 70-400 400-2250
Turbine test 475-547 475-547 1920-2250

transients along with the conditions and expected occurrence, esti-
mated for the plant design life (NAPS technical records).

Thermal transients considered in this calculation are those due
to RCS flow introduced through RCS loop drain DH lines during
reactor coolant sampling and excess letdown. The reactor coolant
sampling transients include online and offline sampling (con-
ducted when reactor is online or offline) transients at the RCS
loop drain lines off the hot leg and cold leg. It is considered that
the reactor coolant temperatures of online sampling are plant nor-
mal operating temperatures of 319 and 286°C (606 and
547x2°F) for the hot and cold legs, respectively. The RCS flow
temperature at offline condition (reactor shutdown) is considered
to be 93°C (200 °F). During the sampling transients, the RCS
flow travels in the Loop Drain Line for a short section before exit-
ing through the 20-mm (3/4 in.) sampling line. The excess letdown
is only conducted at the cold leg, and the RCS flow travels
through the entire loop drain line attached to the cold leg.

4.5.2 Cumulative Fatigue Usage Factor. The cumulative
fatigue usage factor (CUF) is then calculated by summing up the
individual fatigue usage factors for each pair of load cases as
follows:

n Nk

CUF = x 100% (20)

k=1 'Yk allow

where N; and Ny ,j10v are number of cycles and allowable number
of cycles, respectively, of a given alternating stress intensity S.
The allowable cycles can be interpolated logarithmically from the
fatigue damage design curve for austenitic stainless steel in man-
datory Appendix I of ASME boiler and pressure vessel code sec-
tion III, division 1 [9], by using the following formula:

N (f_)
Neatow = N; - (%) ’ @1
where N; and Nj, are allowable number of cycles at stress inten-
sities S; and §;, found from the fatigue design curves, respectively.
As CUF reaches 100% (also known as full utilization), it is con-
sidered that failure would occur in the materials or components
being investigated.

5 Results and Discussions

The load cases corresponding to each transient, including the
RCS loop drain transients and the plant transients, are paired
within NUPIPE-II to produce maximum alternating stresses
ranges. The plant transients are included to verify the impact on
fatigue damage to the RCS loop drain line as a result of plant
operation, such as pressurizer heat-up/cooldown, reactor load

Journal of Nuclear Engineering and Radiation Science

increase/decrease, and reactor trip from full power etc. (see
Table 3). Note that the plant transients induce not only thermal
loads but also primary loads due to pressure variations. To under-
stand the thermal transient effect, two temperature change profiles
were considered: a step change, where temperature increases
instantaneously, and a ramp-to-plateau change, where temperature
is ramped up linearly to the target temperature within a given time
interval (measured). The linear and nonlinear thermal strain as a
function of time is plotted for excess letdown transient condition
in Fig. 10 for comparison. The rapid increase of thermal strain
during excess letdown is due to the high flow volumetric velocity.
The step change in temperature resulted in nearly 30% increase in
peak strain as compared to that of the ramp-to-plateau change,
which is based on measurement, thereby, more realistic. Thermal
transient strain during chemistry sampling at the hot leg loop drain
lines are shown in Fig. 11. For chemistry sampling, the thermal
strain is much lower, and the transient curves are much flattened
than that of the excess letdown, due to relatively low flow veloc-
ity. The step change and ramp-to-plateau change produced similar
results in peak strain values.

Various transients, including plant operation transients and out-
flowing transients, are then investigated for their alternating stress
intensities. Figure 12 presents a comparison for the RCS loop
drain line DH elbow off the cold and hot leg, at the weld fitting
upstream and downstream locations. No significant difference in
stresses upstream and downstream of the weld fitting was noticed.
The cold leg loop drain line sees slightly less stresses than hot leg
because of lower operating temperature (by ~40°C). It appears
that the excess letdown produces the most severe thermal transient
loads as compared to others. The online chemistry sampling is on
the same level with the pressurizer cooldown, at about one third in

3
H N ——= ATI, Step change
) _,I \\ .............. AT1, Ramp-to-plateau

\ — AT?2, Step change
' AT2, Ramp-to-plateau

a-AT (%103 m/m)

0 10 20 30 40 50 60
Time (sec)

Fig. 10 Linear and nonlinear thermal strain as a function of
time during Excess letdown thermal transient condition: Step
change versus ramp-to-plateau change in temperature
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Fig. 11 Linear and nonlinear thermal strain as a function of

time during chemistry sampling thermal transient condition:
Step change versus ramp-to-plateau change in temperature

magnitude of that of the excess letdown transient. Other plant
operation transients are at a much less magnitude in terms of alter-
nating stress intensities.

To investigate thermal stratification induced damage, the alter-
nating stress intensity of chemistry sampling transients with ther-
mal stratification at various temperature ranges are plotted for
comparison in Fig. 13. Different set of stress intensity indices

< 600

500 | ‘% @ DH elbow upstream weld
2 400 - }é DH elbow downstream weld
£ 300 {1
E 200 | ‘g
g 100 H
i=l 4
[75]
=

Transient Category

(@)

were used to account for areas including the DH line elbow, butt-
weld and socket-weld. The alternating stress intensities increase
with increasing temperature ranges. The socket weld produces the
highest stress intensity while the butt weld produces the lowest.
The elbow section, using parameters for curved pipe, is also
believed to induce stress concentration, and therefore, prone to
flaw initiation. The stress intensity values for the socket weld and
the elbow section increase significantly at the 244 °C temperature
difference due to the increase of K, factor as the primary plus sec-
ondary stress intensity exceeds 3S,,,.

These alternating stress intensities are translated to fatigue utili-
zation and presented in Fig. 14. The worst-case scenario is the
sharply stratified condition at the midsection with a socket weld
fitting, which results in over utilization (failure) before 500 cycles
are reached. At the stress level exceeding 3S,,,, the material under-
goes plastic deformation, which accelerates the failure process,
and a simplified elastic-plastic evaluation is triggered [9]. There
had been concerns on the simplified elastic-plastic method being
overly conservative, when the primary plus secondary stress range
exceeds the limit of 3S,, [13,14]. However, we believe that a
sharp-mixing thermal stratification is less likely to occur. Meas-
urements suggest a wide-spread intermixing with temperature
varying approximately linearly from top to bottom across the pipe
is closer to the actual condition. Therefore, chemistry sampling
with a linear stratified condition is considered realistic.

The cumulative utilization factors of the excess letdown, the
online and offline chemistry sampling with thermal stratification,
and various plant operation transients (combined), are presented

600

E B DH elbow upstream weld
DH elbow downstream weld

&~ W
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Fig. 12 Alternating stress intensity of RCS sampling transients at the weld fitting upstream and downstream loca-

tions of (a) cold leg and (b) hot leg RCS loop drain lines
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Fig. 13 Alternating stress intensity of RCS sampling transients with thermal stratification for DH line elbow, butt-
welded, and socket-welded areas at various AT: (a) linear versus (b) sharp stratification gradient
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Fig. 14 Cumulative utilization factors as a result of thermal strat-
ification during chemistry sampling activities for socket-welded
areas at various AT: linear versus sharp stratification gradient
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Fig. 15 Cumulative utilization factors of excess letdown, online
and offline chemistry sampling, and combined plant operation
transients for RCS loop drain lines off of cold and hot legs

for the RCS loop drain line DH elbows in Fig. 15. Only the results
accounting for socket welds are presented, because of the most
limiting stress values, which bound other cases. Noted that the
elbow locations are bounding for all other areas identified as being
susceptible in MRP-146 [2]. The offline sampling and plant opera-
tion transients, within the design limits and projected occurrences,
have negligible effects on fatigue life of the piping. It appears that
excess letdown is the most damaging transient to the RCS loop
drain line because of high stress intensities as a result of large
thermal expansion and rapid thermal transient condition. How-
ever, the cumulative fatigue damage from excess letdown is lim-
ited by its low occurrence with a CUF of ~8% at 80 cycles. For
the chemistry sampling, though at less stress intensity, thermal
stratification is expected to occur during this transient at the cold
leg loop drain line and can cause severe damage to the DH elbow,
depending on the flow intermixing conditions. The online chemis-
try sampling can cause a fatigue utilization of ~35%, within
10 years of operation at the current sampling frequency, assuming
a linear thermal gradient over the pipe cross section. Altogether,
the outflow activities may result in a fatigue utilization over 40%
at the cold leg loop drain line. Keep in mind that this is in addition
to damages from the swirl penetration, expected according to the
current piping configuration. Therefore, the outflow activities are
most likely responsible for the premature failure at the RCS cold
leg loop drain line elbow. In comparison, the hot leg loop drain
line only had a total fatigue utilization of less than 5%. This is
consistent with the observation that cracks were only identified on
the cold leg loop drain elbows.

As discussed earlier in this section, it is more realistic to apply
the linear stratification bending moment, which is also supported
by measurements from other lines at the North Anna power
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station. The sharp stratification is a worst-case scenario that is
overly conservative, because (1) the hot and cold fluid usually
intermix over a certain thickness; (2) the intermixing may not
occur right at the center of the pipe cross section; and (3) the tem-
perature difference may not be as high as the maximum tempera-
ture difference used in the calculation. These factors will reduce
the actual thermal bending moment. However, the sharp stratifica-
tion provides a bounding value from the analysis perspective.

6 Conclusions

The through-wall axial crack in the elbow region of the RCS
“B” cold leg loop drain line at North Anna Power Station has
been investigated for root causes through material inspection. The
identified outflow transients along with plant operation transients
were analyzed within the framework of ASME Class 1 piping for-
mula. Together with analytical solutions to thermal stratification
induced bending, we were able to quantitatively evaluate the
severity of fatigue damaging effects for each transient. The find-
ings and conclusions are summarized as follows:

(1) Material inspections through fractography using SEM
imaging have suggested long exposure of the crack face in
the RCS environment since the crack initiation and also
confirmed thermal fatigue related failure mode during the
crack propagation. Other degradation mechanisms, includ-
ing stress corrosion cracking, general corrosion, and flow
accelerated corrosion etc., have been ruled out by FMEA
evaluation, which leads to investigation in possible addi-
tional damages from outflow activities.

(2) Plant operation transients, including plant heat-up and cool-
down, pressurizer heat-up and cooldown, load increase and
decrease, and loss of power, etc., have been combined
using bounding temperature and pressure ranges in the
fatigue evaluation and have shown negligible effects on
fatigue of the RCS loop drain lines, with a CUF less than
1% over the plant entire design life.

(3) Outflow activities, particularly the excess letdown and
chemistry sampling while plant is online can cause signifi-
cant fatigue damage to the RCS loop drain lines: the excess
letdown induces high thermal stress from its large thermal
expansion and rapid transient condition. However, the
cumulative fatigue damage from excess letdown is limited
by its low occurrence; the online chemistry sampling can
cause a fatigue utilization of ~35% at the RCS cold leg
loop drain line within 10 years of operation at the current
sampling frequency, as thermal stratification is expected to
occur. Altogether, the outflow activities may result in a
fatigue utilization over 40%, which is in addition to dam-
ages as expected from the swirl penetration. In contrast, the
offline chemistry sampling has negligible damaging effects
if the coolant temperature is kept below 93 °C (200 °F) dur-
ing the process.

(4) It is realistic to apply the linear stratification bending
moment, which is supported by measurements from other
lines at the station. The sharp stratification is a worst-case
scenario that is overly conservative. However, it provides a
bounding value from the analysis perspective.

With the above conclusions, we have made the following rec-
ommendations for plant operation: given the damage conditions
and overall unknowns regarding stratification effects on fatigue, if
on-line sampling is performed or excess letdown is placed in serv-
ice, ultrasonic testing examination in accordance with MRP-146
guidance shall be performed on the affected loop drain line(s).
The outflow examination is not required for Hot Leg loop drains,
given that: (1) the fatigue utilizations was shown to be less than 1,
conservatively calculated based on reasonable thermal stratifica-
tion assumptions, for the current licensing basis period and (2)
any additional online sampling will not result in significant dam-
ages. Evaluations performed for offline sampling (RCS
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temperature < 93 °C or 200 °F) have demonstrated that there is no
significant fatigue usage resulting from sampling while the unit is
offline, and no ultrasonic examinations are required following nor-
mal outage sampling.
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Nomenclature

A, = pipe cross section area in cold condition, m>
A, = pipe cross section area in hot condition, m?
A, = stratified flow area defined by critical depth, m>
B, > = primary stress indices
C, = fillet weld size, m
C) 23 = secondary stress indices
d = inside diameter of a pipe, m
D = outside diameter of a pipe, m
E = elastic modulus, MPa
E,, = elastic modulus for dissimilar materials, MPa
E. = elastic modulus at cold temperature, MPa
E), = elastic modulus at hot temperature, MPa
g = gravitational acceleration, m-s~>
H = stratified flow interface height, m
I = area moment of inertia, m*
K, = factor for alternating stress intensity
K 5 = local stress indices
M; = resultant range of moment, N-m
M inear = bending moment due to linear stratification, N-m
M gharp = bending moment due to sharp stratification, N-m
N;, ;= allowable number of cycles from fatigue design curves
N = number of cycles of a given stress intensity
Ny anow = allowable number of cycles of a given stress intensity
P = pipe pressure range, MPa
0 = volumetric flow rate, m>-s ™!
r = inside radius of a pipe, m
R = outside radius of a pipe, m
Ri, = Richardson number
S;, j = alternating stress intensity from fatigue design curve,
MPa
S, = allowable design stress intensity, MPa
S, = primary plus secondary stress intensity, MPa
S, = peak stress intensity, MPa
Sa = alternating stress intensity, MPa
t = pipe wall thickness, m
T = pipe mean temperature across wall thickness, K
t, = nominal pipe wall thickness, m
T; = pipe inside temperature, K
T, = pipe outside temperature, K
W, = width of stratified flow free surface, m
x = distance from a given point to neutral axis, m
y = distance from a given point to the center, m
y. = critical depth, m
o = thermal expansion coefficient, (m/m)-K
o, = thermal expansion coefficient at cold temperature,
(m/m)-K™
oy, = thermal exlpansion coefficient at hot temperature,
(m/m)-K™
o, = angle bounding the critical depth, radian

Ap = density difference between stratified fluids, kg-mf3

031801-10 / Vol. 8, JULY 2022

AT, = linear portion of temperature range, K
AT, = nonlinear portion of temperature range, K
v = Poisson’s ratio
p = density of flowing fluids, kg-m >
o, = bending stress, MPa
¢ = angle defining position of stratification interface, radian

Acronyms

ASME = American Society of Mechanical Engineering
CUF = cumulative fatigue usage factor
DH = down horizontal
EPRI = Electric Power Research Institute
FMEA = failure modes and effect analysis
ID = inside diameter
MRP = material reliability program
NAPS = North Anna Power Station
NRC = Nuclear Regulatory Commission
OE = operating experience
OD = outside diameter
PWR = pressurized water reactor
RCP = reactor coolant pump
RCS = reactor coolant system
SEM = scanning electron microscope
SG = steam generator
SPS = Surry power station
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