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ABSTRACT 

 
Stress and fracture mechanics analyses were performed to assess boiling water reactor (BWR) 

and pressurized water reactor (PWR) nozzles located in the reactor pressure vessel (RPV) adjacent to the 
core beltline region. The primary objective for this work was to gain a more thorough understanding of 
nozzle stress and fracture mechanics solutions so that they can be adequately integrated into pressure-
temperature (P-T) limit evaluations, especially for those nozzle configurations adjacent to the active core 
where radiation effects are significant. This paper presents the stress correction factors by comparing the 
differences in pressure stress results using two-dimensional (2-D) axisymmetric finite element model 
(FEM) vs. three-dimensional (3-D) FEM for typical reactor pressure vessel nozzles, including a BWR 
recirculation outlet nozzle, a BWR core spray nozzle, a PWR inlet nozzle, a PWR outlet nozzle, a BWR 
drill-hole style instrument nozzle, a Combustion Engineering (CE) PWR RPV outlet nozzle, and a 
Westinghouse (W) PWR RPV safety injection nozzle. In addition, linear elastic fracture mechanics 
(LEFM) analyses were carried out with detailed 3-D finite element models of nozzles with postulated 
nozzle corner cracks with different flaw depth and geometry. Closed-form expressions for RPV nozzle 
corner circular cracks were evaluated by comparing their predicted stress intensity factor results with 
stress intensity factor solutions from the 3-D finite-element models with postulated circular nozzle corner 
cracks. Additional analysis was conducted to verify the methodology that was developed to scale a one-
quarter thickness (1/4t) circular corner crack stress intensity factor results to estimate the stress intensity 
factor profile for a 0.1t circular corner crack. The purpose of these analyses was as follows: 

 
• To model and understand differences in the pressure and thermal stress results using a 2-D 

axisymmetric FEM vs. a 3-D FEM for all nozzle configurations. In particular, the ovalization 
(stress concentration) effect of two intersecting cylinders, which is typical of RPV nozzle 
configurations, was investigated; 

• To verify the accuracy of linear elastic fracture mechanics closed-form solutions for stress 
intensity factor for a postulated nozzle circular corner crack for pressure loading for all nozzle 
configurations; 

• To verify a scaling approximation used for the 3-D FEM stress intensity factor (KI) solutions for a 
1/4t circular corner crack to estimate the stress intensity factors for a shallower 0.1t corner crack. 

 
 

INTRODUCTION 
 
This paper describes stress analyses and fracture mechanics work performed to assess boiling 

water reactor (BWR) and pressurized water reactor (PWR) nozzles located in the reactor pressure vessel 
(RPV) adjacent to the active core. The primary motivation for this work was to gain a more thorough 
understanding of nozzle stress and fracture mechanics solutions so that they can be adequately integrated 
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into pressure-temperature (P-T) limit evaluations, especially for those nozzle configurations adjacent to 
the active core where radiation effects are significant. Various RPV nozzle geometries were evaluated: 

 
1. BWR recirculation outlet (RO) nozzle; 
2. BWR core spray (CS) nozzle; 
3. PWR inlet nozzle; 
4. PWR outlet nozzle; 
5. BWR drill-hole style instrument nozzle; 
6. Combustion Engineering (CE) PWR RPV outlet nozzle; and 
7. Westinghouse (W) PWR RPV safety injection (SI) nozzle. 

 
These nozzle configurations were selected because they lie close enough to the active core region 

such that they may receive sufficient fluence prior to end-of-license (EOL), in which case they may 
become limiting with respect to P-T limits developed in accordance with Title 10 to the U.S. Code of 
Federal Regulations (CFR), Part 50, Appendix G as part of the RPV material surveillance program. 10 
CFR Part 50 Appendix G establishes the allowable P-T limits on heat-up, cool-down, and hydro-test (leak 
test) conditions associated with the normal operations of nuclear power plants. The selection includes 
seven nozzle configurations in the U.S. light water reactor (LWR) fleet that are close to the active core 
region and will therefore experience irradiation damage. The nozzles analyzed represent one each of the 
nozzle types potentially requiring evaluation. 

This work was performed to support potential clarification of 10 CFR 50 Appendix G, “Fracture 
Toughness Requirements”; it also supported a recently approved revision to American Society of 
Mechanical Engineers (ASME) Code, Section XI, Nonmandatory Appendix G regarding fracture 
toughness requirement for RPV nozzles [ASME Sec. XI, Appendix G (2013)].   

 
FINITE ELEMENT MODELING OF RPV NOZZLES 

 
Two-dimensional (2-D) axisymmetric finite element models (FEMs) are often used to simulate 

the RPV nozzle, as an approximation of the complicated three-dimensional (3-D) cylindrical nozzle 
intersection with a cylindrical pressure vessel. However, with a 2-D axisymmetric FEM, the vessel is 
modeled as a spherical shell instead of a cylindrical shell, as shown in Figure 1 (BWR recirculation outlet 
nozzle shown as an example).  The 2-D approximation will under-estimate the membrane pressure hoop 
stress by as much as a factor of two depending on the nozzle circumferential position, since pressure hoop 
stress in a sphere is one-half of that in a cylinder. Various techniques have been used to compensate for 
the stress differences resulting from this approximation. One method is to represent the cylindrical shell 
as a spherical shell with an increased radius compared to that of the cylindrical shell [Walter and 
Sommerville (2010)].  This method compensates for the spherical model by increasing the vessel radius, 
and thus the membrane stress in the spherical shell, which is proportional to radius. Another method is to 
use a scaling factor (referred to as a correction factor) applied to the stresses extracted from the 2-D FEM 
to account for the approximation [Walter and Sommerville (2010)]. These corrections are normally 
applied to pressure stresses, whereas thermal stresses do not require correction due to the relatively small 
change in thermal stresses around the circumference of the RPV nozzle subjected to thermal-only loading 
[Yin, et al. (2012)]. For each of the seven selected RPV nozzles, 2-D and 3-D FEMs were constructed to 
investigate these effects and calculate the correction factors. The FEMs were constructed using 
Abaqus/CAE Version 6.9-EF [Abaqus (2009)]. 
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Figure 1.  2-D and 3-D modeling of RPV nozzle (BWR recirculation outlet nozzle). 
 
Using a BWR recirculation outlet (RO) nozzle as an example, a 2-D FEM was constructed using 

8-node, axisymmetric, quadratic elements, illustrated in Figure 1(a). A 3-D FEM for the RO nozzle was 
constructed with 20-node brick elements, shown in Figure 1(b). Four portions of the reactor nozzle 
assembly were included in the two FEMs:  (1) a portion of the RPV shell; (2) the nozzle forging; (3) the 
safe end; and (4) a portion of the attached pipe. For a BWR recirculation outlet nozzle, the stainless steel 
cladding, with a thickness of 0.19 inches and residing along the inside surface of the RPV and nozzle 
forging, was also included in both of the FEMs to model the thermal stresses due to differential thermal 
expansion (DTE). Figure 2 displays the detailed components in the 3-D FEM including the cladded RPV 
wall, nozzle, safe end, and pipe. The extent of the RPV shell included in each model was defined such 
that boundary edge effects did not introduce non-representative effects in the finite element analysis 
(FEA) solution at the nozzle inside corner region.   

For each model, the pressure load was applied on the inside surface of the entire model. A blow-
off, or “cap”, membrane load was applied to the piping end of the model to simulate the closed-end 
effects of the attached piping. Symmetry boundary conditions were applied to the end of the RPV wall in 
the 2-D models, illustrated in Figure 3(a).  Symmetry boundary conditions were also applied on both of 
the vertical edges in the 3-D models. A blow-off membrane load was also applied to the piping edge and 
far-end of the RPV in the 3-D models, shown in Figure 3(b). The blow-off loads were calculated for the 
piping and RPV using the following formula: 

   

 
2

2 2
 = i

blow off
o i

PD
P

D D 
 (1)                         



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division II 

 
 

Figure 2.  Portions Included in 3-D BWR RO Nozzle FEM. 
 
where Di (inches) and Do (inches) are the inner and outer diameters of the RPV wall or pipe, as 
appropriate, and P is the applied pressure (psig). A typical Poison’s ratio value of 0.3 was used for all 
materials. The material properties including Young’s modulus values for each component of the seven 
nozzles are provided in references [Yin, et al. (2012)], and [Walter, et al. (2012)]. Table 1 lists the critical 
dimensions for each nozzle. References [Yin, et al. (2012)] and [Walter, et al. (2012)] list all other 
dimensions necessary for the construction of RPV nozzle FE models. 
 

Table 1. Dimensions for each RPV nozzle considered in study 
 

(ALL UNITS IN INCHES) 

Nozzle RIv tvess RInozzle BRinner 

BWR RO nozzle 103.00 5.62 25.93 2.50 

BWR CS nozzle 103.00 5.62 5.88 2.50 

PWR inlet nozzle 86.50 8.63 13.96 5.25 

PWR outlet nozzle 86.50 8.63 14.71 1.09 
BWR drill-hole style 

instrument nozzle 103.00 5.88 0.97 0.00 

CE PWR RPV Outlet Nozzle 86.00  10.75 21.00  1.00  

W PWR RPV SI Nozzle 66.00  9.13 1.80  0.50  
: RPV Inside Radius, [in]; : RPV Wall Thickness, [in]

: Nozzle Inside Radius, [in]; : Nozzle Inner Coner Radius, [in]

v vess

nozzle inner

RI t

RI BR
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Figure 3.  Loading and boundary conditions applied to (a) 2-D and (b) 3-D FEMs.  
 
Using the BWR RO nozzle as an example, Figure 4 displays the stress results of the 2-D model 

with a RPV shell internal radius of R = 103.0 inches, and the 3-D model with the same RPV shell internal 
radius.  The stress intensity (SINT) is shown in Figure 4. The stress intensity is defined as: 

 
 1 2 2 3 3 1SINT = Max (| |, | |, | |)         (2) 

 
where 1 2 3, ,     are the three principal stresses. The peak value of the stress intensity is 16,130 psi for 

the 2-D model, as shown in Figure 4(a); and the peak value of the stress intensity is 49,570 psi for the 3-D 
model, as shown in Figure 4(b). Therefore, the stress correction factor between the 3-D and 2-D FEMs is 
3.1 (calculated as 49,570/16,130 for the same RPV internal diameter). This value corresponds well with 
the nozzle stress index value of 3.1 for normal (circumferential) stress contained in Table NB-3338.2(c)-1 
of Section III of the ASME Code [Reference ASME Section III (2008)], and reasonably well with the 
bounding value of 3.0 suggested in [Walter and Sommerville (2010)]. 

For each of the other six RPV nozzle configurations, 2-D and 3-D FEMs were constructed and 
subjected to 1,000 psig internal pressure loading. Correction factors of 2.7, 2.9, 3.4, 3.4, 2.6 and 3.3 
(calculated as discussed above for the BWR RO nozzle) were obtained for the BWR core spray nozzle, 
the PWR inlet nozzle, the PWR outlet nozzle, the BWR instrumentation nozzle, the W PWR RPV safety 
injection nozzle and the CE PWR RPV outlet nozzle, respectively. [Yin, et al. (2012)] and [Walter, et al. 
(2012)] describe the results and details of the calculation of these stress correction factors. 
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Figure 4.  Stress intensity profile for the uncracked RO nozzle with (a) 2-D FEM, and (b) 3-D FEM. 
 
 
CLOSED FORM SOLUTIONS FOR CALCULATING STRESS INTENSITY FACTOR FOR 
POSTULATED CIRCULAR CORNER CRACKS IN NOZZLES 
 

One of the objectives of this work was to evaluate the accuracy of linear elastic fracture 
mechanics (LEFM) closed-form solutions for stress intensity factor for a postulated nozzle circular corner 
crack for both thermal and pressure loading for all nozzle configurations. A general purpose, linear 
superposition technique was proposed by [Delvin and Riccardella (1978)] to calculate the linear elastic 
stress intensity factor, KI, for a postulated circular crack located in a nozzle corner. This solution has been 
used in a variety of nozzle applications since it was proposed in 1978, and its adequacy was also 
discussed by [Mehta, et al. (2008)].  The adequacy of this solution was further assessed in this work for 
each of the selected nozzle configurations. 

For a postulated circular corner crack in a nozzle with a sharp inner radius corner, as illustrated in 
Figure 5(a) for the BWR drill-hole style instrumentation nozzle, the superposition equation for the crack 
tip KI is as follows, as obtained from FUN10 in Figure 4 of [Delvin and Riccardella (1978)]:  

 

 
2 3

0 1 2 3

2 4
0.723 0.551 0.462 0.408

2 3I

a a a
K a A A A A

 
              

      
 (3) 

 
and for a postulated circular corner crack in a nozzle with a rounded inner radius corner, as depicted in 
Figure 5(b) for the BWR RO nozzle, the crack tip KI can be superimposed from each term of the 
polynomial as follows, as obtained from FUN11 in Figure 4 of [Delvin and Riccardella (1978)]: 
 

 
2 3

0 1 2 3

2 4
0.706 0.537 0.448 0.393

2 3I

a a a
K a A A A A

 
              

      
 (4) 

where a is the flaw depth of the postulated circular crack, and A0, A1, A2 and A3 are the third-order 
polynomial curve fit coefficients for through-wall stress distribution calculated for the uncracked RPV 
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nozzle across the range of crack depths being investigated. These closed-form solutions provide a solution 
for KI at the deepest point of the postulated crack. These closed-form LEFM solutions were approved for 
use by the ASME Section XI Working Group on Operating Plant Criteria (WGOPC) for inclusion in 
ASME Code, Section XI, Nonmandatory Appendix G for assessing the fracture toughness limits for RPV 
nozzles. 

 

 
 
Figure 5.  Postulated circular nozzle corner crack for a nozzle with (a) a sharp 90° corner and (b) a 
rounded corner. 

 
FRACTURE MECHANICS ANALYSIS OF NOZZLES 

 
ASME Code, Section XI, Nonmandatory Appendix G defines the maximum postulated defect as 

a flaw with a depth of one-fourth of the section thickness (for section thicknesses of 4 in. to 12 in.). The 
maximum allowable P-T limit curve under normal operations is derived by postulating a 1/4t flaw in the 
area with the highest stress concentration. As shown in Figure 4 (b), the maximum stress occurs in the 
axial plane containing both the nozzle and the vessel for the BWR RO nozzle (i.e., normally the top and 
bottom nozzle azimuths at the RPV intersection).  

A 3-D FEM for the BWR RO nozzle that included a postulated circular corner crack, as shown in 
Figure 6, was constructed using Abaqus/CAE Version 6.9-EF [Abaqus (2009)] to calculate the Mode I 
stress intensity factor along the crack front.  A 1/4t circular flaw was postulated1 at the inside corner using 
finite element techniques for comparison to the LEFM closed-form solution using Equation (4). The mesh 
for the cracked model includes the same portions of the nozzle assembly as the uncracked 3-D FEM. 
Collapsed prism elements were employed at the postulated crack tip, and the mid-side nodes of these 
elements were moved to the 1/4t location to produce an appropriate singularity for LEFM analyses. A 
highly–refined, focused mesh was utilized along the crack front to achieve solution convergence and 
obtain path-independent stress intensity factors. The 3-D cracked BWR RO nozzle FEM contained 68,169 
nodes and 14,874 elements, in which 5,631 solid brick elements were used in the crack region. In all the 
FEM analyses, mesh sensitivity studies were conducted to verify solution convergence. 

                                                 
1 The reader is referred to [Yin, et al. (2012)] regarding the definition of the corner crack location and configuration. 
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Figure 6.  3-D FEM for the BWR RO nozzle with a postulated ¼t circular corner crack. 
 
The 3-D FEM for the RO nozzle with a postulated 1/4t circular corner crack was subjected to 

1,000 psig internal pressure applied to all inner surfaces using the same boundary conditions as those for 
the uncracked 3-D FEM. Figure 7 shows the KI values along the crack front from the RPV wall (≈0° 
angle) to the nozzle inside surface (≈100° angle) for pressure loading. As expected based on common 
fracture mechanics experience, the lowest value of KI occurs at the deepest point of the circular crack 
front. The 3-D solution is compared with the closed-from solution in Figure 7. The closed-from solution 
(the square point in Figure 7) over-estimates the 3-D finite element prediction at the deepest point of the 
crack. However, the closed-form solution is non-conservative compared to the maximum KI at the ends of 
the crack.   

The 3-D finite element solution for a 1/4t circular corner crack was scaled to estimate the KI 
solution for a 0.1t circular corner crack, which is a more reasonably-sized flaw that can be detected by 
volumetric examination. The scaling of the KI solution from a 1/4t circular corner crack to a 0.1t circular 
corner crack was conducted as follows: 

 
1. Calculate the stress fields for the uncracked RPV nozzle; 
2. Calculate the KI values for 1/4t circular corner crack (KI-1/4t) and 0.1t circular corner crack (KI-0.1t)  

using the closed-form Equation (4); 
3. Calculate the ratio of  KI-0.1t/ KI-1/4t; 
4. Scale the 3-D finite element solution for a 1/4t circular corner crack front using the ratio 

calculated in Step 3 to estimate the KI solution for a 0.1t circular corner crack front. 
 
The KI estimated at the deepest point of the 1/4t flaw by the closed-form solution exceeds the KI for the 
entire crack front for a 0.1t flaw.  The conservatism of assuming a large (1/4t) flaw bounds the potential 
non-conservatism of evaluating only the deepest point of the crack using the closed-form solution.   

An additional 3-D FEA was conducted for the cracked BWR RO nozzle with a postulated 0.1t 
circular corner crack. The 3-D FEM results for the 0.1t circular corner crack agree with the scaled results 
obtained using the 1/4t circular corner crack solution. The scaling factor approach for estimating the 0.1t 
circular corner crack solution is adequate, and the solution using the closed-form (the green point in 
Figure 7) over-estimates the 3-D FEM stress intensity factor result at the deepest point of the 0.1t crack. 
Therefore, as part of using the simplified closed-form solution, it is important to use at least a 1/4t 
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postulated flaw size to maintain a conservative stress intensity factor estimate; any use of reduced flaw 
sizes should account for the variation in KI along the face of the crack. 

 
Figure 7.  Stress Intensity Factors (KI) along the crack front under applied pressure loading for the 
BWR RO nozzle with postulated 1/4t and 0.1t Flaws. 

 
Similar stress and fracture mechanics analyses were conducted for the BWR core spray nozzle, 

the PWR inlet nozzle, the PWR outlet nozzle, the BWR instrumentation nozzle, the W PWR RPV safety 
injection nozzle and the CE PWR RPV outlet nozzle. Similar to the results for the BWR RO nozzle, the 
closed-form solutions using Eqns. (3) and (4) were determined to be bounding compared with the 3-D 
finite element solution at the deepest point of the postulated circular crack [Yin, et al. (2012)] and 
[Walter, et al. (2012)]. The closed-form solutions did not bound the maximum KI at the ends of the crack; 
however, the conservatism of assuming a 1/4t flaw bounds the potential non-conservatism of evaluating 
only the deepest point of the crack if the closed-form solutions are used. Consistent with the previous 
nozzle results, as part of utilizing the simplified closed-form solution, it is important to maintain the use 
of a large postulated flaw size; any use of reduced flaw sizes should account for the variation in KI along 
the face of the crack. 

 
CONCLUSION 
 

This paper provides a summary of detailed stress and fracture mechanics analyses performed on 
both BWR and PWR RPV nozzles that are sufficiently close to the RPV core where fluence effects may 
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become significant, therefore warranting evaluation as part of establishing bounding P-T limits for the 
RPV. Using the BWR RO nozzle as an example, the capabilities of axisymmetric 2-D FEMs were 
investigated and compared with detailed 3-D FEMs for internal pressure loading. The 3-D FEM results 
indicate that the pressure stress varies significantly around the nozzle circumference as a result of the 
ovalization effect of the nozzle cylindrical geometry intersecting with the cylindrical RPV. Therefore, 
appropriate magnification of 2-D axisymmetric results is required to compensate for stress inaccuracies if 
2-D FEMs are used for the analysis. It was demonstrated that a bounding correction factor of 3.1 may be 
used to account for 3-D effects on pressure stress in nozzle corners for all nozzles with traditional 
forgings with smooth inside corners, such as the BWR RO nozzle, the BWR core spray nozzle, the PWR 
inlet nozzle, and the W PWR RPV safety injection nozzle. A bounding correction factor value of 3.5 is 
more appropriate for nozzles with special discontinuities or sharp inside corners, such as the PWR outlet 
nozzle, the BWR instrument nozzle and the CE RPV outlet nozzle. In all the cases studied, the simplified 
closed-form LEFM solutions using Eqns. (3) and (4) were verified to be reasonable and bounding with 
respect to estimating stress intensity factors if coupled with the use of a large (1/4t) postulated flaw size 
for combined pressure and thermal loading.  If smaller flaw sizes are used, these solutions may not 
provide bounding estimates of stress intensity factors for circular cracks because they estimate KI at the 
deepest point of the flaw instead of at the ends of the flaw where the analyses indicate that KI is a 
maximum. Therefore, refined closed-form solutions or finite element analyses should be used if 
postulated flaw sizes smaller than 1/4t are considered, or if other than circular flaw shapes are considered. 

The analyses were performed in support of potential clarification of 10 CFR50 Appendix G, 
“Fracture Toughness Requirements,” and recent efforts by the ASME Code, Section XI Working Group 
on Operating Plant Criteria to incorporate closed-form nozzle fracture mechanics solutions into a revision 
to ASME B&PV Code, Section XI, Nonmandatory Appendix G. 
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