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EXECUTIVE SUMMARY

An assessment has been made of the indications found in the pump casing of reactor coolant pump 23
for Indian Point Unit 2. The pump is a Model 93, and a detailed stress analysis has been completed
for this model. In addition, an assessment of the fracture toughness of the pump casing has been
made, based on the test certificates for the actual heats used in the casing.

The results of this assessment are that a surface flaw with an aspect ratio of 6:1 and as deep as

66 percent of the wall thickness will meet the safety margins required by Section XI. This flaw depth
would be the maximum allowable after fatigue crack growth. Because the stresses are very low in this
region, and the flaws are on the outside of the pump casing, the crack growth analysis showed that
crack growth is small to negligible. Therefore, the assessment has concluded that a surface flaw with
an aspect ratio of 6:1 and as deep as 60 percent of the wall thickness would meet the acceptance
criteria of the code, Section XI for at least 20 years.

The detailed analysis results for the pump casing are contained in this report. This assessment is
judged to be sufficient to justify leaving the indications in the casing without repair. This assessment

is also applicable to the other reactor coolant pump casings in Indian Point Unit 2, should similar
indications be found in the same region. '

]a,c,e
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SECTION 1.0
INTRODUCTION

Periodic inspections of the primary loop pump casings and valve bodies are required by Section XI of |
the ASME boiler and pressure vessel code. During a penetrant test inspection of the Indian Point |
Unit 2 reactor coolant pump 23 foot welds in April 1995, indications were found along the weld to |
pump intersection. This report was prepared to evaluate these indications for acceptability without

repair. The guidelines and safety margins of the ASME Code, Section XI [1]* were used for the

fracture evaluation. ASME Code Section XI versions before the 1984 Code do not contain flaw

evaluation criteria to qualify indications outside of the acceptance standards of IWB 3500. Therefore,

the flaw evaluations reported here have used the latest Section XI evaluation criteria, initially

implemented in the Winter ‘85 Addenda. This addition is clearly later than the 1981 addenda to the

1980 code, to which inspections were performed.

In a nuclear plant of Westinghouse design the primary piping may be forged or cast stainless steel.
The large primary loop fittings are always cast. Both forged and cast products exhibit exceptionally
high toughness when new, but the fracture toughness of cast materials is reduced by thermal aging at
the operating temperature of the primary loop of these plants. The phenomenon of thermal aging has
been successfully addressed in leak-before-break evaluations of the primary loop.

The pump casings are cast stainless steel and thus require a consideration of thermal aging. The cast
stainless steel material of concern here is SA351 CF8, a material which is known to be only slightly
susceptible to degradation due to thermal aging.

Using the material certifications, the appropriate fracture toughness for each of the heats of materials
in the Indian Point Unit 2 pump casings was calculated using the current Nuclear Regulatory
Commission approved criteria for thermal aging. It was found that all the pump casings fabricated
from SA351 CF8 could be assigned the highest toughness values allowed under the thermal aging
toughness criteria, as discussed further in section 6.

The normal operating and faulted design loads for the Model 93 pumps were used in finite element
stress analyses to determine the stresses in the pump casing. The stresses were found to be very low
in the region where the indications were found. The geometry of the pump casing is shown in
Figure 1-1, and the location of the indications is discussed in detail in the following section.

The stress results were used as input into a fracture analysis which concluded that the allowable
flaw size in the Indian Point Unit 2 pump casings is very large, and therefore the indications which
were found in the casing are acceptable without repair.

*Numbers in brackets [ ] indicate references in Section 8.0.
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Figure 1-1. Dimensional Sketches of the Model 93 Pump Casing with Various Parts and Weld Seams

. Identified
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SECTION 2.0
SUMMARY OF INSPECTION RESULTS

Section XI of the ASME Boiler and Pressure Vessel Code requires examination of reactor coolant
pump casing welds as well as pump internal surfaces once during each ten years of plant operation.
Category B-K-1 specifies both volumetric and surface examination of the welded attachments.
Category B-L-1 specifies a volumetric examination of the pump casing weld(s). Category B-L-2
specifies a visual examination of the internal pressure boundary surfaces of the pump casing. One
pump in each group of pumps performing similar functions in the system must be examined during
each ten year interval. Visual and penetrant examinations were performed on the exterior surfaces of
one pump casing.

During penetrant test examinations of the reactor coolant pump foot welds, indications were found
along the weld to pump intersection region. A diagram showing all of the indications is provided in
Figure 2-1. This figure shows the point of reference used to locate the indications during the
examination. It is denoted as the "O Reference." Table 2-1 lists each indication and its measured
length as determined by penetrant testing. This table reflects data supplied by Consolidated Edison on
April 7, 1995 [3] to determine bounding dimensions for the indications. The depths of the flaws were
not obtained from the examinations, so a range of assumed flaw shapes was considered, from semi-
circular (/0 = 0.5) to a/l = 0.167. The semi-circular flaw assumption results in the deepest flaw.
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TABLE 2-1
SUMMARY OF INDICATIONS - PUMP CASING 23, ALONG PUMP FOOT WELD

Indication # PT Length Location*
1 ]a’°'° [ ]a,c,e
2 ]a,c,e [ ]a,c,e
3 Il
]a,c.e
4 e |
]a,c,e

* See Figure 2-1 for illustration of positions of indications.
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a,C,c

Figure 2-1. Indications in the Pump Casing
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SECTION 3.0
TRANSIENT LOADINGS AND STRESS ANALYSIS

3.1 Load Combinations and Design L.oads for Pump Casings

In performing the fracture mechanics analysis, the complete set of design transients for the Indian
Point Unit 2 primary coolant system was used, as shown in Table 3-1. In addition to these transient
loads, the piping loads and forces were imposed on the pump nozzles. Residual stresses were also
considered.

Two different sets of piping loads were examined. First were the generic design normal operating and
faulted loads, given in Table 3-2. From these loads, the design loads for the pump casing were
determined as follows: for normal operating loads, the algebraic sum of the normal forces was the
applied normal operating force. The directional moment loads were combined algebraically to obtain
total directional moment loads. The resultant applied moment was found by taking the square root of
the sum of the squares of the total directional moments as indicated in the table. For faulted loads,
absolute summation was used.

The loads at the pump inlet and pump outlet nozzles were examined for twenty-seven plants to
determine a bounding set of loads. The results are given in Table 3-3 and are judged representative.
The piping loads used for the finite element analyses are given in Table 3-4.

|
32 Finite Element Stress Analysis of the Pump
A detailed finite element model of the Model 93 pump casing was used, and is shown in Figure 3-1.
This model was developed for the Westinghouse Owners Group [2] and includes 3D isoparametric

brick elements (20 nodes) and 3D isoparametric wedge elements (15 nodes).

33 Stress Analysis Results

The Model 93 finite element model was analyzed for normal operating and faulted loads only. Results

are summarized below.

]a,c,e
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‘ Figure 3-1. 3-D Finite Element Model of the Model 93 Pump Casing and Outlet Nozzle [2]
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Figure 3-2 Stress Intensities Viewed from Both the Outlet Nozzle Crotch Side and the Outlet Nozzle
. Outboard Side of the Model 93 Pump for a Pressure of 2275 psi.
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Figure 3-3 Contours for Hoop Stresses for Normal Loads in the 180° Cut of the Model 93 Pump

' Casing Model
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TABLE 3-1
SUMMARY OF PRIMARY COOLANT SYSTEM TRANSIENTS:

‘ INDIAN POINT NUCLEAR PLANT
NUMBER OF OCCURRENCES
NUMBER TRANSIENT IDENTIFICATION
USED IN THE
SPECIFIED ANALYSIS

a,C,C
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TABLE 3-2

DESIGN NOZZLE LOADS FOR THE PUMPS AND LOADS USED IN THE ANALYSES
RESULTING FROM LOAD COMBINATION PROCEDURE

0'e
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TABLE 3-3
LOADS AT THE PUMP INLET AND OUTLET NOZZLE FOR TWENTY-SEVEN PLANTS

PUMP INLET PUMP OUTLET

‘e



Loading Type/
Condition

Design/Normal

Design/Faulted
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TABLE 3-4

SCREENING LOADS USED IN THE FINITE ELEMENT

STRESS ANALYSIS

Pump Inlet Nozzle Pump Outlet Nozzie
Force Moment Force Moment
(kips) (in-kips) (kips) (in-kips)
a,c.e
| _
3-9




SECTION 4.0
THE FRACTURE MECHANICS MODELS AND METHODOLOGY

4.1 Introduction

The stresses in the region of the pump casing where the indications were discovered were found to be
very low, as shown in the previous section. Since these stresses are far below the yield strength of the
material, the driving force for the crack was calculated for elastic conditions, and then converted to the
J-integral by a simple relationship. The driving force was calculated as a function of flaw depth, and
compared with the fracture toughness of the materials to determine the allowable flaw depth.

42 Calculation of Crack Driving Force

The driving force for the crack was calculated for elastic conditions, using the stress intensity factor
developed by Raju and Newman [4] for a surface flaw. This expression utilizes a representation of the
actual stress profile rather than a linearization. This was necessary to provide an accurate
determination of the driving force and allowable flaw depth. The stress profile was represented by a
cubic polynomial:

() = Ag*AT + A, (2 + A, (DY 1)

where x is the coordinate distance into the wall
t = wall thickness
© = stress perpendicular to the plane of the crack
A, = coefficients of the cubic fit

43 Allowable Flaw Size Calculation

Rapid, nonductile failure is possible for ferritic materials at low temperatures, but is not applicable to
stainless steels. In stainless steel materials, the higher ductility leads to two possible modes of failure,
plastic collapse or unstable ductile tearing. The second mechanism can occur when the applied J
integral exceeds the fracture toughness (J), and some stable tearing occurs prior to failure. If this
mode of failure is dominant, the load carrying capacity is less than that predicted by the plastic
collapse mechanism.
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The ASME Code, Section XI, contains evaluation procedures and acceptance criteria for indications in
. stainless steel piping, but no specific requirements are stated for pump casings. |

]a,c,e

The evaluation process begins with a flaw growth analysis and the requirements to consider growth
due to both fatigue and stress corrosion cracking. For pressurized water reactors, only fatigue crack
growth need be considered, as discussed in Section 4.5. The methodology for the fatigue crack growth
analysis is described in detail in Section 5.

The calculated maximum flaw dimensions at the end of the evaluation period are then compared with
the maximum allowable flaw dimensions for both normal operating conditions and emergency and

faulted conditions, to determine acceptability for continued service.

In paragraph IWB 3640 of the ASME Code [1], the allowable flaw sizes have been defined in the
tables based on specified safety margins on the loads at failure. [

]a,c,e

44 The Stability Criteria

For an assumed flaw in the structure of interest, stability of the crack (i.e., the crack does not extend
unimpeded under constant or reduced loading) under the applied loading conditions is of major
concern. The criteria for establishing stability in terms of the fracture toughness values provided in
Section 6.0 are presented below. '

It has been accepted that the initiation toughness measured in terms of J,, from a J-integral resistance
curve is a material parameter defining the crack initiation. If, for a given load, the calculated
J-integral value, J,,, is shown to be less than the J;. of the material, then the crack will not initiate. If
the initiation criterion is not met, one can calculate the tearing modulus by the following relation:

d E
T =0
app

da G?
where:
Ty =  applied tearing modulus
E = modulus of elasticity
C; = 0.5 (o, + ©,) (flow stress)

. a =  crack length

0,,0, = Yyield and ultimate strength of the material, respectively
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Stability exists when ductile tearing occurs, i.e. T, is less than T, the experimentally determined
tearing modulus. However, T, is a function of load (or J) and amount of crack extension. The T,
values presented in Section 6.0 are based on the initial slope of the experimental J-R curve. Thus T,
is applicable only so long as the slope of the initial J-R curve does not change. The J,, values given
in Section 6.0 are conservative estimates of the values of J for which the initial J-R curve slope is
unchanged. Thus, in using the T, of Section 6.0 as a stability criterion, the corresponding J,,, must
be satisfied. Hence the criteria for stability used in this evaluation are as follows:

A crack is stable if either
D T <
or

2) Jgp 2 g, then

Topp < Taow 30d Jop < Ty

4.5 Fracture Evaluation Results

The pump casing was analyzed in the region containing the indications to detcﬁnjne the allowable flaw
depth. [

]a,c,e

4.6 Stress Corrosion Cracking Susceptibility

In evaluating flaws, all mechanisms of subcritical crack growth must be evaluated to ensure that
proper safety margins are maintained during service. Stress corrosion cracking has been observed to
occur in stainless steel in operating BWR piping systems. The discussion presented here is the
technical basis for not considering this mechanism in the present analysis.

]a,c,e
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Figure 4-1. Schematic Representation of Flaw Evaluation Process - Stainless Steel Piping
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SECTION 5.0
FATIGUE CRACK GROWTH

In applying the ASME Code Section XI [1] acceptance criteria, the final flaw size (a,) used in the
criteria is defined as the flaw size to which the detected flaw is calculated to grow at the end of the
design life, or until the next inspection time.

To determine the fatigue crack growth in the pump casing region where the indications were observed,
an analysis was carried out for the actual location of interest. The loadings used included thermal and
deadweight piping loads, pressure and thermal loads, and residual stresses. Thermal aging has been
shown not to affect fatigue crack growth, so the reference crack growth curve was not changed, as wiil
be discussed further in Section 5.3.

5.1 Analysis Methodology

The analysis procedure involves postulating an initial flaw at each specific region and predicting the
growth of that flaw due to an imposed series of loading transients. The input required for a fatigue
crack growth analysis is basically the information necessary to calculate the parameter AK; (range of
stress intensity factor) which depends on the geometry of the crack and its surrounding structure and
the range of applied stresses in the area where the crack exists. Once AK; is calculated, the growth
due to a particular stress cycle can be calculated by equations given in Section 5.3. This increment of
growth is then added to the original crack size, and the analysis proceeds to the next cycle or transient.
The procedure is continued in this manner until all the transients predicted to occur in the period of
evaluation have been analyzed.

The transients considered in the analysis are all the design transients contained in the equipment
specification, as shown in Table 3-1 of Section 3. These transients are distributed equally over the
design life of the plant, with the exception that the preoperational tests are considered first. Faulted
conditions are not considered because their frequency of occurrence is too low to affect fatigue crack
growth.

5.2 Residual Stresses

Since the weld of interest is not normally stress-relieved, residual stresses are assumed to be present.
Although there is significant residual stress variation from one weldment to another, there have been a
large number of measurements made, and these were collected in Reference [5]. For fatigue crack
growth analyses, these stresses were included directly, except in a few instances where the elastically
calculated stresses were significantly above the yield stress. [

]a,c,e
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]a,c,e

53 Stress Intensity Factor Expressions

Stress intensity factors were calculated from methods available in the literature for each of the flaw
types analyzed. The surface flaw with a length-to-depth aspect ratio of 6:1 was analyzed using an
expression developed by McGowan and Raymund [6] where the stress intensity factor K is calculated
from the actual stress profile through the wall at the location of interest.

The maximum and minimum stress profiles corresponding to each transient were represented by a third
order polynomial;

X x? x3
G(x)=Ao+A1—t'+A2?+A3‘t‘3'

where x = distance from inside surface and t = wall thickness

]a,c,e

54 Crack Growth Rate Reference Curves

There is presently no reference fatigue crack growth rate curve in the ASME Code for austenitic
stainless steels. However, a great deal of work has been done recently which supports the
development of such a curve. An extensive study was done by the Metals Property Council working
group on reference fatigue crack growth concerning the crack growth behavior of these steels in air
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environments. Results were published in Reference [7]. A reference curve for stainless steels in air
environments, based on this work, is in the 1988 Addenda of Section XI of the ASME Code [1].

The crack growth rate equation used in the analysis was:

da

— =CFSEAK3¥®
dn
where: C = 242x 10"
F = frequency factor (F = 1.0 for temperatures below 800°F)
S = R ratio correction (S=1.0forR=0;S=1+ 18R forO <R < .8;
and S = 43.35 + 57.97R for R > 0.8) .
E = environmental factor (E = 2.0 for PWR environment, 1.0 for air)

AK

range of stress intensity factor, in psi yin
and R is the ratio of the minimum K| to the maximum K;.

The fatigue crack growth reference law is shown for various values of R in Figure 5-2. The
environmental factor was set at 1.0, since the indications are located at the outside of the pump casing.

55 Crack Growth Results

The analysis was carried out for two different flaw shapes, a semi-circular flaw, with length 2 times
the depth, and a flaw with length 6 times its depth. In both cases, the flaw was assumed to maintain a

constant shape as it grew.
The goal of this work was to determine the sensitivity of the pump casing to the presence of flaws.
The first analysis considered the type of indications which were actually found in the pump casing

(about 2 percent of the thickness). It was found that these indications would not significantly grow in
forty years of operation, regardless of shape. The results are shown in Figures 5-3 and 5-4.

[

]a,c,e
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Figure 5-1. Recommended Axial and Circumferential Residual Stress Distributions for Austenitic
‘ Stainless Steel Pipe Welds [5]
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Figure 5-3. Fatigue Crack Growth Results - Aspect Ratio 2:1 (flaw length is 2 times the depth)

®
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Figure 5-4. Fatigue Crack Growth Results, Aspect Ratio 6:1 (flaw length is 6 times the depth)

‘
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SECTION 6.0
MATERIAL PROPERTIES

6.1 Mechanical Properties for the Analyses

The elastic-plastic fracture mechanics analyses require as input various material properties.
Reference [8] was used to establish these properties. The properties required are those of SA351 CF8
at 550°F for the pump casings.

]a,c,e

6.2 Fracture Toughness

The pump casing is cast stainless steel SA351, type CF8. The welds in the casing were made by the
electro slag weld (ESW) process. The indications were located in the base metal and weld.

The fracture toughness of the cast base metal is very high, even at operating temperatures, where the
1. values are well over 2000 in Ib/in® [9].

6.3 Thermal Aging

Thermal aging at operating temperatures of reactor primary piping can reduce the fracture toughness of
cast stainless steels and, to a lesser degree, stainless steel weldments. The cast stainless steel piping
and elbows of the primary loop are very tough, usually exhibiting J;, values exceeding 2000 in-Ib/in’
and a tearing modulus, T_,, well over 200. The casing material in the Indian Point Unit 2 pumps is
SA351-CF8 cast stainless steel. [

]a,c,e
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TABLE 6-1
MATERIAL PROPERTIES USED IN THE
FRACTURE MECHANICS ANALYSES

Material: SA351 CF8

Property (at 550°F)
Yield Stress (psi) 18663
Tensile Stress (psi) 59300
Poisson’s Ratio 0.3
Modulus of Elasticity (psi) ' 25.92 x 10°
Proportional Limit (psi) 10227
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Figure 6-1. Stress-Strain Curve for SA351 CF8 at 550°F
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SECTION 7.0
RESULTS AND CONCLUSIONS

A detailed stress and fracture evaluation has been completed for the pump casings of Indian Point
Unit 2, to determine the allowable flaw depth for indications which were found along the reactor
coolant pump foot to pump weld during the recent inservice inspection.

The first step in the evaluation process is to determine the amount of subcritical crack growth which
could occur during service. The fatigue crack growth analysis showed that the growth of a flaw in the
region of concern was very small, and the specific values are presented in Section 5.

The final step in the evaluation process was to determine the allowable flaw depth for indications in
the region of concern. The driving force for indications of various depths was compared with the
fracture toughness, after incorporating the appropriate code safety margins. [

]a,c,e

The fatigue crack growth analysis results were integrated with the allowable flaw depth results to
determine the depth of indication which would be acceptable. Table 7-1 shows the indications that
were found at Indian Point Unit 2. This table indicates that the sizes of the indications are well within
acceptable limits. Therefore, operation of Indian Point Unit 2 with these indications is acceptable for
the remaining life of the unit.

Table 7-1
Summary of Results

[ e [ e

Indication | Indication Depth Allowable Depth in. Indication Depth Allowable Depth
in. (a/t) (a/t) in. (a/t) in. (a/t)

1 T T -
T o T P
1 Y R I T -
T o T O R
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