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As considered carbon-free, the use of nuclear energy for thermal energy generation may
expand in the future, with the guarantee of safe operation of the nuclear reactor. In a
nuclear reactor pressure vessel (RPV), the nozzle area is an important part of the safe
operation. It bears internal pressure, axial force, and overall moment, and at the same time
bears higher stress than the rest of the vessel. To assess the integrity of the nozzle
structure with a crack under combined load, an accurate solution of stress intensity factors
(SIF) along the crack front is necessary. To obtain the SIF, this paper proposes a solution
method that uses the stress on the crack surface and the response surface method to fit
the stress under the framework of the linear superposition technique. This method is the
first choice to determine a series of influence coefficients under unit pressure load. Then,
one can estimate the SIFs by superposition method for an arbitrary stress distribution
resulted from combined loads. The proposed solution is verified for a typical RPV with
cracks under internal pressure, axial force, and global bending moment. The results reveal
that the proposed solution is in good agreement with the existing solutions under internal
pressure. Therefore, it can be obtained that this solution can be effectively used for the
structural integrity assessment of RPV with nozzle corner cracks.

Keywords: nozzle corner crack, stress intensity factor, influence coefficient, internal pressure, nuclear reactor,
carbon-free energy

INTRODUCTION

With the excessive use of fossil energy, the global greenhouse effect intensifies, which requires
immediate action to reduce carbon emission (Sadekin et al., 2019). Being admitted as a carbon-free
energy (Akhmat and Zaman, 2013; Gao et al., 2013), for emission reduction, nuclear energy has been
used for thermal energy generation, which drives power generation, space heating, and desalination
(Brook et al., 2014; Xu et al., 2021). However, its dangerous radioactivity is a crucial issue to safely
operate the nuclear reactor.

As an important part of the nuclear reactor pressure vessel (RPV), ensuring the structural
integrity of the RPV is the premise of the safe operation of nuclear power equipment. Due to the
inconsistency of the local structure, the local stress level in the nozzle corner region may be extremely
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high. Under the potential thermal shock transients, fatigue cracks
initiate and propagate easily. Consequently, fracture mechanics
analysis of the possible impact of cracks located in the inner
corners of nozzles, called corner cracks hereafter, is usually
conducted to assess the structural integrity of RPV. Some
specific analytical expressions have been established to
determine the fracture parameters, such as stress intensity
factor (SIF) and J-integrity, for applications in nuclear power
plants. However, the applicability of the existing codes (ASME,
2010; British Energy, 2010) is limited to plates, elbows, and
cylinders.

Presently, an exact theoretical solution or an acceptable
approximate expression does not exist for nozzle corner crack
fracture parameters, especially for combined loads. Further, the
existing studies on SIF primarily focus on approximate analytical
solutions, experimental analysis, and numerical analysis
(Hardayal et al., 2008). Among them, numerical analysis has
been proved to be an effective method for determining the SIF of
nozzle corner cracks. The commonly used numerical methods
include the finite element (FE) method and linear superposition
method.

Several researchers have numerically analyzed the SIF of
nozzle corner cracks by FE analysis (Broekhoven, 1975;
Wilkening, 1986; Murtaza and Hyder, 2016). In addition, Ruiz
(Ruiz, 1973) used the frozen-stress photo elastic technique to
determine the SIFs of the corner cracks in a nozzle. Atluri and
Kathiresan (Atluri and Kathiresan, 1980) proposed a method to
obtain the SIFs of nozzle corner cracks in RPV. Based on the
elastic stress distribution along the wall of a cylinder, Chai (Chai
and Hong, 1990) proposed a formula for the SIF of a nozzle
corner crack, which was particularly suitable for estimating the
fatigue growth rate of the crack. Iwamatsu et al. (Iwamatsu et al.,
2016) used a three-dimensional (3D) FE model for a flawed
nozzle to verify that the flat plate model is suitable for obtaining a
reasonable and conservative estimate of the SIF of nozzle corner
crack for the influence function method. Cai et al. (Shutao and
Ruijin, 1990) used the weight function method to obtain the
maximum value of SIF at the crack front of a flat plate model with
a circular hole loaded in uniform biaxial tension. After
considering various factors, including the influence of internal
pressure, circumferential stress, shape of the opening, oblique
angle correction factor, curvature correction factor, and front free
face correction factor, an approximate expression for the
maximum SIF of an inclined nozzle corner crack was
obtained. Chapuliot (2016) proposed a method for obtaining
an approximate solution for SIF of nozzle corner crack under
pressure thermal shock, based on the influence function method.
Rui et al. (2017) compared the SIF solutions for a 1/4 infinite
symmetric plate based on FEM and influence function method to
obtain the influence functions for corner cracks of inlet and outlet
nozzles of pressurized water reactor (PWR) pressure vessel.

The reviewed solutions of the stress intensity factor of nozzle
corner crack mainly aim at the load condition dominated by
internal pressure. Considering the regular stress distribution in
the nozzle corner area caused by the internal pressure, the
univariate stress fitting method can better represent the stress
distribution. However, for the load condition dominated by

nozzle load, the stress distribution in the nozzle corner area
becomes irregular, and the stress distribution cannot be well
characterized by the univariate stress fitting method. Therefore,
to ensure the applicability of the stress intensity factor solution,
this paper proposes a new stress fitting method based on
multivariate to improve the solution, which is effective for
both internal pressure load and complex combined load.

This study examines the SIF of nozzle corner crack based on
the linear elastic fracture mechanics and linear superposition
method (Shiratori and Miyoshi, 1986; Nagai et al., 2015). A new
approximate solution of SIF along the crack front of the complex
structure and the corresponding influence coefficients are
obtained to meet the engineering application demands. Due to
the complex load distribution associated with the influence
coefficient, the typical internal pressure load of RPV is firstly
considered, and a binary nth-order fitting polynomial
characterizes the stress distribution in the nozzle corner
region. Subsequently, the SIF and influence coefficients of the
crack front are obtained by the superposition of the unit
distributed load on the crack surface. Thus, an influence
function solution is derived, and a factor is proposed to
estimate the conservative solution. Finally, the accuracy and
applicability of the influence function solution are verified.
Considering the bending moment and axial load at the nozzle
end, the SIFs of the nozzle corner crack front under different
loads and combined loads are estimated. Further, based on several
models, the variation in the various crack geometry parameters is
considered to establish a conservative estimation method for SIF
of corner cracks.

PROPOSAL OF THE METHOD FOR THE
NEW SOLUTION OF STRESS INTENSITY
FACTOR
The linear superposition method is used to obtain the SIF
solution of nozzle corner crack for engineering applications
under various loading conditions. The influence coefficients of
different models are obtained using FE analysis, and the

FIGURE 1 | Geometry of the nozzle corner with surface crack.
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corresponding influence function is obtained to estimate the SIF.
It can be noted that the influence coefficients are related to the
crack location, crack shape, displacement constraints, and

geometry of the structure but not to the loads (Bueckner
and Angew, 1970). After obtaining the influence
coefficients of different models, the SIF of the models
under different loads can be estimated. The
characterization of the stress field under different loads is
the key to the calculation of SIF.

Geometrical Description of the Problem
Generally, the structure of the nozzle shell region in RPV is
extremely complex. This study focuses on the nozzle corner
region. Some redundant structures cannot affect the initiation
or propagation of the corner crack. Therefore, to improve the
efficiency of analysis, the simplified typical RPV nozzle shell
geometry is considered, and according to the relevant analysis
methods, the structure is divided into defect-free and defect-
containing regions. Figure 1 shows the geometry of the nozzle
corner with surface crack. Here, Rm is the mean radius of the
cylinder, dn is the mean diameter of the nozzle, t and tn are the
wall thickness of the cylinder and nozzle, respectively, a is the
depth of the semi-elliptical crack in the corner, c is the crack
length, and R is the radius of the corner (all dimensions are
in mm).

The geometric parameters that may affect the influence
function are considered, including crack size, corner radius,
and the ratio of wall thickness to the mean radius of the
cylinder. In addition, to obtain an analytical expression, the
geometrical structure is normalized. The normalized crack
depth α, crack size ratio φ, mean diameter ratio γ, wall
thickness ratio δ, and the ratio of wall thickness to cylinder
diameter κ are defined as follows:

α � a

t
,φ � a

c
(1)

c � dn

2Rm
, δ � t

tn
(2)

κ � t

Rm
(3)

Stress Distribution Characterized by
Response Surface Method
The discontinuity of geometry, load, and material can affect the
stress distribution in the nozzle corner region (Guozhong and
Qichao, 1990). Further, stress distribution analysis is the basis for
deriving an approximate solution of SIF. Accurately
characterizing the principal stress distribution in the defect-
free corner region (i.e., the hoop stress on the crack surface)
can obtain an accurate SIF solution.

However, due to the complexity and discontinuity of the
nozzle corner geometry, the stress distribution in this region is
extremely complex. The contour of stress distribution under
internal pressure is completely different from that under
bending moment. The stress distribution of loads only
subjected to internal pressure, as shown in Figure 2A,
gradually decreases in the direction of 45° diagonal, and the
stress distribution has a certain rule. The stress distribution under
bending moment load and axial load is shown in Figure 2B and

FIGURE 2 | Hoop stress contours in the nozzle corner region.
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Figure 2C. The stress concentration area in the figure has a wide
range and presents uneven distribution with the diffusion of
stress. To this end, Chai and Hong (Guozhong and Qichao, 1990)
suggested that for the stress field under a single internal pressure
load, the stress distribution curve of the nozzle corner region can
be simplified as a bisector distribution, i.e., straight lines at an
angle of 45°.

Figure 2A shows the stress contours of the nozzle corner
region under internal pressure. Consequently, in a certain
range, the stress distribution in the nozzle corner region
can be simplified by using the bisector distribution
approximation, and a third-order polynomial can be used to
describe the principal stress distribution on the surface of the
nozzle corner (Chaudhry et al., 2014).

Moreover, the stress field can be simplified by bisector
distribution under combined loads only if the fitting
polynomial can accurately describe the stress distribution (Yin
et al., 2011). Figure 2B and Figure 2C show the stress distribution
in the nozzle corner region under axial load and global bending
moment on the end face of the nozzle. Obviously, for such an
irregular stress field distribution, a univariate polynomial
function cannot accurately describe the stress field in the
corner region (Hirokawa et al., 2016).

Therefore, to improve the accuracy, a binary function with the
response surface method is used to characterize the stress
distribution of nozzle corners under different loads.

σ(x, y) � σ0 + σ1x + σ2y + σ3x
2 + σ4y

2 + σ5xy (4)

where σj (j � 0–5) includes 6 simplified stress terms of the fitted
stress distribution polynomial. Figure 3 shows the definition
of the reference coordinates, where the origin is located in the
nozzle corner on the crack face and the x-axial is 45° to the
vessel axis. To ensure the accuracy of the binary fitting
function and facilitate rapid analysis for engineering
applications, the stress values along 3 paths (θ � −45°, 0,
and 45°) in the nozzle corner region are extracted to obtain
the six stress terms.

Obtaining the New Solution With the Stress
Distribution Based on Response Surface
Method
The linear superposition technique is used to calculate the SIF at
the crack front of a structure under complex stress distribution.
SIFs due to the 6 stress terms in Eq. 4 should be calculated.
Instead of analyzing the cracked structure using actual loads, a
distributed pressure load σ i is applied to the crack surface only.
An arbitrary stress distribution is usually approximated by a
third-order polynomial form. Since SIF analysis is based on linear
elastic fracture mechanics, an arbitrary stress distribution can be
superposed with the terms of polynomial form. Then, the SIFs
can be estimated by the elastic superposition principle.

This study characterizes the stress normal to the crack face in
the nozzle corner by the fitting polynomial Eq. 4 using the
response surface method. The actual stress distribution is
fitted using six simplified stress terms. Therefore, these unit
pressure loads are applied to the assumed crack surface to
determine the influence coefficients, as shown in Figure 4.
The appearance of the six loads on the crack surface is
different. When there is no variable X and variable Y, the unit
load is uniformly distributed on the crack surface, and the
magnitude is equal. When only the variable X is included, the
unit load will increase with the increase of the variable X, and the
increment on the path θ � −45° and θ � 45° is the same as the
increment on the X axis. When the variable Y is included, the unit
load on the X axis becomes 0, but the increments on the path θ �
−45°and θ � 45° are the same.

For each of the individual terms (stress distributions) in Eq. 4,
the SIF value KIj(θ) along the crack front can be calculated by
FEM and the corresponding influence coefficients ij(θ) can be
obtained as

ij(θ) � KIj(θ)/
���
πa

√ (j � 0, 1, 2, 3, 4, 5) (5)

where θ is the elliptical angle denoting the point on the crack
front. Although SIF values for a range of elliptical angles can be
calculated during the FE analysis, three points are focused in this

FIGURE 3 | Stress fitting path.
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work, including two surface points and the deepest point as
shown in Figure 1.

According to the principle of elastic superposition, SIF values
KIj(θ) along the crack front can be estimated by

KI(θ) � ∑5
j�0

σjij(θ)
���
πa

√
(6)

It should be noted that the actual stress is fitted using the
stress field by FE for the structure without crack. However,
internal pressure should be applied on the crack face for a
surface crack. Therefore, the internal pressure is added as a
member stress, and the SIF KIj(θ) along the crack front can
be estimated by

KI(θ) � ⎛⎝(σ0 + p)i0(θ) +∑5
j�1

σjij(θ)⎞⎠ ���
πa

√
(7)

To sum up, the estimation process of SIFs for nozzle corner
cracks can be summarized as follows:

1) Calculate the influence coefficients by Eq. 5. For a series of
nozzle crack models, unit pressure loadings are applied on the
crack face with the assumed forms of six simplified
stress terms.

2) Obtain the values of stress components by Eq. 4. The nozzle
models without crack apply the combined loadings on the
whole model, including internal pressure, axial force, and
global bending moments.

3) Estimate the values of SIF by Eq. 7.

FINITE ELEMENT ANALYSIS FOR STRESS
DISTRIBUTION AND NEW SOLUTION
VERIFICATION

Model of Finite Element Method
For the nozzle corner structure presented in Figure 1 and Table 1
lists the geometrical parameters, including crack size, crack shape,
corner radius of the nozzle, and the ratio of wall thickness to
cylinder diameter. Based on these geometrical parameters, three-
dimensional FE software ABAQUS is used for the analysis.
Further, linear elastic materials with Young’s modulus of
200 GPa and Poisson’s ratio of 0.3 are used in this study.

According to the symmetric structure and loads, this work
establishes a 1/4 model for the load cases with internal
pressure and axial force and a 1/2 model for the cases with
the global bending moment. The crack-free models and crack
models are also considered to obtain the stress distribution
and SIFs.

FIGURE 4 | Unit loading mode on the crack surface.

TABLE 1 | Geometrical parameters of the model.

Geometrical parameters Value

Rm 500 mm
κ 0.141, 0.0705
δ 1
c 0.185
α 0.02, 0.05, 0.1, 0.2, 0.5
φ 0.5, 1
R 0, 20, 40 mm

Frontiers in Energy Research | www.frontiersin.org December 2021 | Volume 9 | Article 8019195

Jin et al. Corner Cracks Stress Intensity Factor

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


The typical FE mesh models of crack-free and crack models
are shown in Figure 5, and the models in Figure 5 are 1/4 FE
models. The crack-free model is used to obtain the stress field,
and the crack model is used to calculate SIFs. An 8-node linear
brick, reduced integration, and hourglass control element
(C3D8R) is selected during FE analysis. Due to the stress
concentration, a criterion that the maximum principal stress at
the nozzle corner should be more significant than three times the
membrane stress is adopted to determine the element size. The
stress results obtained under the corresponding mesh size are
considered as acceptable. Therefore, the element size is
considered to ensure accuracy, as shown in Figure 5.

Loading Conditions
Unit pressure loads are applied on the crack face with the
assumed forms of six simplified stress components to obtain
the influence coefficients. In order to verify the effectiveness of
the influence coefficient obtained, the stress intensity factors
(including internal pressure, axial force, and bending moment)

under combined loads were also calculated, as shown in
Figure 6.

Internal pressure p is applied to the internal surface of the
model. The balanced force F due to internal pressure and the
applied axial load N is converted to an equal pressure on the end
surfaces of the nozzle. The bending moment is applied to a
reference point, which is the center of the end surface of the
nozzle. A kinematic coupling constraint is used to correlate the
reference point with all the nodes on the end surface of the nozzle.

In the analysis models, p � 20 MPa is generally considered
with different load ratios. Under the combined loading
conditions, according to the definition of the load ratio of the
pipe (Li et al., 2014), the following load ratio among internal
pressure p, axial force N, and bending moment M can be
obtained:

λ1 � N

πr2i p
(8)

λ2 � M

rm(N + πr2i p) (9)

where ri and rm are the inner and mean radii of the nozzle,
respectively. The axial force and global bending moment are
assumed to be positive for those loads that result in tensile stress
on the crack plane, as shown in Figure 6.

Since several combinations of axial load and bending moment
are possible, the loading direction with high SIF under the most
conservative conditions is considered to satisfy the engineering
application requirements. Figure 7 compares the SIFs of the crack
front under axial load or bending moment at the end of the nozzle

FIGURE 5 | Mesh model.

FIGURE 6 | Loading condition.
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in different directions. It can be seen that a negative value of either
the axial load or bending moment will result in a negative SIF,
which will cause the crack closure. Therefore, the positive values
of the axial load and bendingmoment are considered. In addition,
the bending momentMy about the y-axial can be ignored for the
calculation of SIF on the current corner crack because that
moment brings about a stress parallel to the crack face.
Therefore, according to the load direction shown in Figure 6,
axial load +N and bendingmoment +Mx on the end of the nozzle
are selected for SIF analysis.

Further, for evaluating the influence function, according to the
variation in the unit distribution load with the reference
coordinate system, the loading mode of the unit distributed
load in the FEM is applied to the crack surface.

Considering the symmetry of the RPV structure, the model’s
boundary conditions are distinguished according to the different
models. In the 1/4 model, symmetric boundary conditions are

applied to the three symmetric interfaces in the defect-free model.
However, the crack face does not have any displacement
constraint in the defect-containing model. For the model with
a complete nozzle, symmetric boundary conditions are applied to
two symmetric interfaces, and the crack face is defined by
assigning a seam. Figure 8 shows the boundary conditions of
a typical 1/4 finite element model.

RESULTS AND DISCUSSION

Stress Distribution Results
The stress field is the basic input during the estimation of SIFs.
Therefore, a two-dimensional fitting function based on multiple
paths is proposed to improve the estimation precision, as
described in Finite element analysis for stress distribution and
new solution verification. To compare with the single path,
which is mostly used in the present stress analysis method,
a typical structure is performed in the stress analysis under
several load cases. Three single paths are selected in the
direction with θ � 0 and ±45°, and the stress values are
fitted using a polynomial with third order. The following
stress fitting methods are considered:

1) Two-dimensional stress fitting equation, as shown in Eq. 4.
2) One-dimensional stress fitting equation (path based on θ � 0°,

the polynomial of third order).
3) One-dimensional stress fitting equation (path based on θ �

45°, the polynomial of third order).
4) One-dimensional stress fitting equation (path based on θ �

−45°, the polynomial of third order).

FIGURE 7 | Comparison of the SIFs of the crack front under axial load or
bending moment at the end of nozzle in different directions (φ � 1, κ � 0.141,
R � 0 mm).

FIGURE 8 | Finite element boundary conditions for 1/4 model.
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Take structure c � 0.185, κ � 0.141, δ � 1, φ � 1, and R � 0 mm
as an example and consider the load conditions including (i) p �
20 MPa, (ii) N � 5.026 MPa, (iii) Mx � 3.81 × 107 N · mm. Then,

under different load conditions, the stress distribution equations
under different fitting methods can be obtained by using general
Eq. 10, as shown below:

σ(x) � A0 + A1x + A2x
2 + A3x

3 (10)

Where A0-A3 are the fitting coefficients of the stress distribution
polynomial. To verify the correctness of the method, the results
on random paths should be selected for comparison. The stress
on the path of θ � −18.4° that takes over the corner plane is
compared with the FE results, as shown in Figure 9. It can be seen
that the stress obtained by the response surface function is well-
matched with the FE stress field, compared with other solutions
that fitted on the single path. A well described stress field is the
basic of SIF estimation.

Influence Coefficients
SIFs under the unit pressure distribution of the six stress terms in
the response surface function should be calculated first to
estimate the influence coefficients. Figure 10 shows influence
coefficients along the crack front.

It can be seen that the influence coefficients i0 for σ0, i1
for σ1, i3 for σ3, and i4 for σ4 are symmetric about the x-axial
(θ � 0). It should be noted that the stress terms σ2 and σ5
follow a linear function of the y location. Therefore, SIFs along
the crack front may be negative, although the stress
term is tensile stress. This will result in a positive SIF at
one surface point A or C, but a negative SIF at another surface
point C or A. Using the above analysis method, the influence
coefficients for several geometries with different crack sizes
are calculated.

Comparison, Analysis, and Verification
Using the calculated influence coefficients of each geometric
structure, the SIFs under combined loads can be estimated by
Eq. 6. The FE results are used to verify the solutions obtained
using Eq. 6. API 579 (American Petroleum Institute, 2007) also
gives the estimation procedure to compare the SIFs of the nozzle

FIGURE 9 | Comparison of stress fitting results (c � 0.185, κ� 0.0705,
δ � 1, φ � 1, and R � 20 mm).

FIGURE 10 | Influence coefficients along the crack front (c � 0.185,
κ � 0.141, δ � 1, φ � 0.5, and R � 0 mm).
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corner crack under internal pressure. API 579 simplifies the stress
distribution of the nozzle corner as a bisector distribution, where
the stress distribution is characterized by a third-order

polynomial along the wall thickness direction at 45° line on
the corner; this is the same as Eq. 10 above.

Based on the stress distribution polynomial, API 579 provides
the following equation for estimating the SIF at the deepest point
of the crack:

KI � [0.706A0 + 0.537(2a
π
)A1 + 0.448(a2

2
)A2

+ 0.393(4a3
3π

)A3] ���
πa

√
(11)

where A0-A3 is the fitting coefficient of the stress distribution
polynomial of Eq. 10. Figure 11 shows the comparison between
the SIFs at the deepest point obtained using the twomethods for a
typical model under internal pressure load. It can be seen that the
estimated SIFs by the proposed method are in good agreement
with FE solutions, while the API 579 solution is more
conservative than FE solutions. The SIFs at the deepest point
was deduced with the increase of the crack depth a/t. At the same
time, the relative error is also dropped. This may result from the

FIGURE 11 |Comparison of SIF results obtained using various methods
under internal pressure.

FIGURE 12 | Comparison of SIF results under different loads.
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stress concentration near the corner with the structure
discontinues, especially for the model without nozzle fillet radius.

In addition, based on the influence function method, SIFs for
the corner crack under combined loads are compared with the FE
results, as shown in Figures 12, 13. It can be seen that the SIFs
calculated under combined loads by the proposed procedure are
in good agreement with the FE results with a maximum error of
about 10%.

CONCLUSION

This study used the influence function method based on FE
analysis to estimate the SIF at the crack front of the nozzle corner.
The stress distribution in the nozzle corner region under different
loads was analyzed, and a binary function on the response surface
that could represent multiple stress distributions was used as a

stress fitting polynomial to characterize the stress field in the
nozzle corner region. Accordingly, the influence coefficients for
calculating the SIFs were obtained. Further, for facilitating
engineering application, the SIFs of nozzle corner crack under
different loads, different geometrical structures, and different
crack sizes were estimated by using the influence function
with a safety factor. The main results of the study are
summarized as follows:

1) A method based on the response surface to characterize the
stress distribution was proposed, and the influence function
associated with SIF along the nozzle corner crack front
under internal pressure, nozzle load, and the combined
load was obtained. The estimation solution of the stress
intensity factor of nozzle corner crack under different loads
is given.

2) It is proved that the FE solution is consistent with the
influence function solution, and the influence function
solution is more conservative than the finite element
solution. The solution of API579 standard is more
conservative than that of the influence function, which
shows the accuracy of influence function solution.

3) Different loading conditions had different effects on the SIFs
along the nozzle corner crack front. API579 standard only
applies to stress intensity factors under internal pressure,
while this method applies to complex loads as well as
internal pressure. The following work will consider more
crack sizes and combined load analysis to further enhance
the understanding of influence coefficients for engineering
applications.
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NOMENCLATURE

a Depth of the semi-elliptical crack in the corner

c Crack length

dn Mean diameter of the nozzle

t, tn Wall thickness of the cylinder and nozzle

Rm Mean radius of the cylinder

R Radius of the corner

α Normalized crack depth

φ Crack size ratio

γ Mean diameter ratio

δ Wall thickness ratio

κ Ratio of wall thickness to cylinder diameter

σj Distributed pressure load

θ Elliptical angle

KIj The SIF value

ij Corresponding influence coefficients

p Internal pressure

F Balanced force

N Applied axial load

M Bending moment

λi Load ratio

ri, rm Inner and mean radii of the nozzle

Ai Fitting coefficients
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