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In this study, the effects of thermal stresses on the stress intensity factors (SIFs) of the elliptical corner
surface cracks postulated at the nozzle-cylinder intersection of a reactor pressure vessel (RPV) were
investigated. A typical RPV of a Westinghouse pressurized water reactor and its set-in nozzle were con-
sidered for the analysis. The selected set-in nozzle-cylinder intersection for fracture mechanics analysis is
also the highest stress concentration point of the RPV. The numerically computed SIFs for a wide range of
corner cracks under pressure and combined (pressure plus thermal) loadings are provided as a reference
tool for the fracture mechanics design of the RPV. It was also demonstrated that the operational thermal
stresses caused by the provision of the annular chamber for the external reactor vessel cooling, actually
reduce the SIF of the corner cracks and they do not endanger the safety of the RPV in normal operating
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1. Introduction

It is widely accepted that material flaws, pre-cracks and fatigue
cracks initiated at stress concentration points normally lead to cat-
astrophic failure of engineering structures. The semi/quarter ellip-
tical shape is the general representation for surface cracks in
engineering structures. Surface cracks in infinite geometries can
be analyzed using analytical approaches whereas in finite geome-
tries numerical or experimental techniques [1-3] are inevitably
required for the analysis of surface cracks. Similarly, on stress con-
centration areas, analytical techniques have not been able to pro-
vide stress intensity factors (SIFs) for surface cracks because of
variable stress fields and higher stress gradients at the crack area.
In practical applications there are many components such as reac-
tor pressure vessels (RPV), which are subjected to thermal loadings
in addition to mechanical loadings. The fracture analysis of such
components is much more involved due to different behavior of
cracks under thermal and mechanical loadings [4]. Under such
complex loading conditions, a comprehensive and accurate three
dimensional finite element analysis (FEA) is required for evaluation
of SIFs along the whole crack front.

Inspired by the work of Irwin [5], many researchers have per-
formed the analysis of surface cracks in different geometries and
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loading conditions during the last five decades. Some of the early
studies used techniques such as alternating method [6-8], bound-
ary elements [9-11], virtual crack extension method [12-14], the
line spring model [15-17] and the weight function approach
[18]. After the availability of finite element methods (FEM) and
computers, relatively higher attention has been given to the anal-
ysis of surface cracks using FEM [19-23]. In this context, Newman
and Raju [24] beautifully fit the extensive data with double series
polynomial to produce an empirical equation for the surface
cracks. The analysis of surface cracks in pressure vessels is rela-
tively more important as their catastrophic failure essentially leads
to the loss of life and property. Many researchers have provided
useful SIF solutions for surface cracks in simple cylindrical pressure
vessels [25-29].

The researchers [30-34] have also performed structural integ-
rity analysis of RPVs under different normal and accidental condi-
tions such as pressurized thermal shocks. Thermal stresses caused
by the injection of emergency cooling water have been considered
for the RPV integrity analysis while most of the studies have
ignored thermal stresses caused by the normal operating condi-
tions of the plant. The structural integrity of RPV is such a large-
scale research project that it is not adequate to fulfill the fracture
evaluation in accordance with ASME code [35] and an additional
research work should be taken into account for safe operation of
the plant.

To investigate the effects of thermal stresses, under normal
operating conditions of the plant, on the corner surface cracks at
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Nomenclature

PWR pressurized water reactor

ERVC external reactor vessel cooling
RPV reactor pressure vessel

RVI reactor vessel insulation

HSCP highest stress concentration point

SESC-FP semi-elliptical surface crack in finite plate
SESC-TP semi-elliptical surface crack in thick pipe

SIF stress intensity factor

a depth of semi-elliptical surface crack/minor axis of the
crack

c half-length of semi-elliptical surface crack/major axis of
the crack

t thickness of the reactor pressure vessel wall at the set-

in nozzle intersection
flaw shape parameter
Young modulus of the material

mo

L length of the SESC-TP specimen

R; inner radius of SESC-TP specimen

Pine internal pressure

Tin temperature of the inner surface of the RPV

Tout temperature of the outer surface of the RPV

Sp remote bending stress on outer fiber

St remote uniform-tension stress

K; SIF in mode-I

KY SIF in mode-I under only pressure loadings

K SIF in mode-I under combined pressure plus thermal
loadings

Kic fracture toughness of the material

13 crack face angle, degrees

\ Poisson’s ratio of the material

the set-in nozzle-cylinder intersection, a typical RPV [36] of the
Westinghouse pressurized water reactor (PWR) is selected for the
fracture mechanics analysis. The RPV shown in Fig. 1(a) and (b)
is a double loop cylindrical pressure vessel with hemispherical bot-
tom and upper head. The reactor coolant, i.e. pressurized light
water, enters the reactor vessel through the set-in nozzle (see
Fig. 1) and flows through the reactor core where it absorbs heat.
The inlet nozzles usually used in RPVs of PWRs are set-in nozzles
(see Fig. 2), which have flange set into the vessel wall [36]. After
receiving heat, the reactor coolant leaves the RPV through the
set-out nozzle. To prevent the reactor coolant heat from being
transferred to the surrounding structures a thermal insulation
called reactor vessel insulation (RVI) encloses the RPV. Initially in
conventional PWRs, there was no liquid flow path between the
RPV and RVI as shown in Fig. 3(a). The concept of external reactor

RIT3S
RI1575
532.6
}‘ /t Y
3260 V
622.4
2?87' A; I Set-1n No2zle
I L Al Zéz
1505 7
r 7z 175
w \—$c1~oui Nozzle ,4—1
Laon
3352 309
4210
3382 =175
RISII

(a)

Set-out Nozzle

vessel cooling (ERVC) depicted in Fig. 3(a) has been of great inter-
est to nuclear system designers since it provides an efficient solu-
tion of accident management issues that have been evolved after
the Three Mile Island unit 2 incident [37]. The design concepts of
retaining the corium (molten core) inside the RPV, during core
melting accident, through external cooling of RPV is called ERVC.
Core melting accident is one of the severe accidents in PWRs
[38,39]. The space between the RPV and the RVI forms an annular
chamber (see Fig. 3(a)) which can be flooded with cooling water in
accidental conditions through passive valving which directly cool
the reactor vessel in the event of core melting.

In normal operating conditions (non-accidental conditions), the
space between the RPV and the RVI is filled with air forming an
annular chamber of the air (see Fig. 3(b)). Under normal plant
operating conditions the reactor cavity cooling system (VRC) is

Plane of Symmetry

Set-out Nozzle

Set-in Nozzle

Set-in Nozzle

Fig. 1. Engineering drawing of the RPV (a) cut-section view, all dimensions in mm, (b) top view.



126 U.T. Murtaza, M. Javed Hyder/ Theoretical and Applied Fracture Mechanics 75 (2015) 124-136

\

300 =

MSupport Pad

= 309 e

Fig. 2. Engineering drawing of the set-in nozzle, all dimensions in mm.

designed to cool down the RVI. The VRC is a safety related system
which reduces the temperature of the RVI lower than or equal to
25 °C. The provision of the annular chamber of air between the
hot reactor vessel wall and the cold vessel insulation generates
thermal stresses in the RPV wall under normal operating condi-
tions. Since the suggestions of annular chamber for ERVC, the
effects of thermal stresses on the structural integrity of the RPV
has become an important research area.

In this study, linear elastic fracture mechanics analysis is per-
formed to compute SIFs of the elliptical corner surface cracks pos-
tulated at the set-in nozzle-cylinder intersection of the RPV of the
PWR. The selected set-in nozzle-cylinder intersection for fracture
mechanics analysis is also the highest stress concentration point
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4L Flow rl§ Concrete
Outlet Wall
Annular
Chamber
Molten Core
!
Flow Inlet
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(HSCP) of the RPV. The numerically computed SIFs for the wide
range of corner surface cracks under the only pressure and the
combined (pressure plus thermal) loadings are provided under
normal operating conditions of the plant. The SIF solutions are pre-
sented in a suitable format thus providing a useful tool for fracture
mechanics design of the RPV. To the authors’ best knowledge, the
provided SIF solutions are not available, neither analytically, nor
numerically in the contemporary literature.

2. Problem description

The analysis of the RPV has been carried out initially under the
only pressure loadings. Subsequently, in order to investigate the
effects of operational thermal stresses caused by the provision of
the annular chamber for ERVC, the analysis under combined pres-
sure plus thermal loadings (called hereinafter ‘the combined load-
ings’) has also been performed.

In order to perform the structural integrity analysis of the RPV,
the stability verification at the HSCP of the RPV is mandatory. In
order to locate HSCP, initially a stress analysis of the un-cracked
RPV has been carried out using ANSYS workbench. The set-in noz-
zle-cylinder intersection has been found as the HSCP of the RPV.
The hoop stress distributions in the RPV under the only pressure
and the combined loadings are given in Section 3 that follows.

The fracture mechanics analysis of the RPV has been conducted
by postulating forty-eight corner cracks at the HSCP including the
worst case crack allowed by the Appendix G ASME III, Div. 1 [40].
The magnitude and distribution of the SIFs along the whole crack
fronts for all the forty-eight cracks under the only pressure and
the combined loadings were computed numerically using ANSYS
workbench.

2.1. Material model and boundary conditions

The material selected for the RPV of the PWR is SA-533 Gr.B
Cl.1, a nuclear grade steel having nominal composition (Mn - %2

Concrete
Wall Annular Chamber
of Air

RVI

Reactor Cavity

(b)

Fig. 3. Schematic diagram (a) water flow path under ERVC, (b) annular chamber of air under normal operating conditions.
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Table 1
Mechanical and thermal properties for SA-533B Cl.1.

Temperature (°C) Young’s modulus (GPa) Poisson’s ratio

Conductivity (W (m x °C)™") Ins. Coefficient of thermal expansion (1/°C)

300 183 0.3
250 187 0.3

38.7 15.1 x 10°¢
39.5 14.8 x 1076

Mo - % Ni). The linear elastic material model was used for the
stress analysis and for the fracture mechanics analysis of the
RPV. The mechanical and the thermal properties of the selected
material [41] are given in Table 1.

The following boundary conditions (B.Cs) have been applied for
the numerical computations in this study:

1. Taking the advantage of the geometric and loadings symmetry,
as shown in Fig. 1(b), only half of RPV is modelled for FEA.

2. The internal pressure taken for the analysis is equal to
Pine=17.16 MPa which is equal to the design pressure of the
RPV.

3. The movement of the vessel support pads (see Fig. 1(b)) are
fixed in all direction.

4. The temperature of the RPV is taken equal to 288 °C. Initially,
applying no temperature difference between the inner and
outer surface of the RPV, SIFs (K¥) based on only pressure load-
ings have been computed and are provided in Section 4.3.

5. To investigate the effect of thermal stresses in the RPV wall,
under normal operating conditions, the temperature of the inner
surface of the RPV was taken as T;, = 288 °C while the tempera-
ture of the outer surface of RPV was taken as T, =276.5 °C.
The applied temperature difference AT=11.5°C is normally
encountered in the RPV wall under normal operating conditions
provided that the air clearance between the RPV and the RVI (see
Fig. 3(b)) is tg=150 mm [38]. The SIFs under the combined
(pressure plus thermal) loadings have also been computed and
are provided in Section 4.4.

3. The stress analysis of the un-cracked RPV
3.1. Stress analysis under the only pressure loadings

Stress analysis of the RPV under only pressure loadings has
been performed in this section. To achieve an overall brick/hex
mesh for FEA, the complex RPV geometry is decomposed into sev-
eral sweepable bodies. The full 3D Finite Element (FE) hex mesh
model of the RPV having skewness equal to 0.801 is shown in
Fig. 4. The value of the skewness ranges from O to 1, the smaller
the better, and the FE model having skewness less than 0.95 are
acceptable for FEA [42]. As the FE model of the RPV has skewness
less than 0.95, hence it is an acceptable model for FEA. The FE
model of RPV contains a total of 37,557 finite elements and
186,332 nodes. The element type used for the stress analysis is
Solid-186 which is a higher order 3-D, 20 node solid element with
midside nodes and curved edges. The hoop stress distributions in
the RPV under only pressure loadings are shown in Fig. 5.

3.2. Stress analysis under the only thermal loadings

Stress analysis of the RPV under only thermal loadings has been
performed, in this section, using the same FE model as shown in
Fig. 4. The temperature distributions in the nozzle belt of the
RPV resulted from the FEA are shown Fig. 6(a). These temperature
distributions are used for calculating the thermal stress in the RPV.
The thermal stress distributions in the hoop direction in the nozzle
belt of RPV are shown in Fig. 6(b).

Set-out Nozzle

Set-in Nozzle

Fig. 4. 3D solid-186 finite elements model of the RPV.

3.3. Stress analysis under the combined loadings

In this section, the stresses that are produced in the RPV under
the combined loadings have been determined. The structural pres-
sure stresses have been coupled with the thermal stresses and the
resulting hoop stress distributions under the combined loadings
are shown in Fig. 7.

It is evident from Figs. 5-7 that the set-in nozzle-cylinder inter-
section is the HSCP of the RPV under the only pressure as well as
the combined loadings.

4. Numerical calculation of the SIFs
4.1. Modelling approach

The development of the fracture model used in this study con-
tains six steps (see Fig. 8) which are briefly described below:

Step No. 1: Modelling of the un-cracked engineering structure.
Step No. 2: Modelling of the crack profile body according to the
crack’s dimensions. The crack faces are needed to be coincident
at the crack front. The width of the crack body is taken “1 mm”.
Step No. 3: For modelling of surface crack in the structure, crack
profile body (generated in step 2) should be subtracted from the
un-cracked structure.

Step No. 4: For modelling the pallet bodies around the crack
front as shown in Fig. 8(d), a tube-like volume (hereinafter
called ‘the tube’) is swept around the crack front initially. The
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Fig. 7. Hoop stress distributions under the combined (pressure plus thermal)

Fig. 5. Hoop stress distributions under the only pressure loadings, stresses in MPa. loadings

radius of the tube is dependent on the curvature of the crack
front. A limiting radius exists for the tube around an elliptical
crack front. The tube radius is not fixed and changes as the
“a/c” ratio (see Fig. 9) of the elliptical crack changes. The skew-
ness of the FE mesh around the crack front is dependent on the
radius of the tube. The radius of the tube which leads to a mesh
of skewness equals to 0.50 is taken for the fracture model in this
study. After the successful modelling of the tube around the
crack front, it is further sliced into small pallet shape bodies
(hereinafter called ‘the pallets’). The pallets are generated in
such a way that the ends of the pallets should be perpendicular
to the crack front. The local coordinate system of the pallets is
shown in Fig. 8(d). The divisions of the crack front and hence
the number of pallets may vary in the range of zero to infinity.

Increasing the number of pallets will decrease the skewness
value and hence will improve the mesh quality. One hundred
and twenty pallets are generated along the semi-elliptical sur-
face crack in this study as shown in Fig. 8(d).

Step No. 5: The sweepable pallets (generated in step no. 4) are
filled with sweep mesh using purely quadratic hexahedral/brick
Solid-186 (20 node) elements. The brick elements are ordered
in layers around the crack front. The skewness of the FE mesh
is also dependent upon the number of layers. In this fracture
model, six layers of equal height are generated in each pallet
body as shown in Fig. 8(e). The first layer, around the crack
front, is meshed using hexahedral wedge-shaped (20-node col-
lapsed quarter point) singular elements which exhibit 1//r
behavior where r is distance from the crack front as shown in

268 Set-out Nozzle 4334
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280.8
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279.4
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Fig. 6. (a) Temperature distributions in nozzle belt, temperature in °C, (b) thermal stress distributions in hoop direction, stresses in MPa.
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(a) Step No. 1: Un-Cracked Finite Plate

Semi-elliptical
surface crack

(c) Step No. 3: Crack insertion in the finite plate

Six layers of
brick elements

(e) Step No. 5: Hexahedralizing the pallet bodies

129

«~——Crack front

Crack face

(b) Step No. 2: Elliptical (crack profile) body

i pallet local
coordinate
system

Yi Xi

120 pallet bodies Semi-elliptical

crack front

Crack face Xi

Front face of
the pallet

(d) Step No. 4: Formation of pallet bodies around the crack front

/

Tetrahedral
elements

(f) Step No. 6: Tetrahedralizing the remaining structure

Fig. 8. Steps to develop the fracture model.

Fig. 8(d). Such elements are essentially required as stress and
deformation fields around the crack front generally have high
gradients. The stresses and strains are singular at the crack front
varying as 1//r. To capture this singularity in stresses and
strains, singular elements around the crack front are inevitably
required.

Step No. 6: The volume around the multi-body refine tube, is
meshed using quadratic tetrahedral Solid-187 (10 node)
elements.

Once the layers of higher order brick elements are generated
around the crack front, these layers are used as volumes for J-inte-

gral evaluation. The J-Integral evaluation is based on the domain
integral method by Shih et al. [43]. The domain integration formu-
lation applies volume integration for 3-D problems to calculate J-
Integral value. Finally SIFs (K) along the whole crack front are eval-
uated by Eq. (1).

J-E
K

where | = Value of J-integral around the crack front [44].
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Fig. 9. (a) SESC-FP specimen, (b) crack tip position parameters in SESC-FP specimen.

4.2. Verification of the fracture model

In order to validate developed fracture model, the following two
problems are solved initially;

(1) Semi-elliptical surface crack in finite plate.
(2) Semi-elliptical surface crack in thick pipe.

The SIF solutions of aforesaid two problems are available in the
literature. For validation purpose, the results are compared with
the available well-known solutions and are presented in the fol-
lowing Sections.

4.2.1. Semi-elliptical surface crack in finite plate
Different solutions exist in the literature for computation of SIF
of a semi-elliptical surface crack in a finite thickness plate under
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Fig. 11. Comparison of the developed fracture model with Newman and Raju
analysis.

uniform tension as shown in Fig. 9. Among them, an empirical
equation proposed by Newman and Raju [45] is available and is
still most widely used for comparison and validation purposes.
The empirical relationship presented in Ref. [45] is reproduced
here for reference;

K = (S + HSp) n%F(%,g,%,¢) 2)
where Qis given by Q = 1 +4.593(a/c)"%>. H and F are as provided by
Newman and Raju in Ref. [45]. The semi elliptical surface crack in
finite plate (SESC-FP) specimen given in Fig. 9(a), has the dimensions
2b =1000 mm, 2h = 2000 mm, t, = 500 mm, a/t, = 0.05, T= 100 M.N.
The parameters a, ¢, b, t,, h, T and ¢ are as given in Fig. 9(a) and (b).

Table 2
Details of FE mesh of SESC-FP specimen.

(b)

Fig. 10. FE mesh of SESC-FP specimen, (a) close-up view, (b) global view.

Region Element type No. of elements No. of nodes No. of layers No. of pallets
Tube like volume around the crack front Solid-186 8640 37,189 06 120
Full model including tube like volume Solid-186 and Solid-187 32,249 70,690 06 120
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Table 3
Details of FE mesh of SESC-TP specimen.
Region Element type No. of elements No. of nodes No. of layers No. of pallets
Tube like volume around the crack front Solid-186 8640 37,189 06 120
Full model including tube like volume Solid-186 and Solid-187 32,555 74,509 06 120
70
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(a)

Fig. 12. (a) SESC-TP specimen, (b) crack tip position parameters in SESC-TP
specimen.

For SESC-FP specimen, structural steel having E =200 GPa and
v =0.30 was selected. The FE model of the SESC-FP specimen pre-
pared for the fracture analysis is shown in Fig. 10. The details of the
FE mesh of the SESC-FP specimen are given in Table 2.

The comparison with Newman and Raju analysis is done along
the whole crack front of the semi-elliptical surface crack. The com-
parison (see Fig. 11) between the two methods shows a good
agreement and the difference is within 5% along the whole crack
front. It is also evident from Fig. 11 that the developed fracture
model gave accurate results at the edge of the crack at ¢ =0° or
180°. It is due to the development of small pallets around the
whole crack front including crack edges as shown in Fig. 8(d).
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Fig. 14. Comparison of the developed fracture model with the ASME code.

4.2.2. Semi-elliptical surface cracks in thick pipe

The SIF solutions for semi-elliptical surface crack in internally
pressurized thick pipe are available in Appendix D of Section VIII,
Div. 3 of the ASME code [46]. According to Ref. [46], the SIF at
the deepest point on the crack front may be calculated using the
cubic polynomial stress relation given by Eq. (3):

ma
K = [(Ao + Ap)G, + A1G1 + A3G, +A3G3]\/E (3)

. Crack_Front

Tetrahedral Mesh

Brick Mesh

Fig. 13. FE mesh of SESC-TP specimen (b) Close-up view of crack region.
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Fig. 15. (a) Orientation of the corner surface crack, (b) crack tip position
parameters.

where A, = internal pressure if the pressure acts on the crack sur-
face, A; (i=0-3) are the stress coefficients obtained from the
through-the-thickness stress distribution, G; (i = 0-3) are the geo-
metrical correction factors as provided in ASME code [46].

The semi elliptical surface crack in thick pipe (SESC-TP) speci-
men given in Fig. 12(a) and (b), has the dimensions L = 4000 mm,
R;=1000 mm, t, =500 mm, a/t, = 0.05, P, =50 MPa. For SESC-TP
specimen, structural steel having young modulus E = 200 GPa and
Poisson’s ratio v =0.30 was selected. The FE model of the SESC-
TP specimen prepared for the fracture analysis is shown in
Fig. 13. The details of the FE mesh of SESC-TP specimen are given
in Table 3.

Set-out Nozzle Set-in Nozzle

. Crack_Front

126.7
126.6—-
126.5—-
126.4-‘
126.3—-

126.2

(MPaym)

p
1

126.1

K

126.0 4

125.9 4

125.8 +————————————T————T——T——T——T—
75 100 125 150 175 200 225 250 275 300 325 350 375

No. of Nodes x 1000

Fig. 17. Mesh independent study of the corner crack at the set-in nozzle-cylinder
intersection when a = 0.25t, a = 0.33c.

The comparison with the method described in ASME code is
done considering the SIF;n.x value at the deepest point “A” of
the surface crack as shown in Fig. 12(b). It is due to the fact that
ASME code presents SIF solutions only at the deepest point of the
surface crack in thick pipe. The comparison between the two
approaches shows a good agreement, not exceeding a difference
of 4% as shown in Fig. 14.
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(a)

Fig. 16. (a) The FE model of the RPV having the corner crack at the set-in nozzle-cylinder intersection, (b) close-up view of crack region.

Tetrahedral Mesh

Brick Mesh

(b)

Table 4

Details of finite element mesh in RPV of PWR.
Region Element type No. of elements No. of nodes No. of layers No. of pallets
Tube like volume around the crack front Solid-186 4320 18,709 06 60
Half of the RPV including tube like volume Solid-186 and Solid-187 134,207 229,403 06 60
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Fig. 18. SIFs along the whole corner crack fronts at the set-in nozzle-cylinder intersection under only the only pressure loadings.

The good agreement of the results with the standard studies gave the set-in nozzle-cylinder intersection of the RPV. The orientation

confidence to use the developed fracture model for complex cases of the cracks is normal to the hoop stress in the RPV wall as shown
such as the elliptical corner surface cracks at HSCP of the RPV. in Fig. 15(a). The crack tip position parameters are shown in

Fig. 15(b). The limits of the crack dimensions are 0.01 < a/t < 0.25
4.3. SIFs along the corner cracks under the only pressure loadings and 0.33 <a/c < 1.0, where “a” and “c” represent both semi-axis

of the crack; and “t=309 mm” is the thickness of the RPV wall at
For linear elastic fracture mechanics analysis, the forty-eight the set-in nozzle-cylinder intersection. The crack limits are
corner surface cracks of different dimensions were postulated at designed to include the worst case crack having dimensions
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Fig. 19. SIFs along the whole corner crack fronts at the set-in nozzle-cylinder intersection under the combined loadings.

a=0.25t and a=0.33c allowed by the Appendix G ASME III, Div.
1[27,40]. Using the technique presented in Section 4.1, the FE
model of the cracked RPV is shown in Fig. 16. The details of the
FE mesh of the RPV are provided in Table 4.

The basic mesh independent study was also performed for the
worst case corner crack at the set-in nozzle-cylinder intersection.
The exponentially growing trend has been achieved with the
increase in number of nodes as shown in Fig. 17. Hence, the tech-
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Fig. 20. Effect of the operational thermal stresses on SIFs of the corner crack at
a=0.33c.

nique used for the fracture modelling also yields good converging/
mesh independent results.

The SIF solutions under the only pressure loadings (K¥) along
the whole crack front for all the forty-eight cracks are presented
in Fig. 18. It is clear from Fig. 18(a-f) that as the a/c ratio increases
(for all values of aft), K? at ¢ = 0° also increases while K} at ¢ = 90°
decreases.

It is also evident from Fig. 18(a-f), that the SIFs of all the forty-
eight cracks are lower than the fracture toughness value of the
nuclear grade steel (SA-533 Gr.B, Cl.1) which is K;c = 153 MPay/m
[30]. The worst allowed crack (a=0.25t and a=0.33c) has
K? = 126.46 MPay/m (see Fig. 18(f)) which is much lower than
the fracture toughness value of the selected material, so crack
growth will not be feasible even taking into account the “worst
scenario” considered by the ASME code [40]. That is why, the Wes-
tinghouse RPV made of SA-533 Gr.B, Cl.1 nuclear grade steel is a
safe design even assuming the existence of the worst case crack
at HSCP of the RPV allowed by the ASME code.

4.4. SIFs along the corner cracks under the combined loadings

The SIF solutions under the combined loadings (K!*) along the
whole crack front for all the forty-eight cracks are presented in
Fig. 19. It is evident from Fig. 19(a-f) that the condition K* < K
is true for all the cracks. It is due to reason that in the RPV thermal
stresses in the hoop direction (see Fig. 6(b)) are compressive at the
inner surface of the cylinder; i.e., the material in this region “wants
to grow” but is restricted by the adjacent material at the lower
temperature. Hence, the compressive hoop stresses at the set-in
nozzle-cylinder intersection of the RPV minimize the mechanical
tensile hoop stresses (crack opening stresses) due to internal pres-
sure. The reduction of crack opening stresses finally leads lesser
SIFs.

The six corner cracks having a = 0.33c for all six “a/t” ratios are
taken to present the effect of the operational thermal stresses. The
decreasing slope of all the lines in Fig. 20, predicts that the opera-
tional thermal stresses reduce the SIF of the corner cracks at the
set-in nozzle-cylinder intersection of the RPV. Hence, it can be con-
cluded that the operational thermal stresses caused by the provi-
sion of annular chamber of air between the RPV and the RVI (see
Fig. 3(b)) for ERVC actually reduce the SIFs due to the only pressure
loadings (K?) and they do not endanger the safety of the RPV.
Therefore, the application of the annular chamber for the ERVC
can be fully successful and safe from fracture mechanics point of
view.

5. Conclusions

The SIF solutions of corner elliptical surface cracks postulated at
the HSCP of the RPV of the PWR have been obtained numerically. The
SIF solutions under the only pressure and the combined (pressure
plus thermal) loadings are presented in a graphical format, suitable
for the fracture mechanics design of RPV. The numerical technique
has been verified by comparing the results to the available numeri-
cal results of Newman and Raju and ASME code. The main conclu-
sions drawn from the study can be summarized as follows:

e The Westinghouse RPV made of SA-533 Gr.B, Cl.1 nuclear grade
steel is a safe design even assuming the existence of the worst
case crack at the HSCP of the RPV allowed by the ASME code.

e The application of the annular chamber between the RPV and
the RVI for external reactor vessel cooling is fully successful
and safe from the fracture mechanics point of view. It is due
to reason that the operational thermal stresses caused by the
provision of the annular chamber of the air for the ERVC actu-
ally reduce SIF of the corner cracks due to the only pressure
loadings (K¥) and they do not endanger the safety of the RPV.
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