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(PWR). For the purpose, a wide range of elliptical surface cracks was analyzed at the
nozzle-cylinder intersection under two accidental conditions of the reactor: small-break
loss of coolant accident (SB-LOCA), and Rancho-Seco transient (RST). It has been demon-
strated that at the location being investigated ‘a = 0.05t" is the critical crack depth; where

I;gg‘:fg;zle ‘a’ is the depth/minor axis of the crack and ‘t’ is the thickness of the wall.

RPV © 2016 Elsevier Ltd. All rights reserved.
SB-LOCA

RST

1. Introduction

The reactor pressure vessels (RPV), during their service, have to operate under normal operating and accidental conditions
of the plant. The fracture mechanics analysis of different parts of the RPV under normal operating conditions [1-3] is quite
straight forward; however the analysis becomes critical under accidental conditions of the plant. In this paper, the fracture
analysis of the set-in nozzle of an RPV is being presented under accidental conditions of the plant [4]. The considered RPV is
made of nuclear grade steel ‘SA-508 Gr.3 CL.1’ [5] and it belongs to a 300 Megawatts (MW) pressurized water reactor (PWR)
[4].

The accidental conditions taken for the analysis are the small break loss of coolant accidental conditions (SB-LOCA), and
the Rancho-Seco transient (RST) conditions of the PWR. For the fracture analysis the highest stress concentration point
(HSCP) of the nozzle, under normal operating conditions of the plant [1,4] is selected: the nozzle-cylinder intersection. A
wide range of corner surface cracks has been analyzed at the nozzle-cylinder intersection under the accidental conditions.
The limits of the cracks were ‘0.01 < a/t < 0.25’ with ‘a = 0.33¢’, where ‘@’ and ‘c’ represent minor and major axis of the crack
respectively; and ‘t’ is the thickness of the vessel’s wall at the nozzle-cylinder intersection. The stress intensity factors (SIFs)
of all the cracks under the accidental conditions were evaluated using the ‘pallet body approach’ of the crack modeling [6-8].
It is a finite element methods (FEM) based computational technique for crack analysis.

1.1. Goal of the research

The goal of this study was to investigate the critical crack depth at the nozzle-cylinder intersection of the RPV under the
accidental conditions of the plant. For the purpose, the SIFs of a wide range of corner cracks were compared with the fracture
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Nomenclature

a depth or minor axis of the elliptical corner surface crack

c major axis of the elliptical corner surface crack

f neutron fluence

t thickness of the RPV wall at the set-in nozzle intersection

E Young’s modulus of material

o angle between set-in nozzle and set-out nozzle

13 angle of the crack tip with major axis of the crack

v Poission’s ratio

Eneu neutron energy

Kic fracture toughness of a material

K}’,@ EPFM based SIF under both pressure (primary) & thermal (secondary) loadings in normal operating conditions
K% LEFM based SIF under both pressure (primary) & thermal (secondary) loadings in SB-LOCA accidental conditions
K}’SS EPFM based SIF under both pressure (primary) & thermal (secondary) loadings in SB-LOCA accidental conditions
KR LEFM based SIF under both pressure (primary) & thermal (secondary) loadings in RST accidental conditions
K}’,ﬁ EPFM based SIF under both pressure (primary) & thermal (secondary) loadings in RST accidental conditions
op hoop stress

PWR pressurized water reactor

RPV reactor pressure vessel

SB-LOCA short break loss of coolant accident

RST Rancho-Seco transient

ICS integrated control system

EOL end of life
HSCP highest stress concentration point

SIF stress intensity factor

LEFM linear elastic fracture mechanics
EPFM  elastic plastic fracture mechanics
FF fluence factor

CF chemistry factor

toughness value of the RPV’s steel (SA-508 Gr.3 Cl.1). The effects of the material’s embrittlement due to the nuclear environ-
ment have also been incorporated in the fracture toughness of the material.

1.2. Literature review

Fracture mechanics analyses or safety analyses of RPVs under various loading conditions have been an active area of
research for the last few decades. In this context, Bangash [9] in 1984, performed a finite element based analysis and design
of Sizewell-B type RPV under normal and unanticipated events of the plant. He demonstrated that the most important areas
of the RPV from the fracture assessment point of view are inlet and outlet nozzles, top and bottom head, and the beltline
region of the vessel. He plotted hoop stress distributions under pressure loading of 17.24 MPa for different regions of the
RPV and corroborated the results for inlet and outlet nozzles.

In 1999, Siegele et al. [10], performed fracture mechanics analysis of the RPV’s nozzle under loss of coolant accident
(LOCA). In the study, they have presented that the nozzle regions face higher stresses and lower temperature in the event
of the LOCA, and is therefore vulnerable and may threaten the integrity of the RPV. Hence, the safety assessment of the noz-
zle must be performed. After postulating the circular cracks at nozzle-cylinder intersection, they computed SIFs as functions
of crack tip temperatures. In their study, the analytical approaches used for solutions of surface cracks in cylindrical portions
were extended for the solutions of corner cracks at the nozzle-cylinder intersection. In the same year, Kim and Jin [11], per-
formed structural integrity analysis of an RPV under the external reactor vessel cooling condition. The integrity analysis of
the lower head of the RPV was performed during the transient state of reactor vessel cooling.

In 2000, He and Isozaki [12], performed fracture mechanics analysis of the beltline region of the RPV of a Chinese pres-
surized water reactor. The authors conducted the fracture analysis under small-break loss of coolant accident, large-break
loss of coolant accident and Rancho-Seco transients. They employed ADINA code for development of crack mesh and for
the fracture analysis. They investigated that which type of flaw and transient condition is most detrimental for the beltline
region of the RPV. They also demonstrated that large-break loss of coolant accident is less severe pressurized thermal shock
when compared to small-break loss of coolant accident and Rancho-Seco transients. The authors assessed the fracture integ-
rity of the RPV by comparing the stress intensity factors of different cracks with the fracture toughness of the material.
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In 2001, Colak and Ozdere [13] performed a comparative study of a four loop reactor pressure vessel’s integrity under
different LOCA conditions. Deterministic and probabilistic approaches were employed for the analysis of beltline region
under pressurized thermal shocks due to LOCA conditions. Computer code VISA-II was utilized for the calculations of vessel’s
failure probabilities. Among the analyzed cases, a medium break loss of coolant accident induced by a 50-cm? break in the
hot leg yields the higher vessel rupture probability. In 2003, Colak and Ozdere [14] also conducted the integrity analyzes of
reactor pressure vessels of eastern and western pressurized water reactors.

In 2014, Chen et al. [15], performed fracture mechanics analysis of the beltline region of a reactor pressure vessel under
the event of pressurized thermal shock. The authors stated that analysis under such unanticipated events is the key element
of the integrity evaluation. They computed SIFs of five semi-elliptical surface cracks postulated in the beltline region of RPV
in order to investigate the most detrimental crack. They accomplished the fracture evaluation by comparing the SIFs of the
cracks with the fracture toughness of the used material. They concluded that while analyzing the surface cracks in the RPV,
both the deepest and surface (edge) point of the crack should be considered because the safety margin at the deepest point is
not always smaller than that of the surface point.

In 2015, Murtaza and Hyder [6] performed fracture mechanics analysis of the set-in nozzle under normal operating con-
ditions of the plant. They have also incorporated the effects of operational thermal stresses on the SIFs of the corner cracks.
They concluded that the set-in nozzle is a safe design and even the worst corner crack [16] does not threaten the integrity of
the nozzle under normal operating conditions.

1.3. Need of the research

Based on the literature review, it has been observed that the fracture mechanics analysis covering the behaviour of corner
cracks at the nozzle-cylinder intersection especially under SB-LOCA and RST conditions is missing in the contemporary lit-
erature. Hence, a research work was required, which presents the SIFs for a wide range of corner cracks (starting from a min-
ute crack) under the conditions. Here in this paper, both linear elastic fracture mechanics (LEFM) and elasto-plastic fracture
mechanics (EPFM) based SIFs of the corner cracks are presented in a suitable graphical format, which provides a useful tool
for the fracture analysis of the nozzle. With the help of these SIFs, the critical crack depth at the nozzle-cylinder intersection
is successfully investigated in this research work. However, the simulations of the fatigue crack growth up to the critical
depth will be presented soon as the second part of this research work. The second part will also include computations of
the safe life of the RPV in the presence of manufacturing defect at the nozzle-cylinder intersection.

2. Problem description
2.1. The reactor pressure vessel and the set-in nozzle

The engineering drawing of a typical double loop cylindrical RPV [1,3] of a 300 MW pressurized water reactor is shown in
Fig. 1. Fig. 1(a) shows the cut-section view of the vessel through the inlet and outlet nozzles. The vessel has two inlet and two
outlet nozzles. Fig. 1(b) shows the top view of the reactor pressure vessel. The angle between the inlet and outlet nozzles is
equal to 60° as shown by ‘o’ in Fig. 1(b). The vessel has a geometrical symmetry, and the plane of symmetry is as shown in
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Fig. 1. Engineering drawing of the typical RPV [1,4] (a) cut-section view, dimensions in mm and (b) top view.
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Fig. 2. The design of the typical set-in nozzle [1,4], dimensions in mm.

Fig. 1(b). The RPV is supported by providing the support pads under the inlet and outlet nozzles as shown in Fig. 1(b). Fig. 1
(b) also shows tangential and radial directions of the RPV.

The inlet nozzles usually used in such RPVs are the set-in nozzles, which have flange set into the vessel wall [3]. Fig. 2
presents the typical design of the set-in nozzle [1,4]. The thickness of the vessel’s wall at the nozzle-cylinder intersection
is denoted by parameter ‘t" which has the value ‘t =400 mm’ as shown in Fig. 2. The figure also shows vertical direction
of the RPV, axial direction of the set-in nozzle, and path for temperature profiles (which will be used later in fracture
mechanics analysis).

2.2. Material of the RPV

A nuclear grade steel, designated in ASME code as ‘SA-508 Gr.3 Cl.1’ was selected as the material for the RPV [5]. The mate-
rial has nominal composition as 3/4Ni-1/2Mo-Cr-V. The mechanical and thermal characteristics of the material are listed in
Table 1 while the density of the material is 7750 kg/m? [5].

The true stress-strain characteristics of the material (SA-508 Gr.3 CL.1) at room and at high temperatures are shown graph-
ically in Fig. 3 [12].

2.2.1. The embrittlement of the material

It is a well-known fact that the nuclear environment, which is the environment of the RPV, causes embrittlement (loss of
ductility) of the material. The fission chain reactions of U-235, in the core of the RPV, emit high-energy neutrons that affect
the internal surface of the RPV. These neutrons (during collisions with the material) alter the behaviour of the material on the
micro and nano-structural level; and hence, modify the mechanical properties of the material. One of these modifications is
the embrittlement of the material. In fact, the embrittlement reduces the fracture toughness (Kc) of the material by shifting
the nil ductility transition point to the higher temperature [17].

Table 1
Mechanical and thermal characteristics of ‘SA-508 Gr.3 CL1’ steel.
Temperature  Young's modulus  Poisson’s Yield strength Conductivity (W Specific heat (JJ Mean coefficient of thermal
(°C) (GPa) ratio (MPa) (m °C)™1) kg °C) expansion (1/°C)
50 191 03 345 383 465.81 1.18E-05
100 187 0.3 323 38.8 489.03 1.21E-05
150 184 0.3 314 38.8 508.39 1.24E-05
200 181 0.3 305 38.6 527.74 1.27E-05
250 178 0.3 299 38.1 545.81 1.30E-05
275 176 0.3 296 37.8 556.78 1.33E-05
288 175 0.3 294 37.6 562.26 1.35E-05
300 174 0.3 292 375 567.74 1.36E-05

350 171 0.3 285 36.8 588.39 1.36E-05
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Fig. 3. True stress-strain characteristics of the ‘SA-508 Gr.3 CL.1’ steel [12].

In practice, neutrons having kinetic energy higher than ‘1 Mega electron-volt (MeV) form the fluence that is considered to
be capable of triggering damage mechanisms (embrittlement) in steels; these neutrons are referred to as fast neutrons. Typ-
ical design end-of-life (EOL) neutron fluence (Ene, > 1 MeV) for PWRs is in the order of around 10'° n/cm?. According to ‘10
CFR 50.61’ guide [18], fracture mechanics analysis of nuclear components should be performed considering the EOL neutron
fluence, before the reactor is put into service. The US regulatory guide ‘US R.G. 1.99’ [19] contains an approach to calculate
the fracture toughness of the material which incorporates the EOL neutron fluence. This regulatory approach has been used
here in order to compute the fracture toughness value of ‘SA-508 Gr.3 CL1’ steel.

2.2.2. The fracture toughness of the RPV’s material

It is widely accepted that the average number of neutrons produced per fission reaction is about two and a half [20]. The
majority of these neutrons are prompt neutrons emitted at the time of fission. A small fraction is of delayed neutrons, which
typically appears from seconds to minutes later. The number of neutrons from fission depends upon both the identity of the
fissionable nuclide and the energy of the incident neutron. The energy distribution or spectrum for neutrons emitted by fis-
sion is relatively independent of the energy of the neutron causing the fission. For many practical purposes, the empirical
expression given in Eq. (1), provides an adequate approximation to the neutron spectrum during the fission of uranium-
235 which happens in the core of the RPV [4,20].

N(Eneu) = 0.453€ 1030 . ginh(2.29E,, )" "

where E,, is the energy of the neutron given in MeV. The neutron energy distribution (spectrum) has been plotted in Fig. 4,
which indicates that the neutrons, produced in a nuclear fission reaction, have an energy ranging from 0.1 MeV to approx-

04

0.3

0.2 4

0.1

Fraction of Fission Neutrons per MeV

0.0 ¥ T ¥ T v T v T . T ¥ T ¥ T ¥
0 1 2 3 4 5 6 7 8
Neutron Energy, £ (MeV)

neu

Fig. 4. Neutrons energy spectrum for thermal fission of U-235.
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imately 8 MeV, and therefore they are called high-energy neutrons. The peak of the curve corresponds to the most probable
fission neutron energy that is 0.7 MeV. However, the average energy of the neutrons produced in a fission reaction is 2 MeV;
and hence they form a fluence that is capable of damaging the microstructure of the steel.

An analytical expression, given in ASME code [21], has been used for the determination of lower bound fracture toughness
of the RPV’s steel (SA-508 Gr.3 Cl.1) considering the effects of neutrons (neutron fluence). The analytical expression is called
ASME reference critical stress intensity factor curve and is given by Eq. (2) [21].

Kic = 36.5 + 22.783 exp[0.036(T — RTpr)] 2)

where

Kjc = Fracture toughness of the material, in MPay/m.
T = Temperature, in °C.
RTnpr = Nil-ductility transition reference temperature for irradiated material.

The ‘RTnpr can be evaluated using Eq. (3) as given in US regulatory guide ‘US R.G. 1.99’ [19].
RTnpr = initial RTnpr + ARTnpr + margin (3)

where

initial RTypr = Initial reference nil-ductility temperature of fresh material.
ARTnpr = Increase in temperature as a result of irradiation.
margin = Account for uncertainties in the parameters.

The ‘ARTypr’ can be evaluated using Eq. (4) as given in the US regulatory guide ‘US R.G. 1.99’ [19].
ARTypr = (CF)f©28-01%el) _ (CF) x (FF) (4)

where

f = Neutron fluence in units of 10'® njcm? (Epey > 1 MeV).
FF = Fluence factor.
CF = Chemistry factor based on the copper and nickel content.

In this study, a typical end-of-life fluence equal to 4 x 10'® n/cm? has been taken at the set-in nozzle of the RPV. The ini-
tial reference nil-ductility temperature was measured by drop weight and Charpy impact test of the material ‘SA-508 Gr.3
CL1’ which is equal to —20°C and hence ‘initial RTypr = —20 °C’ [12]. Using the regulatory approach described above, the
nil-ductility transition temperature for irradiated ‘SA-508 Gr.3 CL.1’ steel has been calculated which is ‘RTypr=79.6 °C'. Using
this value, the Eq. (2) becomes as below.

Kic = 36.5+22.783 exp[0.036(T — 79.6)] (5)

The ASME code, IWB-3613 [22] recommends that a safety factor of v/2 should be applied on the fracture toughness value
for the determination of critical crack dimensions at nozzle-cylinder intersection of the vessel. Using the factor of safety Eq.
(5) becomes as below.

Kic =25.81+16.11 exp[0.036(T — 79.6)] (6)

The Eq. (6) gives lower bound fracture toughness value for ‘SA-508 Gr.3 CL1’ steel. Using this exponential curve the frac-
ture toughness increases without bound and this curve does not predict the upper bound fracture toughness. In ASME
fitness-for-service standard [23,24], a cut-off to the exponential curve at K;c = 220 MPa/m is recommended for ‘SA-508
Gr.3 CL1’ steel. Applying factor of safety equal to v/2, the upper bound fracture toughness becomes Kjc = 155.6 MPa,/m.
The fracture toughness curve plotted using Eq. (6) and the upper bound fracture toughness value is given in Fig. 5.

This fracture toughness curve will be used as the limiting criteria for the determination of critical crack size under differ-
ent operating conditions of the reactor.

2.3. Boundary conditions
The following boundary conditions (B.Cs) were applied for the fracture mechanics analysis of the set-in nozzle.
(1) Taking the advantage of the geometric and loading symmetry, as shown in Fig. 1(b), only half of the RPV was modeled
for the analysis. The half of the RPV contains one set-in nozzle and one set-out nozzle.

(2) The mass of the full RPV, with the material ‘SA-508 Gr.3 CL.1"is 193,280 kg. The effects of the weight of the RPV on the
vessel’s supports have also been considered in the analysis.



U.T. Murtaza, M. Javed Hyder / Engineering Fracture Mechanics 192 (2018) 343-361 349

~—— SA-508 Gr.3 CI.1

- N
S o
a S
1

150 4

125

100 4

~
[
1

Fracture Toughness, KIC(MPa\Im)
8
1

N
o
[ I

o

.
50 100 150 200 250 300 350
Temperature (°C)

o

Fig. 5. Fracture toughness curve of irradiated ‘SA-508 Gr.3 CL1".

(3) The support pads are constraint in tangential and radial directions of the RPV (see Fig. 1(b)) as well as in vertical direc-
tion of the RPV (see Fig. 2).

(4) Along with the support pads, in order to properly support the heavy vessel, the skirt type support is also recommended
at the lower hemisphere of the vessel [25]. The lower hemisphere of the RPV was fixed in the analysis in order to incor-
porate the effects of skirt support. The assumption is valid in our case because the skirt support has negligible effects
on the nozzle, which is very far away from the lower head of the RPV.

(5) The bending loads caused by the support pads on the nozzle have been taken into account.

(6) The effects of axial loads on the nozzle have also been considered. The effects are negligible [4] because the support
pads are free to move in the axial direction of the nozzle.

2.4. Limitation of the research work
The following limitations may be taken into account whenever to refer this research work.

(1) The effects of cladding layer [4] on the behaviour of the cracks have been ignored throughout this research work.

(2) The effects of temperature changes along the height or vertical direction of the RPV (see Fig. 1) have been ignored.

(3) A constant neutron fluence has been used in this research work. However, in actual a negligible change in the fluence
along the thickness of the vessel is observed.

2.5. Accidental conditions for the fracture mechanics analysis

The initial conditions, internal pressure of the RPV, and the temperature gradients in the vessel’s wall were derived from
the following SB-LOCA and RST conditions.

2.5.1. Small break loss of coolant accident

Small break loss of coolant accident (SB-LOCA) is one of the most severe accidental conditions of the pressurized water
reactor. In SB-LOCA, cold safety water is injected into the RPV through the set-in nozzles, while the internal pressure remains
at high level. This sudden cooling causes huge thermal (secondary) stresses, in addition to pressure (primary) stresses, in
reactor pressure vessel. During this event, the highest thermal stresses are expected to be occurred at the set-in nozzle since
the cold water is injected through this nozzle.

The event of SB-LOCA is called pressurized thermal shock (PTS) according to the 10 CFR 50.61 definition [18]. The fracture
mechanics analysis under PTS transients is indispensable because such events result in much higher stresses as compared to
normal operating conditions of the plant and may threaten the integrity of the RPV. In such events, relatively smaller cracks
may become critical and may cause fracture of the structure. The fracture analysis under PTS requires a couple field
structural-thermal analysis in which the combined effects of pressure plus thermal stresses should be considered. The tem-
perature and pressure of the reactor’s coolant under SB-LOCA conditions [12] are given in Fig. 6. The figure shows that at full
power operation of the reactor SB-LOCA event continues for 5000 sec.

2.5.2. Rancho-Seco transient
The second accidental condition analyzed in this research work, is the Rancho-Seco transient (RST). Rancho-Seco nuclear
power plant is a single unit, two-loop (Babcock and Wilcox) pressurized water reactor situated in USA. On December 26,



350 U.T. Murtaza, M. Javed Hyder / Engineering Fracture Mechanics 192 (2018) 343-361

350 16
1 —n—Temperature 1
300 -IL —&=—Pressure 1%
1| "= 112
250 - l\ \.\ ]
6\ © .‘I J10®©
n o
. 200 \ N b=
7 -~ N
O‘SJ 1 x)ﬂ‘/’z?/ .\Ih.‘._ 18 o
32 g -
® 150 1 2
g 18 &
% 00 &
l— 1004 44
50 - 4,
1 SB-LOCA
0 v T v T v T v T v T v 0
0 1000 2000 3000 4000 5000 6000

Time (seconds)
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1985 [26], power to the integrated control system (ICS) of the Rancho-Seco’s reactor was lost during the operation. ICS
demand signals automatically went to mid-scale, closing the main feed water valves to 50 percent and opening the
atmospheric dump valves, turbine bypass valves, and one set of auxiliary feed water valves to 50 percent. The high pressure
of the reactor coolant system, in turn, tripped off the reactor. It took the operators 26 min to restore power to the ICS (by
flipping a switch from “off” to “on”). During the event, a severe PTS was observed because the temperature of the coolant
of the reactor was dropped quickly while the internal pressure of the vessel was remained at higher level. Rancho-Seco tran-
sient as nuclear engineers call this event, is one of the most severe accidental conditions of the PWRs. The temperature and
pressure of the reactor’s coolant under RST conditions [12] are shown in Fig. 7. The figure shows that the RST event continues
for 6000 sec.

2.6. Temperature profiles through the nozzle-belt

The temperature profiles through-the-thickness of the nozzle-belt along ‘the path for temperature profiles’ (see Fig. 2)
were computed by performing the transient thermal analysis of the RPV. The initial conditions of SB-LOCA and RST incidents
as given in Section 2.5 have been used for the transient thermal analysis. The temperature profiles under both the incidents
at different time steps are given below.
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2.6.1. Under SB-LOCA conditions

The SB-LOCA accidental conditions generate a pressurized thermal shock (PTS) that remains for 5000 sec as shown in
Fig. 6. This duration was discretized into five steps of 1000 sec each for the computations of the temperature profiles. The
computed temperature profiles at the time intervals of 1000 sec, 2000 sec, 3000 sec, 4000 sec, and 5000 sec are presented
in Fig. 8.

2.6.2. Under RST conditions

The RST accidental conditions of the PWR generate a PTS that remains for 6000 sec as shown in Fig. 7. The event duration
was divided into six steps in this case, and the temperature profiles at time intervals of 1000 sec, 2000 sec, 3000 sec,
4000 sec, 5000 sec, and 6000 sec are shown in Fig. 9.

The temperature differences, under SB-LOCA and RST conditions, between outer and inner surfaces of the nozzle-belt’s
wall are clear from Figs. 8 and 9, respectively. These temperature gradients will generate thermal stresses in the wall of
the RPV in addition to the pressure stresses. The combined stresses (pressure plus thermal stresses) have been used for cap-
turing the effects under pressurized thermal shocks during the SB-LOCA and the RST conditions.

3. The fracture mechanics analysis of the set-in nozzle

The fracture mechanics analysis of a component can generally be performed by postulating an initial crack of a defined
size, which represents a crack size that is observed during non-destructive testing or which can be expected during the life-
time of the component [16]. For the fracture analysis of the set-in nozzle, the integrity confirmation at the nozzle-cylinder
intersection is compulsory because it is the highest stress concentration point of the nozzle under normal operating
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Fig. 8. Temperatures profiles through-the-thickness of the nozzle-belt under SB-LOCA conditions.
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conditions [6]. For the fracture analysis of the nozzle a wide range of corner cracks was postulated at the nozzle-cylinder
intersection. The SIFs of all the corner cracks have been computed numerically under the SB-LOCA and the RST conditions.
Both the linear elastic and elastic plastic material models were used in order to compute linear elastic fracture mechanics
(LEFM) and elasto-plastic fracture mechanics (EPFM) based SIFs of the corner cracks. These SIFs have been finally compared
with the fracture toughness value of the RPV’s steel (SA-508 Gr.3 CL.1), in order to determine critical depth of the crack.

3.1. The modeling of the corner crack at the nozzle-cylinder intersection

3.1.1. Location and orientation of the corner crack
The location of the corner crack at the nozzle-cylinder intersection is shown in Fig. 10(a). The orientation of the cracks, as
shown in Fig. 10, is such that the cracks are perpendicular to the maximum principal stress which is the hoop stress [1]. In
this orientation, the cracks are in mode-I (opening mode) in reference to the hoop stress which is the most detrimental stress
for the RPV. For the definition of the corner crack, the crack tip position parameters: ‘a, ¢, and ¢’ are also shown in Fig. 10(b).
The details of all the elliptical corner cracks postulated at the nozzle-cylinder intersection for the fracture analysis is given
in Table 2.

3.1.2. The pallet body fracture model of the RPV

The ‘pallet body fracture model’ developed for the RPV having corner crack (a =0.25t and a = 0.50c) at nozzle-cylinder
intersection is shown in Fig. 11(a). The close-up view of the finite element (FE) mesh around the crack front is shown in
Fig. 11(b).

The hexahedral high quality mesh in the torus tube around the crack front is separately shown in Fig. 12. The mesh has
been arranged in six layers of Soild-186 (20 nodes) elements. In order to capture the singular behaviour (stresses and strains)
at the crack front, the first layer of the finite element (FE) mesh is modeled using 20 nodes collapsed quarter point singular
elements. The details of the pallet body fracture model of the RPV in terms of number of elements, and number of nodes have
been given in Ref. [1].

3.2. The fracture analysis under SB-LOCA conditions
Using the FE model of the crack RPV as shown in Fig. 11, the SIFs of the wide range of cracks under the SB-LOCA conditions

are presented in this Section. The fracture evaluation and the determination of critical crack size under SB-LOCA conditions
are also provided here.

Corner
Crack
4

\

|
. Set-in nozzle
Y-axis

(a) (b)

Set-in nozzle

Fig. 10. The corner crack (a) location of the crack and (b) crack tip position parameters.

Table 2
Details of the corner cracks.

Corner cracks Depth of corner crack Elliptical corner cracks

1 aft=0.01 alc=0.33
2 a/t=0.05 alc=0.33
3 alt=0.10 alc=0.33
4 alt=0.15 alc=0.33
5 a/t=0.20 alc=0.33
6 alt=0.25 alc=0.33
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Set-out
Nozzle

Set-in Nozzle [ Crack Front

Tetrahedral Mesh

Brick Mesh

(@) (b)

Fig. 11. The pallet body fracture model of the RPV (a) full view and (b) close-up view of the cracked region [1].

Crack Face

Fig. 12. Size of the elements around the crack front.

3.2.1. The LEFM based SIFs under SB-LOCA conditions

The ‘LEFM based SIFs’ of all the corner cracks (see Table 2) were computed at 0 sec, 1000 sec, 2000 sec, 3000 sec, 4000 sec,
and 5000 sec of the SB-LOCA event. Fig. 13(a)-(f) present the SIFs (Ki;) of the cracks having minor axis (a) equal to 1 percent,
5 percent, 10 percent, 15 percent, 20 percent, and 25 percent of the wall thickness (t), respectively. It is obvious from Fig. 13
(a)-(f) that for all types of the cracks, the ‘maximum SIF’ occurs at the specific time interval of 2000 sec where the drop rate
in temperature (see Fig. 8) is the fastest during the SB-LOCA event. Hence, the PTS at 2000 sec is the most critical event dur-
ing the SB-LOCA conditions. The SIF of the worst crack (a=0.25t and a=0.33c), in this case, approaches
KfS ax = 151.99 MPay/m as shown in Fig. 13(f).

3.2.2. The EPFM based SIFs under SB-LOCA conditions
The ‘EPFM based SIFs’ of all the cracks under SB-LOCA conditions (K;’SS) at 0 sec, 1000 sec, 2000 sec, 3000 sec, 4000 sec,

and 5000 sec are presented in Fig. 14(a)-(f). Figures (a), (b), (¢), (d), (e) and (f) show the SIFs of the cracks having minor axis
(a) equal to 1 percent, 5 percent, 10 percent, 15 percent, 20 percent, and 25 percent of the wall thickness (t), respectively. The
SIF of the worst crack (a = 0.25t and a = 0.33c), in this case, approaches Kj7 ., = 142.65 MPay/m as shown in Fig. 14(f).
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Fig. 15. The fracture evaluation under SB-LOCA conditions.

3.2.3. The fracture evaluation under SB-LOCA conditions
For the determination of critical crack depth under SB-LOCA conditions, the ‘maximum SIFs’ of all the corner cracks at
time instant of 0 sec, 1000 sec, 2000 sec, 3000 sec, 4000 sec and 5000 sec, were compared with the fracture toughness of
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Fig. 16. The LEFM based SIFs under RST conditions.
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the RPV’s steel (see Fig. 5). The comparison has been presented in Fig. 15. Fig. 15(a)-(f) shows the comparison of the cracks
having minor axis (a) equal to 1 percent, 5 percent, 10 percent, 15 percent, 20 percent, and 25 percent of the wall thickness
(t), respectively.
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Fig. 17. The EPFM based SIFs under RST conditions.
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It is evident from the results that all the corner cracks up to ‘a = 0.25t" have the SIFs which do not approach the fracture
toughness of the material. Even the worst crack (a = 0.25¢ and a = 0.33¢) under the most severe event of SB-LOCA (at the

time of 2000 sec) produces ‘maximum SIF’ equal to

(see Fig. 15(f)).

K%

JS,max

= 151.99 MPay/m which is below the fracture toughness value
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3.3. The fracture mechanics analysis under RST conditions

The SIFs of all the corner cracks (see Table 2) under RST conditions are presented in this Section. The fracture evaluation
and the determination of critical crack size under RST conditions are also provided.

3.3.1. The LEFM based SIFs under RST conditions

The ‘LEFM based SIFs’ under RST conditions (K%?) of all the corner cracks at the time instant of 0 sec, 1000 sec, 2000 sec,
3000 sec, 4000 sec, 5000 sec, and 6000 sec are presented in Fig. 16(a)-(f). Fig. 16(a)-(f) present the SIFs of the cracks having
minor axis (a) equal to 1 percent, 5 percent, 10 percent, 15 percent, 20 percent, and 25 percent of the wall thickness (t),
respectively. The ‘LEFM based SIFF of the worst crack (a=0.25t and a=0.33c), in this case, approaches
K =231.46 MPay/m as shown in Fig. 16(f).

IR,max

3.3.2. The EPFM based SIFs under RST conditions
The ‘EPFM based SIFs’ under RST conditions (Kj’,g) at 0 sec, 1000 sec, 2000 sec, 3000 sec, 4000 sec, 5000 sec, and 6000 sec

have been presented in Fig. 17(a)-(f). Fig. 17(a)-(f) shows the SIFs of the cracks having minor axis (a) equal to 1 percent, 5
percent, 10 percent, 15 percent, 20 percent, and 25 percent of the wall thickness (t), respectively. The SIF of the worst crack
(a=0.25t and a = 0.33c), in this case, approaches K .., = 240.05 MPay/m as shown in Fig. 17(f).
3.3.3. The Fracture evaluation under RST conditions
Taking the ‘maximum SIFs’ of all the crack depths, at the time of 0 sec, 1000 sec, 2000 sec, 3000 sec, 4000 sec, 5000 sec,
and 6000 sec, fracture evaluation under RST conditions in comparison to fracture toughness ‘K;c’ has been presented in
Fig. 18(a)-(f). It is obvious from Fig. 18(b) that the SIF of the crack having depth ‘a = 0.05t = 20 mm’ is just approaching
the fracture toughness value. Hence, the crack which is the 5 percent to the vessel’s thickness (a = 0.05t) is the critical crack
depth under RST conditions of the plant.

4. Conclusion

The fracture mechanics analysis of the set-in nozzle of a 300 MW reactor pressure vessel [4]| has been performed under
SB-LOCA and RST conditions of the pressurized water reactor. The SIFs for a wide range of corner surface cracks at the nozzle-
cylinder intersection has been presented in a suitable graphical format, which provides a useful tool for the fracture analysis
of the nozzle. The main conclusions drawn from the study can be summarized as follows:

e The RST conditions are more severe than the SB-LOCA conditions.

o Under SB-LOCA conditions; the SIFs of the corner cracks, up to depth ‘a = 0.25¢t’, did not cross the fracture toughness value
of the RPV'’s steel. Hence, the critical crack depth was not reached in this case.

o Under RST conditions; the SIF of the corner crack having depth ‘a = 0.05t' approaches the fracture toughness value. Hence,
this crack has been finalized as the critical crack at the nozzle-cylinder intersection of the RPV.
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