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LEGAL NOTICE

This report was prepared by Westinghouse as an account of work sponsored by the Westinghouse
Owners Group (WOG). Neither the WOG, any member of the WOG, Westinghouse, nor any
person on behalf of the them:

(A) Makes any warranty or representation whatsoever, express or implied,(I) with respect to the
use of any information, apparatus, method, process, or similar item disclosed in this report,
including merchantability and fitness for a particular purpose, (II) that such use does not
infringe on or interfere with privately owned rights, including any party’s intellectual
property, or (IIT) that this report is suitable to any particular user’s circumstance; or

(B)Assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if the WOG or any WOG representative has been advised of
the possibility of such damages) resulting from any selection or use of this report or any
information, apparatus, method, process, or similar item disclosed in.this report.



Introduction

The requirement for inspection of nozzle inner radius regions in Class 1 systems has been
in effect for a very long time, and has not resulted in any inspection findings in any of the
vessels and nozzles of interest here, mainly the steam generators and pressurizers of PWRs.
The original requirement was included as a result of a cracking event in a non-nuclear
vessel which occurred near the time when the ASME Section XI inspection requirements
were being established.

The original requirement, as instituted in the early 1970s,. was-a good idea; since there was
only limited experience in operating nuclear plants. Today, after some 25 years of
operation, no crackingincidents of any kind in these nozzle inner radius regions have been
found whatsoever. It is advisable ,therefore, to eliminate this requirement since it is no
longer necessary.

This report provides the technical bases for elimination of this requirement, from both the
deterministic and probabilistic view points. The requirement was eliminated through the
passage of Code Case N619 approved February 15, 1999.

First we will describe the extensive inspections performed on the nozzle inner radius

regions during the fabrication process, and summarize in-service inspection results obtained |
over the past 25 years. This will show that there is no evidence of any cracking has ever
been found in this region. Second, a series of structural integrity evaluations will be |
presented covering the range of nozzle geometries of interest here, to demonstrate that these |
nozzles have a large tolerance for flaws. Third, we will review the general practices
currently used by the nuclear industry, along with the results of inspections done on the .
Westinghouse, Babcock and Wilcox, and Combustion Engineering plants. Risk based
evaluations will be performed to demonstrate that failure probability is extremely low under
the plant operating conditions and show that there is no change in the risk if the inspections
are eliminated.

The range of geometries of the nozzles of interest is shown in Figures 1-1 through 1-6.
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Figure 1-1 Geometry of a Typical Pressurizer Surge Nozzle - Cast Head Design
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Figure 1-2 Geometry of a Typical Pressurizer Surge Nozzle - Fabricated Head Design
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6-IN. SCH. 160 SAFETY and RELIEF NOZZLE ( CAST HEAD

9.00

| / 1.50R 46.25R

42.00R

/

Figure 1-3 Geometry of a Typical Pressurizer Safety and Relief Nozzle
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Figure 1-4 Geometry of a Typical Pressurizer Spray Nozzle - Cast Head Design
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PRESSURIZER SPRAY NOZZLE ON FAB HEAD

—2.125R

4.50R 10.63

~ 43.00R

Figure 1-5 Geometry of a Typical Pressurizer Spray Nozzle - Fabricated Head.
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Figure 1-6 Geometry of a Typical Steam Generator Primary Nozzle.
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2.1.

2.2

Inspection History

The nozzle inner radius, as well as all the nozzle inner surfaces, are subjected to a surface
examination both before and after the weld depositing of the stainless steel cladding. The
inspection before cladding also includes a 100 percent volumetric exam, either UT or
radiography, and the inspection after cladding is performed after the shop hydrotest
including a radiographic exam for acceptance to ASME Section III requirements. This is
generally followed by the baseline UT exam for Section XI.

Examination Volumes

Steam generator and pressurizer primary nozzle inner radius examination volumes are
defined by the radius of curvature and the base metal thickness of the adjoining shell or
dome plate. This requirement results in inspection areas that encompass the inner radius
and the inside surface of the nozzle barrel. The inspection depth is 0.5” into the nozzle
base metal excluding cladding. The flaw of interest is axial-radial in orientation, as

depicted in Figure IWB-2500-7(b) (Figure 2-1).

Examination Approaches

Typically, access restrictions and radiological concerns preclude contact examination of
the inner radii volume from the component interior. As a result, the standard approach is
to perform contact ultrasonic examinations from the nozzle outside diameter surface
radius blend, along the nozzle barrel and sometimes from the attached dome or shell
plate. :

The objective of all 3 scanning patterns is to provide complimentary coverage and
completely interrogate the specified volume. The complexity of the examination effort
depends on the geometric relationship between the outside surface and the inner radius
volume. Recently, 3D modeling has been used to calculate ideal examination angles and
predict the extent of coverage. Figure 2-2 shows a pressurizer safety or relief nozzle
section view with beam coverages and recommended scanning patterns. These two
nozzles have identical geometry. Figure 2-3 shows the pressurizer surge nozzle. Here the
relationship between the O.D. (Outside Diameter) biend area and the inner radius volume
is more favorable, requiring less exam complexity.

It is standard practice for utilities to approach primary nozzle inner radius examinations
with specialized techniques designed to compliment the geometric configuration of the
scanning surface. Examination procedures commonly specify contoured transducer

wedges, special calibration blocks, and examination angles designed to intercept the inner
radius corner at 45°.




2.3.

24.

Access and Exposure

For pressurizer safety, relief and spray nozzles, exams are usually performed from semi-
permanent platforms at the elevation of the pressurizer upper head. Dose rates vary by
plant but can be estimated at 100 MR/hr.

The pressurizer surge nozzle is not easily accessible so the exam surfaces are obstructed
by lower head heater penetrations and the radiation fields are generally 200-300 MR/hr.
Roughly half of all utilities surveyed have sought and received relief from volumetric
examinations for those reasons.

The steam generator primary nozzle inner radius exams are not optimally accessed, and
radiation fields can range from 100-300 MR/hr to 1R/hr. In addition to concerns
regarding dose rate, this examination has been judged by many plant ewners as
complicated by material test problems as the integrally cast A216 channel head material
(present in most channel heads) can complicate meaningful interpretation of ultrasoni:c" ’
data. '

Inspection Results

A total of 25 utilities were surveyed in an effort to gain perspective on the state of
primary nozzle inner radius examinations. From steam generator primary nozzle inner
radius examinations, the survey population included 230 nozzles. From that population,
144 volumetric (U.T.) examinations have been performed or are planned. The remaining
88 nozzles in the population are visually inspected in the inner radius area. No service
induced flaws have been detected in all examinations performed, as shown in Table 2-1.

The pressurizer surge nozzle has not been extensively examined by UT due to the access
restrictions to the scanning surface on the outside diameter. Forty-eight percent of
responding utilities have been granted relief from volumetric examinations, and the
remaining utilities continue to attempt ultrasonic examinations of the inner radius from
the O.D. surface. It is a safe assumption that nearly all examinations performed have had
documented limitations. No service-induced flaws have been reported.

Pressurizer spray, safety and relief nozzles are generally accessible and the survey
indicates a high percentage of volumetric examinations are being performed (159 nozzles,
146 U.T. examinations, 13 visual examinations). No service-induced flaws have been
reported.




TABLE 2-1 INSPECTION RESULTS

Nozzles Total Inspections Indications
Steam Generator Inlet & Outlet 291 0
Pressurizer Spray 63 0
Safety Injection 4 0
Relief Nozzle, Safety Nozzle 122 0
Pressurizer Surge 26 0
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Figure 2-1 Examination Volume for a Nozzle Inner Radius,
from Section X1, Figure IWB 2500-7(b)
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Fracture Assessment — Deterministic Approach

Five different nozzle geometries were evaluated by fracture mechanics assessment to
determine the stress intensity factors for various postulated crack sizes. The nozzles
evaluated are the pressurizer fabricated surge nozzle, the pressurizer spray fabricated and
cast nozzles, the pressurizer safety and relief cast nozzle.

Finite element analyses were performed to obtain stresses at the nozzle inner radius regions
due to all the design thermal transients. The maximum stress profiles obtained were used
to calculate the stress intensity factors (Kj). The magnitude of stress intensity factor
depends on the distribution of the applied stress and the geometry of the crack and the
structural component. The stress intensity factor is the driving force for crack extension
caused by the applied stresses. In the Linear Elastic Fracture Mechanics (LEFM) theory, the
stress intensity factor is a single parameter that characterizes the stress and strain
distributions in the immediate vicinity of the crack tip. The material resistance to crack
propagation is called fracture toughness, Kjc. Within the regime of LEFM, crack initiation
and fatigue crack growth can be predicted in terms of the stress intensity factor.

Two methodologies were used to determine the stress intensity factors. One method was
developed [1] for a semi-circular crack in a nozzle corner. The stress intensity factor is
calculated by

K, = JE\:O.7O6A0 + 0537[2a)A1 + 0448(2 )Az + 0393(4;3 )A% (3-1)

where a = crack depth, Ag, A, Ay, and Aj are stress coefficients, representing the far field
stress distribution normal to the crack plane, as defined below

O=AytAX+AX +AX (3-2)

where x is the distance from the surface (into the wall thickness) where a crack is assumed
to begin propagating. Eq. (3-1) has been used by EPRI [1] for nozzle corner cracks
subjected to combined thermal and pressure stresses.

As shown in [1], the K| solution for a nozzle corner crack is very comparable to the K|
solution for a semi-circular crack in half-space and a quarter circular crack in quarter-space
solids. All these 3 classes of cracks assume a semi-circular flaw.



3.1.

The other method was developed by Raju and Newman [2]. This method covers a wide
variety of flaw shapes. The cracks can be assumed either on the inside or the outside
surface of a cylinder with various ratio of thickness to inside radius. The Raju-Newman
method is more versatile and could lead to more conservative results by assuming
greater aspect ratios. The results shown in the following section provide a comparison
between the two methods, with aspect ratio 6 used in the Raju-Newman calculations. It
should be noted that cracks originating from the nozzle corner are more likely restricted
to smaller aspect ratios, typically, R=2. With R=2, which is what is embedded in the
method of [1], it can be shown that the Raju-Newman method and the ref. [1] method
are very comparable.

Fracture Toughness and failure criteria

In ASME Section X1, Appendix A, there are two fracture toughness equations available
for fracture evaluation [1]

K, =268+1233exp [0.0145(T— RT,,; +160 "F)] (3-3a)

K, =332+ 2806exp [o.oz(T — RT,; +100 °F)] . (3-3b)

where T is the temperature of the structural components and RTnpr 1s the reference
temperature of nil ductility of the material. Kj, is the dynamic fracture toughness used
for crack arrest criterion and K¢ is the static fracture toughness used for crack initiation

criterion. The unit for K, Kj,, and Kjc used in the entire report are ksiv/in .

Equations 3-3a and 3-3b are bounded by the upper shelf value of 200ksi+/in . Different
fracture criteria are used for different plant conditions, and are listed below:

K

K, < x/ll_UO (Normal, Upset and Test)
KIC

K, < (Faulted or Emergency)

=

. Therefore, for-normal and-upset conditions, the allowable flaw size per Section XI can

be determined by using a reduced toughness of 200/+/10 = 63.2 ksiv/in since the
nozzles are operating at temperatures above 300 °F where the upper shelf toughness
prevails.
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3.3.
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Fatigue Cack Gowth

Fatigue crack growth may be estimated by

A3 _ C(AK) (3-4)
AN

where Aa/AN = fatigue crack growth rate, AK = stress intensity factor range, and C and n
are material properties. Eq. 3-4 can be easily evaluated to estimate fatigue crack growth,
Aa, by integration within a time period in which the AK remains relatively constant.
Integration continues with an updated crack depth and new AK.

The ASME fatigue crack growth data which will be used are shown in Fig. 3-6.
Deterministic fatigue crack growth evaluations were performed and show very small
amounts of growth in the entire operating life. Crack growth will also be covered in the
risk evaluations described in the following section. '

Results of Deterministic Facture Evaluations

Fracture evaluations were performed for the pressurizer nozzles and steam generator
primary nozzles. Both the Besuner [1] and the Raju-Newman methods were used to
calculate the stress intensity factor. The maximum allowable crack depths were
determined using the fracture criteria described above. The K| versus the normalized
crack depth, a/t, results are shown in Figs. 3-1 to 3-5. The allowable a/t values are v |
summarized in ~ Table 3-1. '

Table 3-1 Analysis Results

Nozzle Name Manuf. Method | Figure No. | Thickness | (Besuner) (Raju-Newman)

Critical Flaw Depth (a/t)

Pressurizer Surge Fabricated . 3-1 3.577” >0.9 >0.9
Pressurizer Cast 3-2 4.764” >09 >09
Safety & Relief

Pressurizer Spray Cast 33 4459”7 >0.9 >09
Pressurizer Spray Fabrnicated 3-4 3.289” >0.9 >09
Steam Generator Fabricated | 35 10.237” >0.9 >09

Primary Nozzle
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Figure 3-5 Fracture Evaluation Results - Steam Generator Primary Nozzle
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4. Risk Assessment — Probabilistic Approach

4.1.

-In this section we evaluate the effects of in-service examinations on the risk of failure due

to cracking in the nozzle inner radius. Since the applied stress intensity factor does not
exceed the fracture toughness, it could be argued that leakage would occur from a through
wall flaw before any integrity problems would occur, at any of these nozzles.

The key question to address in the risk assessment is whether in-service inspection can
change the risk of failure by identifying in-service flaws.

There are no mechanisms of damage other than fatigue for the nozzle corners. Therefore,
the only scenarios of concern are for a flaw which was not found in the pre-service
examination to grow during service, or for a flaw to initiate during service and propagate.

The nozzles have all been examined by both UT and MT (magnetic particle testing) prior
to the cladding being applied, per the requirements of the material specification. After
cladding, the nozzles were required to be liquid penetrant tested to ensure the integrity of
the cladding. With these examinations, the probability of non-detection for the pre-service
cracks is very low.

A Brief Description of the Risk Assessment Methodology

The risk assessment employed the Monte Carlo method to determine probability of
failure accounting for the statistical aspects of the relevant physical quantities. If the
number of trials, N, is sufficiently large, the probability of failure, Py, approaches the ratio
of the number of samples that are failed, Ny, to N, namely,

P, ==L @-1)

Note that Eq. 4-1 may be weighed using importance sampling and probability of non-
detection, etc. The outcome of Py depends on the applied loads, and material properties
which are treated as random variables with specific statistical distributions. Inspection
and repair can also affect the outcome. Multiple failure mechanisms can be included in
the evaluation. For the present application, however, as mentioned above, fatigue crack
growth is the only cracking mechanism considered possible.

Within each trial, fatigue crack growth is calculated and accumulated for all years over
the plant design life. Failure criteria are checked at the end of each year and the in-
service inspections are performed according to the schedule. This process repeats for all
trials, each with a new set of random variables which simulates various conditions under



4.2.

4.3.

which fatigue crack growth might occur. Through the trials the failed cases are identified
and accumulated and the non-detection probability modified after each inspection.
Finally, Equation 4-1 is evaluated; after weighing with the importance sampling and the
probability of non-detection factors relating to in-service inspections, to determine the
failure probability.

Analyses were performed for the Surge, Spray, Safety Relief, and Steam Generator
Primary Nozzles. Note that only the fabricated nozzles were evaluated because they are
more limiting than the cast nozzles

Flaw Depth Distributions

Studies have shown that the distribution of flaws in reactor pressure vessels follows the

Marshall distribution [3]. The initial flaw depth distribution is the Marshall distribution
without the effect of in-service inspection [3], with the following cumulative probability
function

F(x) =P(a < x) =1-exp(—4.06x) 4-2)

where X is the crack depth. This 1s a special case of the Weibull distribution whose
cumulative probability function is

’ o
F(x)=P =1- exp|i [%) :| (4-3)

with a=1 and B=1/4.06.

Analysis for the Nozzles

Analyses for the Safety Relief Nozzle, Spray Nozzle, Surge Nozzle, and Steam Generator
Primary Nozzles were performed. A normal distribution was assumed for the C-constants,
with the standard deviation = 10% to 20% of the mean. The n-exponents are assumed to be
fixed constants. The failure probability results are shown in Table 4-1. The failure
probabilities are very low, and the effect of inspection is very small.




Table 4-1 Results of Evaluations

Probability* of failure
Nozzle type (Without Inspection) (With Inspection)
Relief Nozzle 3.28x10™® 3.07x10°
Spray Nozzle 6.96x10°° 9.12x10°
Surge Nozzle 2.02x107 5.10x107°
Steam Generator 6.55x10° 1.58x10°®
Primary Nozzles

* Number of trials = 25000, with importance sampling.

Discussion

The analysis results shown in this report are based on the conservative assumptions and
data. Extremely small failure probabilities were obtained based on these conservative
calculations. The initial flaw depths used in the analyses were also very conservative. Per
the studies of Fred Simonen, Battelle, Pacific Northwest National Laboratory (PNNL),
most of the flaws found in destructive examination of reactor pressure vessels are smaller
than 0.08” [3]. The Marshall distribution used in the present analysis used flaws with
considerable initial-depths for evaluation. About 7% of the trials had initial flaw depth
greater than 0.65” and 1.2% of the trials had initial flaw depth greater than 1.0”.

The benefit of in-service inspection is negligible. Table 4-1 shows that there is about 2
orders of magnitude difference between the two evaluations: with inspection, and without
inspection. Since the probabilities are so small, the gain is meaningless.

Conclusions

The results shown in this report have demonstrated that it is highly unlikely that the nozzles
considered in this report would fail under any anticipated service conditions. In-service
inspections can hardly benefit plant safety for something that is very unlikely to happen.
The inspection is very difficult to perform because of access, and the high radiation
environment in many cases. Inspections which have been done have not led to discovery of
any indications-atall. -Itis recommended that in-service inspections on all PWR
pressurizer and steam generator nozzle inner radius regions be eliminated for economic and
health reasons, without any risk to structural integrity.



7.

.., B

References .

1.

“Flaw Evaluation Procedures: ASME Section XI, EPRI NP-719-SR, Special Report,”
August 1978, and Errata for this report, issued on April 14, 1980.

Aspects of Fracture Mechanics in Pressure Vessels and Piping, Edited by S. S.
Palusamy, S. G. Sampath, PVP-vol. 58, pp. 48, 1982.

Fred Simonen, Battelle, Pacific Northwest National Laboratory (PNNL), Private .
communication with B.A. Bishop, NSD, Westinghouse Electric Corp., October,
1997. Documented under W-SMT-97-146, Oct. 1997.





