
Original Article

Effect of postulated crack location on the pressure-temperature limit
curve of reactor pressure vessel

Shinbeom Choi*, Han-Bum Surh, Jong-Wook Kim
Korea Atomic Energy Research Institute, Daedeok-Daero 989Beon-Gil, Yuseong-Gu, Daejeon, 34057, Republic of Korea

a r t i c l e i n f o

Article history:
Received 5 March 2019
Received in revised form
29 April 2019
Accepted 2 May 2019
Available online 3 May 2019

Keywords:
Pressure-Temperature limit curve
Postulated crack
Beltline
Semi-elliptical bottom head
Small and Medium sized Reactor

a b s t r a c t

In accordance with ASME Boiler and Pressure Vessel (B&PV) Code Sec.XI Appendix. G, a postulated crack
is located at the beltline of a reactor pressure vessel because the neutron flux at the beltline is higher
than elsewhere. This means that the distance between the core and the semi-spherical bottom head is
longer than the distance between the core and the cylindrical beltline. However, several Small and
Medium sized Reactors have bottom heads with diverse shapes, including dished or semi-elliptical
shapes, to satisfy the requirement and performance. So, the aim of this paper is to evaluate the effect
of crack location on Pressure-Temperature limit curve. To do this, two types of postulated crack location,
such as beltline and semi-elliptical bottom head, were adopted to derive the Pressure-Temperature limit
curve. Also, parametric studies for neutron flux, crack shape and so on were performed. As a result, core
critical temperature of semi-elliptical bottom head is found to higher than that of beltline even when
they have same values of thickness and neutron flux. This result will be useful to enhance the under-
standing of Pressure-Temperature limit curve.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

RCPB (Reactor Coolant Pressure Boundary) are designed, fabri-
cated and operated to withstand RCS (Reactor Coolant System)
temperature and pressure changes with safety margin during the
lifetime. In particular, P-T limit curve (Pressure-Temperature limit
curve) provides a safety margin to prevent non-ductile fracture
failure. The RPV (Reactor Pressure Vessel) is the most critical
component susceptible to non-ductile fracture failure due to
neutron irradiation. So, ASME B&PV Code Sec.XI Appendix G [1]
and 10CFR50 Appendix G [2] provide the requirements for
deriving the P-T limit curve. When the P-T limit curve is derived
from ASME B&PV Code Sec.XI App. G and 10CFR50 App. G, the
postulated crack is located at beltline of RPV, directly surrounds the
effective height of active core. This is because almost RPVs, such as
OPR1000, APR1400 and so on, have a semi-spherical bottom head
shape. This means that the distance between core and beltline is
shorter than the distance between core and semi-spherical bottom
head. As a result, the beltline is a high neutron flux area. However,
SMR (Small and Medium sized Reactor) has very diverse bottom

head shapes, including flat, dished and semi-elliptical, as needed to
satisfy the operating requirement and performance [3]. If the dis-
tance between core and bottom head is closer than the distance
between core and beltline, bottom head becomes an area of high
neutron flux area. Also, recently, discontinuities geometry of RPV,
such as nozzle and flange, are being considered to determine the P-
T limit curve of the dominant region where the value of SIF (Stress
Intensity Factor) is high [4,5]. In view of this, the aim of this paper is
to consider the constraint effects of crack location when deriving
the P-T limit curve. To do this, two types of crack location, at the
beltline and the semi-elliptical bottom head are chosen. Also, four
types of FE models located at each location (i.e., inside axial semi-
elliptical surface flaw, outside axial semi-elliptical surface flaw,
inside circumferential semi-elliptical surface flaw and outside
circumferential semi-elliptical surface flaw at each location) are
developed to calculate the stress intensity factor and evaluate the
constraint effect. Finally, the P-T limit curve for semi-elliptical
bottom head is compared with the P-T limit curve for beltline.
The remainder of this paper is organized as follows: In section 2, FE
models and analysis condition are summarized. The stress intensity
factor of the crack located at semi-elliptical bottom head is
compared with that of crack located at beltline in section 3. In
section 4, the P-T limit curve is derived using FE analysis results
based on ASME B&PV Code Sec.XI Appendix G and USNRC* Corresponding author.
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Regulatory Guide 1.99 Rev.2 [6]. And then the P-T limit curve of
semi-elliptical bottom head is compared with that of beltline.

2. FE model and analysis condition

In the author's previous work [7], constraint effect due to crack
location was shown for a semi-elliptical bottom head. In contrast,
crack location did not affect the stress intensity factor of a semi-

spherical bottom head. So, in this paper, semi-elliptical bottom
head was chosen to compare with beltline. FE models of axial and
circumferential crack located at beltline and semi-elliptical bottom
head are depicted in Fig. 1. The length ratio of the long radius and
short radius is 2:1 in the section of semi-elliptical bottomhead. And
the long radius is same as the outer diameter of beltline. The ratio of
the inner radius (Ri) to the thickness (t) is Ri/t¼ 9.17. The crack ratio
of the semi-elliptical surface crack is a/t¼ 1/4 and a/c¼ 1/3. Where,

Fig. 1. FE model for semi-elliptical bottom head.
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“a” is the crack depth, “t” is the thickness and “c” is the crack length.
The twenty-node quarter point brick element (C3D20R in ABAQUS
element library [8]) was used. As shown in Fig. 1, the length of the
beltline is four times the long radius. The length is far enough away
so that it does not affect the FE analysis result when end cap force
was applied. For the axial flaw, four locations, the bottom, middle,
edge and upper were chosen. The “Bottom” is located at the lowest
position of the bottom head. The “Upper” is located at the transition
area between the beltline and the semi-elliptical bottom head, and
the “Edge” is located on the elliptical long axis at the end of bottom
head. The axial surface flaw “Bottom” is represented by the quarter
model, and the others are half models, as depicted in Fig. 1. Theo-
retical or/and suggested solution related to the crack located at the
semi-elliptical bottom head are not available. In the author's pre-
vious work [7], the FE model of semi-spherical bottom head was
already proven using solution suggested by Hakimi et al. So, mesh
shell size of crack and its neighboring geometry were the same as
those in the previous work. Also, path independence of J-integral
was confirmed. For comparison with the semi-elliptical bottom
head, FE models were developed for the beltline. Four types of FE
model such as inside axial surface flaw, outside axial surface flaw,
inside circumferential surface flaw and outside circumferential

flaw, were developed. The material properties in the FE analysis
were taken from SA508 Gr.3 Cl.1 [9]. Internal pressure and thermal
loading were considered as the loading conditions. The inner sur-
face of FE model was chosen to apply the loading condition as
shown in Fig. 2. Internal pressure was 17MPa. In case of inside flaw,
internal pressure and thermal loading were also applied at crack
face. And, 4.36 MPa was applied at the upper surface of cylinder to
consider the end cap force in case of the circumferential flaw. The
rate of temperature change 100 �C/h was selected as the thermal
loading condition for the FE analysis. Heatup and cooldown were
considered as the thermal loading condition. For the heatup con-
dition, the initial temperature is 20 �C and the final temperature
was 360 �C. At that time, temperature change rate was 100 �C/h.
For the cooldown condition, temperature was cooled from 360 �C
to 20 �C at a temperature change rate 100 �C/h. The symmetric
boundary condition was applied at the symmetric plane and fixed
node was applied to restrain the rotational movement of FE model.

3. Parametric study results

The SIF under unit internal pressure is summarized in Table 1. As
a result, crack closure occurs at the outside axial flaw located on the

Fig. 2. Loading and boundary conditions.
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edge of semi-elliptical bottom head. For the outside axial flaw
“Bottom”, the value was higher than that of any other flaw. When a
surface flaw is located at the semi-elliptical bottom head, the

constraint effects derived from the geometric characteristics affect
the crack propagation. As shown in Table 1, stress intensity factor
under internal pressure of beltline is larger than that of semi-

Fig. 3. FE analyses results under thermal loading.

Table 1
SIF under unit internal pressure (Mm(FEM)).

Location Flaw Type Flaw Position Stress Intensity Factor (MPa m0.5)

Beltline Axial Inside 3.48
Outside 3.03

Circumferential Inside 1.77
Outside 1.47

Semi-elliptical bottom head Axial Inside Bottom 1.78
Middle 0.58
Edge 0.73
Upper 0.93

Outside Bottom 4.47
Middle 1.29
Edge 0.74
Upper Crack Closure

Circumferential Inside 2.88
Outside 0.52
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elliptical bottom head except for the outside axial surface flaw
“Bottom”. Fig. 3 shows FE analysis results under thermal loading.
During heatup, the thermal stresses on the bottom head are
compressive at the inside surface and tensile at the outside surface.
So, the value of SIF under heatup thermal loading is zero in case of

inside surface flaw. During cooldown, the thermal stresses on the
bottomhead are tensile at the inside surface and compressive at the
outside surface. So, the value of SIF under cooldown thermal
loading is zero in case of outside surface flaw. Fig. 3 shows SIF under
thermal loading for each flaw. For the inside axial flaw, the stress
intensity factor of position “Edge” was lower than that of any other
position. On the other hand, the stress intensity factor of position

Fig. 4. Comparison results between semi-elliptical bottom head and beltline.

Table 2
Raw data for calculating RTNDT.

Maximum initial RTNDT �17.78 �C (0.0 �F)

Cu(%) 0.03
Ni(%): base metal 1.00
Ni(%): weld metal 0.10
Chemistry factor: base metal �6.67 �C (20 �F)
Chemistry factor: weld metal �1.94 �C (28.5 �F)
Margin: base metal 27.78 �C (50 �F)
Margin: weld metal 31.11 �C (56.0 �F)
Neutron fluence 1 � 1018n/cm2

Table 3
Adjust RTNDT in use of this paper.

Material Crack location f △RTNDT (�C) ART (�C)

Base metal Inside (1/4t) 0.073 3.94 13.94
Outside (3/4t) 0.038 2.80 12.80

Weld metal Inside (1/4t) 0.073 3.94 17.24
Outside (3/4t) 0.038 5.63 18.93

Fig. 5. Comparison of FEM and Code SIF under thermal loading.
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Fig. 6. Heatup and cooldown curves.
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“Edge” was higher than that of any position, for outside axial flaw.
The SIF of inside circumferential flaw was larger than that of the
outside circumferential flaw. The SIF of inside flaw was larger than
that of the outside flaw. Also, SIF of axial flawwas larger than that of
the circumferential flaw. As a result, crack location is affected on the
value of the SIF due to constraint effect when the crack is located at
semi-elliptical bottom head. This means that crack location should
be consider when the P-T limit curve is derived. Next, the SIF of the
beltline was compared with the SIFs from each crack location. As a
result, the value of the SIF at the outside axial flaw was found to be
higher than the value of the SIF at inside axial flaw and circum-
ferential flaw. A comparison of the results between beltline and
semi-elliptical bottom head are summarized in Table 1 and Fig. 4.
As depicted in Fig. 4, a difference in SIF exists for each location.
Accordingly, if the RPV has a semi-elliptical bottom head, the
postulated crack should be inserted into beltline and semi-elliptical
bottom head when P-T limit curve is developed. Then operating
area should be reduced for the safety of the RPV.

4. P-T limit curve

In this paper, a P-T limit curve was developed using the FE an-
alyses results and reference [1]. The relationship between RTNDT
(reference nil-ductility temperature) and KIc (critical stress in-
tensity factor) in accordance with reference [1] is as follows:

KIc ¼36:5þ 22:783exp½0:036ðT � RTNDTÞ� (1)

RTNDT is calculated in accordance with the US NRC Regulatory
Guide 1.99 Rev.2 [6]. In accordance with reference [6], the adjusted
RTNDT is calculated as follows:

ART¼ initial RTNDT þ DRTNDT þM (2)

where,DRTNDT is themean value of the transition temperature shift,
or change in RTNDT, and M is the margin. DRTNDT is calculated as
follows:

DRTNDT ¼CF � f ð0:28�0:1logf Þ (3)

f ¼ fsurf ,exp
ð�0:24xÞ (4)

where, f is the neutron fluence at any depth in the wall (1019n/cm2,
E > 1MeV), fsurf is the neutron fluence at the inner wetted surface of

the vessel at the location of the postulated defect, and x is the depth
of the vessel wall measured from the inner vessel (wetted) surface.
CF is the Chemical Factor. The neutron flunece, chemical factor, and
margin, which are necessary to determine the RTNDT, are summa-
rized in Table 2. In accordance with reference [1], the following
equation is applied as a criteria for allowable stress intensity factor.

2KIm þ KIt <KIc (5)

where, KIm is KI (stress intensity) corresponding to the membrane
tension, and KIt is KI produced by a radial thermal gradient. In this
paper, KIm and KIt are derived from the FE analyses results. For KIm in
equation (5), the stress intensity factor under unit internal pressure
is directly multiplied by the pressure. The stress intensity factor
under thermal loading is used directly as KIt in equation (5). KIc in
equation (5) is replaced by equation (1). So, the relationship be-
tween the pressure and temperature in this paper is as follows:

ðKIc �KItÞ =2 ¼ KIm (6)

KIm ¼MmðFEMÞ,P

KIt ¼ KItðFEMÞ

n
36:5þ22:783 exp½0:036ðT� RTNDTÞ��KItðFEMÞ

o
��

2¼MmðFEMÞ , P

where, Mm(FEM) is the SIF under the unit internal pressure and
KIt(FEM) is the SIF derived from FE analyses results under thermal
loading. Mm is summarized in Table 1. Adjusted RTNDT used in this
paper is summarized in Table 3. As mentioned above, KIt calculated
by FE analysis results is used directly to derive the P-T limit curve.
To directly use FE analysis results to calculate KIt, the KIt derived
from the FE analysis results was comparedwith the KIt derived from
KEPIC MIZ, App.G, G2214-2 [10]. The result showed good agree-
ment as depicted in Fig. 5. Since this method is proven, it was used
to develop the P-T limit curve derived from FE analyses results.
Fig. 6 shows the heatup and cooldown curve derived from FE
analysis results and equation (6). For the heatup condition, the
heatup curve of the outside axial flaw “Bottom” is on the far right.
For the cooldown condition, the inside circumferential flaw is on
the far right. As depicted in Fig. 6(c), the heatup curve of outside

Fig. 7. Comparison result of core critical curves for semi-elliptical bottom head and beltline.
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axial surface flaw “Bottom” was chosen to be the representative
curve of the semi-elliptical bottom head. A comparison of the re-
sults for the beltline and semi-elliptical bottom head are shown in
Fig. 7. As a result, the representative heatup and cooldown curves of
the semi-elliptical bottom head were found to be more conserva-
tive than those of beltline even when the value of the neutron
fluence was the same. This is because core critical temperature was
76.9 �C in the case of the semi-elliptical bottom head. The core
critical temperature of the beltline was 61.7 �C. This means that the
operating area of the semi-elliptical bottom head was narrower
than that of the beltline. Also, in the author's previous work [7],
operating area of semi-elliptical bottom head is narrower than that
of semi-spherical bottom head when the value of neutron flux was
same. It means that constraint effect due to geometry of semi-
elliptical bottom head is larger than that of semi-spherical bot-
tom head. So, constraint effect due to geometry should be consid-
ered to check the dominant region where the value of SIF is high.
Besides, neutron fluence exhibited an effect in the author's previ-
ous work [11]. If the value of neutron fluence is increased, P-T limit
curve is moved to the right side. As mentioned above, if the dis-
tance between core and semi-elliptical bottom head is narrow, the
value of neutron fluence in the semi-elliptical bottom head is ex-
pected to be higher than that of the beltline. So, P-T limit curve is
moved to the right side. This means that a postulated crack in semi-
elliptical bottom head is also considered when the P-T limit curve is
developed. This is because the semi-elliptical bottom head is high
level neutron fluence area and the constraint effect due to geom-
etry will affect the P-T limit curve.

5. Concluding remarks

In order to evaluate the constraint effect due to geometry and
crack location, FE analyses were carried out by adopting diverse
axial and circumferential flaw. Also, the stress intensity factor of
semi-elliptical bottom head was compared with that of the beltline.
Finally, core critical curve was calculated by considering the
constraint effect. These results is very useful to enhance under-
standing of the P-T limit curve. The results of this paper can be
summarized as follows:

(1) The stress intensity factor of the inside flaw was larger than
that of outside flaw. Also, the stress intensity factor of the

axial surface flaw was larger than that of circumferential
surface flaw.

(2) Except for the outside axial flaw “Bottom”, the stress in-
tensity factor of the semi-elliptical bottom head was less
than that of the beltline. Also, the semi-elliptical bottom
head was affected by the stress intensity factor. As a result,
the core critical temperature of the semi-elliptical bottom
head was larger than that of the beltline. This means that the
core critical curve is shifted on the right side and operating
area will be reduced.

(3) A constraint effect due to geometry was found. Also, neutron
fluence affects the P-T limit curve. So, if the RPV has a semi-
elliptical bottom head, the postulated crack should be
inserted into the beltline and the semi-elliptical bottom head
when the P-T limit curve is developed.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.05.004.
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