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1INTRODUCTION
The goal of this technical note is to provide the technical basis for elimination of the nozzle
inner radius inspection requirement for the Indian Point unit 3 reactor vessel, for both the inlet
and outlet nozzle regions.
The requirement for inspection of reactor vessel 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 PWR reactor vessel nozzles of interest here. The original requirement was included as a
result of a cra~king event in a non-nuclear vessel which occurred near the time when the ASME
Section VI 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 (over
600 reactor years for PWRs), no cracking incidents 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. 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 no evidence of
any cracking has ever been found in this region either at Indian Point Unit 3 or any other
operating PWR. Second, a series of structural integrity evaluations will be presented coverig
the range of nozzle geometries of interest here, to demonstrate that these nozzles have a large
tolerance for flaws. Third, risk based evaluations have been performed to demonstrate that
failure probability is extremely low under the plant operating conditions and that there is no
change in the risk if the inspections are eliminated.
The geometries of the Indian Point Unit 3 nozzles of interest are shown in Figures 1-1 and 1-2.
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2 INSPECTION HISTORY
This section will review the inspection techniques and results of the inspections to date for the
Indian Point Unit 3 reactor vessel.
2.1

MANUFACTURING AND PRESERVICE INSPECTION

The nozzle inner radius regions are subjected to a surface examination both before and after the
weld deposition of the stainless steel cladding. The inspection before cladding also includes a
100 percent voliumetric exam. The inspection after cladding includes a surface exam performned
before the hydrotest, and a radiographic exam for acceptance to ASME Section III requirements.
This is followed by the preservice baseline UT exam for Section MI.
2.2

EXAMINATION VOLUMES

Reactor vessel nozzle ii. -ier radius examnination volumes are defined by the radius of curvature
and the base metal thickness of the adjoining shell or dome plate. This requiremt it 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).
2.3

EXAMINATION APPROACHES

Typically, radiological concerns require contact exarrd.nation of the inner radii volume from the
component interior. The objective of the 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 typical section view with beam coverages and
recommended scanning patterns for an inlet nozzle, and Figure 2-3 provides the coverages for
an outlet nozzle. These sketches provide the examination coverage for the most recent
examination performed at Indian Point Unit 3.
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 special calibration blocks, and examination
angles designed to interrogate the inner radius volume for axial radial flaws.

lw
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2.4

INSPECTION RESULTS

The Indian Point Unit 3 reactor vessel nozzles have been inspected four times to date, following
the rules of ASME Section XI. The initial inspection was the preserv-ice baseline exam for
Section XI, where all eight nozzles were inspected to the 1970 edition. The second was after the
first 40 months of operation, in 1979, when two outlet nozzle inner radii were inspected again
using the 1970 edition. The most recent inspection was for the end of interval exam in 1987,
which also counted as the first 40 month period of the second ten year interval, when four
outlet and four inlet nozzle inner radii were inspected. This end of interval exam met the
requirements of -the 1974 edition, summer 75 addenda, and also the 1983 edition and summuner
83 addenda. The inspection techniques used in thids exam were capable of detecting flaws as
small as 0.125 inch deep below the cladding. No indications havelbeen found in any of the
inspections, which were all completed by Westinghouse. It is also worthy of note that no
indications have been found in the entire population of PWR vessel inner radius regions in over
600 reactor years of operation.
Table 2-1 Inspection Results
Nozzles

Total Inspections

Indications

Indian Point 3 RV Inlet Nozzles

8

0

Indian Point 3 RV Outlet Nozzles

10

0
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FRACTURE ASSESSMENT

3

t

-

DETERMINISTIC APPROACH

Two different nozzle geomnetries were evaluated by fracture mechanics assessment to determine
the stress intensity factors for various postulated crack sizes. The nozzles evaluated were the
reactor vessel inlet and outlet nozzles. The nozzle geometries are very similar from one design
to another, probably due to the nozzle reinforcement design rules of the ASME Code.

Finite element analyses were performed to obtain stresses at the nozzle inner radius regions
due to all the d~sign thermal transients. The maximum stress profiles obtained were used to
calculate the stress intensity factors (K). 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, K1c. Within the regime of LEFM, crack initiation and fatigue crack growth
can be predicted in terms of the stress intensity factor.
The first step in determining the stress intensity factor is to fit the stress distribution to a cubic
polynomial, as shown below:
(3-1)

A+
40 Ajx+ A 2 X +A x~

where x is the distance from-the surface (into the wall thickness) where a crack is assumed to
begin propagating, and A., A,, A_, and A- are stress coefficients, representing the far field stress
distribution normal to the crack plane.
The stress intensity factors were calculated using the method developed by 1Raju and
Newman (21. This method covers a wide variety of flaw shapes. The cracks were assumed on
the inside surface of the nozzle inner radius with various ratios of flaw length to depth. It
should be noted that cracks originating from the nozzle corner are more likely restricted to
smaller aspect ratios, typically, l/a=2, where 1 = length, and a = crack depth.
3.1

FRACTURE TOUGHNESS AND FAILURE CRITERIA

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

=

KIC

26.8 +1.233 exp t~o145T - RT;

=

33.2 + 2.806 exp 10-02(T - RT\T

+1.60' F)

(3-2a)

+ 1o000~

(3-2b)

where T is the temperature of the structural components and RT, is the reference temperatur-e
or nil ductility of the material. RT\D was set at 60'F, which is the upper bound of possible
values for reactor vessel steel. K,. is the dynamic fracture toughness used for crack arrest
criterion- and 1 c is the static fracture toughness used for crack initiation criterion. The units for
K, KW, and KIC used in the entire report are ksi-/G.
Equations 3-2a and 3-2b are bounded by the upper shelf value of 3000 ksi~in, based on fracture
tests of scale model vessels with flaws in the nozzle inner radius. The basis for the value of
300 ksiv'i is discussed in Section 3.3. Different fracture criteria are used for different plant
conditions, and are listed below:
K1 5

K1

I (Normal, Upset and Test)
KIC
(Faulted or Emergency)
-

Therefore, for normal and upset conditions, the allowable flaw size per Section Ml can be
determined by using a reduced toughness of 300/ 4110 = 94.9 ksiG/ since the nozzles are
operating at temperatures above 300'F where the upper shelf toughness prevails.
3.2

FATIGUE CRACK GROWTH

The only mechanism of damage which can be envisioned for the nozzle inner radius is fatigue,
since the water chemistry is carefully controlled, and has a hydrogen overpressure to ensure
there is no oxygen.
Fatigue crack growth may be estimated by
-a=C(K)
AN

(3-3)

where Aa/AN = fatigue crack growth rate, AK = stress intensity factor range, and C and n are
material properties. Equation 3-3 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 curves which were used are shown in Figure 3-3.
Deterministic fatigue crack growth evaluations were performed and show very small amounts
of growth in the entire operating life, as shown in Table 3-1. A range of initial flaw sizes was
postulated, and growth was calculated for both the inlet and outlet nozzle corners. The flaw
shape used was length equal to twice the depth, and the methodology used was that of Raju
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and Newman [2]. Crack growth will also be covered in the risk evaluations described in the
following section.
3.3

RESULTS OF DETERMINISTIC FRACTURE EVALUATIONS

Fracture evaluations were performed for the nozzle inner radius regions of both the inlet and
outlet nozzles. The Raju-Newman method was used to calculate the stress intensity factor. The
maximum allowable crack depths were determined using the fractu re criteria described above.
The governing transient for this determiunation was found to be the loss of power, for both the
inlet and outlet nozzles. The K, versus the normalized crack depth, a/t, results are shown in
Figures 3-1 and 3-2. The allowable a/ t values are summarized in Table 3-2, for an aspect
ratio 1/a = 2.0.
The critical flaw depth was determined from the intersection of the applied stress intensity
factor curves of Figures 3-1 and 3-2 with the fracture toughness, which was set at
300 ksi-sq-rt-in. The allowable flaw depth was determined from the intersection of the curves
of the two figures above with the fracture toughness reduced by the square root of ten, which is
the margin required for a flaw to be acceptable to ASME Section MI. It can easily be seen from
Table 3-2 that the critical flaw depth for both nozzles is about equal to the section thickness,
while the allowable flaw depth is over three inches for each nozzle.
The fracture toughness of the material in the nozzle corn er region is strongly affected by the
geometry. The fracture toughness used for prediction of failure from surface flaws in nuclear
vessels is the plan strain fracture toughness, but in the nozzle corner the toughness is elevated
by the lack of constraint. The concept underlying this evaluation of the toughness was
originally developed by Merkle [4,51. The nominal. strain in the direction tangent to the crack
front, in the plane of the crack, is the primary agent of transverse restraint [61. When this strain
is zero, plane strain fracture toughness conditions prevail, but when this strain is a contraction,
the toughness is elevated above the plane strain toughness. If the transverse contraction is
equal to or greater than the corresponding to uniaxial tension, the toughness elevation can be
estimated from Irwin's empirical formula [71:

Kc

E+ 1.4 Pi210.5

Where K1c is the plane strain toughness, and Kc is the actual toughness.
For a part through surface crack, 5, is defined below.
=[Kic

i(5yf.
2a

Where a, is the material yield strength.
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The crack depth "a" appears in the denominator to retain its identity as twice the distance from
the point of greatest transverse restraint on the crack front to the nearest free surface, not
including the crack surface [6]. Using this expression to estimate the toughness elevation, it is
quickly seen that the toughness elevation is a function of the crack depth. For shallow depths,
on the order of one inch, the elevation of the toughness is almost a factor of ten, while for
deeper cracks the effect is smaller. For example, for a flaw eight inches deep, the elevation is a
factor of 1.5. If we use the toughness value of 200 ksi-sq-rt-in. as the plane strain toughness, the
actual toughness in the nozzle corner region ranges from 300 to over 1500 ksi-sq-rt-in. For the
elevations performed here we have used the lower end of the elevated toughness, or
300 ksi-sq-rt-in.
The fracture analysis was bench marked with the intermediate vessel tests conduc'Lec at
Oak Ridge National Laboratories [4,5], where two scale model vessels fabricated of reactor
pressure vessel steel were tested to failure. The vessels were tested at room temperature and at
88'C, respectively, with rather large fatigue sharpened flaws in the nozzle inner radius region.
The vessel tested at room temperature failed abruptly, but the vessel tested at 88'C did not.
Instead there was a continuous extension of the flaw until it progressed stably through the wall
thickness and leaked. Therefore it can be argued that the failure of a reactor pressure vessel
nozzle at temperaturet, in the range of plant operation will involve leak before break.
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Table 3-1 Fatigue Crack Growth Results

20

I

Initial Depth
Inlet:

Depth after 10 years

.4"
.525"

yerI0

2044"r
I
1

-553-

er
.467'

.491"

.582"

.613"
t

______________________

Outlet:

.4"

.447',

.502"

.566"

.641"

.566"

.642"

.733"

.845"

Note: t =nozzle inner radius section thickness
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RISK ASSESSMENT

4

-

POBABILISTIC APPROACH

on the risk of failure due to
In this section we evaluate the effects of in-service examinations
stress intensity factor does not exceed the
cracking in the nozzle inner radius. Since the applied
failure is equal to the section thickness.
fracture toughness, the size flaw necessary to cause
from a through wall flaw before any
Therefore, it could be argued that leakage would occur
integrity problems would occur, at any of these nozzles.
is whether in-service inspection can change
The key question to address in the risk assessment
grow big enough to cause the vessel to fail
the risk of failure by identifying flaws before they
during some limiting transient.
for the nozzle corners. Therefore, the
There are no mechanisms of damage other than fatigue
not found in the pre-service examination to
only scenarios of concern are for a flaw which was
service and propagate. This latter scenario
grow during service, or for a flaw to initiate during
factor is less than 0.1 for both the inlet and
is very unlikely, since the cumulative fatigue usage
outlet nozzle inner radius regions.
by both UT and MT (magnetic particle
The nozzle inner radius regions have all been examined
requirements of the Westinghouse material
testing) prior to the cladding being applied, per the
to be liquid penetrant tested to ensure
specification. After cladding, the nozzles were required
the probability of non-detection for the
the integrity of the cladding. With these examinations,
pre-service cracks is very low.
4.1

METHODOLOGY
A BRIEF DESCRIPTION OF THE RISK ASSESSMENT

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

(4-1)

importance sampling or by considering the
Note that Equation 4-1 may be modified by using
the applied loads and material properties
effects of inspection. The outcome of Pf depends on
statistical distributions. For the present
which are treated as random variables with specific
mechanism considered possible.
application, fatigue crack growth is the only cracking
accumulated for all years over the
Within each trial, fatigue crack growth is calculated and
growth or a limiting transient event)
plant design life. Failure criteria (due to excessive crack
inspections are performed according to
are checked at the end of each year and the in-service
with a new set of random variables which
the schedule. This process repeats for all trials, each
growth might occur. Through the trials
simulates various conditions under which fatigue crack
non-detection probability modified after
the failed cases are identified and accumulated and the

Dla

ccmcnt

-

Probabilistic Appvroach
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the importance
each inspection. Finally, Equation 4-1 is evaluated, after weighing with
inspections, to
in-serv%,ice
to
sampling and the probability of non-detection factors relating
Point Unit 3 reactor
determine the failure probability. Analyses were performed for the Indian
vessel inlet and outlet nozzles.
4.2

FLAW DEPTH DISTRIBUTIONS

have shown that the
Studies using both destructive and nondestructive examination results
to the Marshall
distribution of flaws in reactor pressure vessels follows a distribution similar
without the
distribution [3]. Theinitial flaw depth distribution is the Marshall distribution
function
effect of in-service inspection [31, with the following cumulative probability
F(x)

=

P(a

<

x)

=

I-exp(- 4.06x)

(4-2)

in [3] showed that the
where x,is the crack depth. It is import to mention that Simonen's work
inspections very well
original Marshall distribution matched the results from the PVRUF vessel
flaws, in that no
for the small flaw sizes. There was a major difference in the results for larger
larger flaws were found.
4.3

ANALYSIS RESULTS FOR THE NOZZLES

performed. The
Analyses for the Indian Point Unit 3 Inlet and Outlet Nozzles have been
are shown in
n-exponents are assumed to be fixed constants. The failure probability results
of the nozzle types.
Table 4-1, and show that there is a very low probability of failure for both
be larger (2-3 orders of
The effect of inservice inspection on the failure probability is shown to
As a result, there is
magnitude) in a relative sense, but very small (3 x 10') in an absolute sense.
no justification for continuing to inspect these regions.

*

Number of trials = 25000, with importance sampling.

July 1999
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DISCUSSION

The analysis results shown in this report are based on conservative assumptions and data. Very
small failure probabilities were obtained based on these 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-type
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 as small as the failure probability without inspection.
Table 4-1 shows that there is about two to three order of magnitude difference between the two
evaluations: with inspection, and without inspection. Since the probabilities without
inspection are so small, the gain is also small.

Discussion
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CONCLUSIONS

that the nozzles
The results shown in this report have demonstrated that it is highly unlikely
In-service
considered in this report would fail under any anticipated service conditions.
to
unlikely happen. The
inspections'can hardly benefit plant safety for something that is very
the radiation
inspection is difficult to perform because of the complex geometry, and
of any indications at
environment. Inspections which have been done have not led to discovery
Unit 3 reactor vessel
all. It is recommended that in-service inspections of the Indian Point
to the structural integrity
nozzle inner radius regions be eliminated, without any significant risk
of the vessel.

Conclusions
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