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1.0 SUMMARY AND INTRODUCTION

1.1 Summary

The original structura) design basis for the Kewaunee reactor coolant system
primary loop required that the effects of pipe breaks be considered. However
such breaks have been shown to be highly unlikely on 2 generic basis and the
Nuclear Regulatory Commission has revised criteria which allow exclusion of
dynamic effects from the design basis.

In this report the applicability of the generic evaluations to the Kewaunee
piping system is demonstrated by presenting a fracture mechanics evaluation, a
determination of leak rates from a through-wall crack, a fatigue crack growth
evaluation and an assessment of margins. Major emphasis is on the cast piping
components which are 1imiting. Geometries, loadings and heat chemistries are
summarized. Fracture toughness values are established for each part using the
alternate toughness criteria approach. Fracture mechanics and leak rate
calculations showed that acceptable margins exist between cracks which are
stable and those for which detectable leak rates are demonstrated.

This report demonstrates that the reactor coolant system primary loop pipe
breaks need not be considered in the structural design basis of the Kewaunee
plant, in accordance with the revised General Design Criterion 4.

1.2 Introduction

1.2.1 Purpose

This report applies to the Kewaunee Reactor Coolant System (RCS) primary loop
piping. It is intended to demonstrate that for the specific parameters of the
Kewaunee plant, RCS primary loop pipe breaks need not be considered in the

structural design basis. The approach taken has been accepted by the Nuclear
Regulatory Commission (NRC) (Reference 1).
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1.2.2 Scope

The existing structural design basis for the RCS primary loop requires that
dynamic effects of pipe breaks be evaluated. In addition, protective measures
for the dynamic effects associated with RCS primary loop pipe breaks have been
incorporated in the Kewaunee plant design. '{owever, Westinghouse has
demonstrated on & generic basis that RCS primary loop pipe breaks are highly
unlikely and should not be included in the structural design basis of
Westinghouse plants (see Reference 2). In order to demonstrate this
applicability of the generic evaluations to the Kewaunee plant, Westinghouse
has performed a fracture mechanics evaluation, a determination of leak rates
from a through-wall crack, a fatigue crack growth evaluation, and an
assessment of margins.

1.2.3 Objectives

In order to validate the elimination of RCS primary loop pipe breaks for the
Kewaunee plant, the following objectives must be achieved:

8. Demonstrate that margin exists between the "critical" crack size and a
postulated crack which yields a detectable leak rate.

Demonstrate that there is sufficient margin between the leakage through a
postulated crack and the leak detection capability of the Kewaunee plant.

Demonstrate that fatigue crack growth is negligible.
1.2.4 Background Information

Westinghouse has performed considerable testing and analysis to demonstrate
that RCS primary loop pipe breaks can be eliminated from the structural design
basis of all Westinghouse plants. The concept of eliminating pipe breaks in
the RCS primary loop was first presented to the NRC in 1978 in WCAP-9283
(Reference 3). That Topical Report employed a deterministic fracture
mechanics evaluation and a probabilistic analysis to support the elimination
of RCS primary loop pipe breaks. That approach was then used as a means of
addressing Generic Issue A-2 and Asymmetric LOCA Loads.
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Westinghouse performed additional testing and analysis to justify the
elimination of RCS primary loop pipe breaks. This material was provided to

P

the NRC along with Letter Report NS-EPR-2519 (Reference 4).

The NRC funded research through Lawrence Livermore National Laboratory (LLNL)
to address this same issue using a probabilistic approach. As part of the
LLNL research effort, Westinghouse performed extensive evaluations of specific
plant loads, material properties, transients, and system geometries to
demonstrate that the analysis and testing previously performed by Westinghouse
and the research performed by LLNL applied to all Westinghouse plants
including Kewaunee (References 5 and 6). The results from the LLNL study were
released at a March 28, 1983 ACRS Subcommittee meeting. These studies which
are applicable to all Westinghouse plants east of the Rocky Mountains
determined the mean probability of a direct LOCA (RCS primary loop pipe break)

-10 per reactor year and the mean probability of an indirect LOCA to

be 10~7 per reactor year. Thus, the results previously obtained by

Westinghouse (Reference 3) were confirmed by an independent NRC research study.

Based on the studies by Westinghouse, LLNL, the ACRS, and the AIF, the NRC
completed a safety review of the Westinghouse reports submitted to address
asymmetric blowdown loads that result from a number of discrete break
locations on the PWR primary systems. The NRC Staff evaluation (Reference 1)
concludes that an acceptable technical basis has been provided so that
asymmetric blowdown loads need not be considered for those plants that can
demonstrate the applicability of the modeling and conclusions contained in the
Westinghouse response or can provide an equivalent fracture mechanics
demonstration of the primary coolant loop integrity. In a more formal
recognition of LBB methodology applicability for PWRs, the NRC appropriately
modified 10CFR50, General Design Criterion 4, "Requirements for Protection
Against Dynamic Effects for Postulated Pipe Rupture” (Federal Register/Volume
51, Number 70/April 11, 1986/Rules and Regulations, pp. 12502-1250%).

This report provides a fracture mechanics demonstration of primary loop
integrity for the Kewaunee plant consistent with the NRC position for
exemption from consideration of dynamic effects.




2.0 OPERATION AND STABILITY OF THE REACTOR COOLANT SYSTEM

The Westinghouse reactor coolant system primary loop has an operating history
which demonstrates the inherent stability characteristice of the design. This
includes a low susceptibility to cracking failure from the effects of
corrosion (e.g., intergranular stress corrosion cracking), water hammer, or
fatigue (low and high cycle). This operating history totals over 450
reactor-years, including five plants each having over 16 years of operation
and 15 other plants each with over 11 years of operation.

2.1 Stress Corrosion Cracking

For the Westinghouse plants, there is no history of cracking failure in the
reactor coolant system loop piping. For stress corrosion cracking (SCC) to
occur in piping, the following three conditions must exist simultaneously:
high tensile stresses, a susceptible material, and a corrosive environment
(Reference 7). Since some residual stresses and some degree of material
susceptibility exist in any stainless steel piping, the potential for stress
corrosion is minimized by proper material selection immune to SCC as well as

preventing the occurrence of a corrosive environment. The material

specifications consider compatibility with the system's operating environment
(both internal and external) as well as other materials in the system,
applicable ASME Code rules, fracture toughness, welding, fabrication, and
processing.

The environments known to increase the susceptibility of austenitic stainless
stee] to stress corrosion are (Reference 7): oxygen, fluorides, chlorides,
hydroxides, hydrogen percoxide, and reduced forms of sulfur (e.g., sulfides,
sulfites, and thionates). Strict pipe cleaning standards prior to operation
and careful control of water chemistry during plant operation are used to
prevent the occurrence of a corrosive environment. Prior to being put into
se-vice, the piping is cleaned internally and externally. During flushes and
preoperational testing, water chemistry is controlled in accordance with
written specifications. External cleaning for Class 1 stainless steel piping
includes patch tests to monitor and control chloride and fluoride levels. For




preoperational flushes, influent water chemistry is controlled. Requirements
on chlorides, fluorides, conductivity, and pH are included in the acceptance
criteria for the piping.

During plant operation, the reactor coolant water chemistry is monitored and
maintained within very specific 1imits. Contaminant concentrations are kept
below the thresholds known to be conducive to stress corrosion cracking with
the major water chemistry control standards being included in the plant
operating procedures as a condition for plant operation. For example, during
normal power operation, oxygen concentration in the RCS is expected to be less
than 0.005 ppm by controlling charging flow chemistry and maintaining hydrogen
in the reactor coolant at specified concentrations. Halogen concentrations
are also stringently controlled by maintaining concentrations of chlorides and
fluorides within the specified 1imits. This is assured by controlling
charging flow chemistry and specifying proper wettad surface materials.

2.2 Water Hammer

Overall, there is a low potential for water hammer in the RCS since it is
designed and operated to preclude the voiding condition in normally filled
lines. The reactor coolant system, including piping and primary components,
is designed for normal, upset, emergency, and faulted condition transients.
The design requirements are conservative relative to both the number of
transients and their severity. Relief valve actuation and the associated
hydraulic transients following valve opening are considered in the system
design. Other velve and pump actuations are relatively slow transients with
no significant effect on the system dynamic loads. To ensure dynamic system
stability, reactor coolant parameters are stringently controlled. Temperature
during normal operation is maintained within a narrow range by control rod
position; pressure is controlled by pressurizer heaters and pressurizer spray
also within a narrow range for steady-state conditions. The flow
characteristics of the system remain constant during a fuel cycle because the
only governing parameters, namely system resistance and the reactcr coolant
pump characteristics, are controlled in the design process. Additionally,
westinghouse has instrumented typical reactor coolant systems to verify the
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flow and vibration characteristics of the system. Preoperational testing and
operating experience have verified the Westinghouse approach. The operating
transicsts ¢f the RCS primary piping are such that no significant water hammer
can occur,

2.3 Low Cycle and High Cycle Fatigue

Low cycle fatigue considerations are accounted for in the design of the piping
system through the fatigue usage factor evaluation to show compliance with the
rules of Section 11l of the ASME Code. A further evaluation of the low cycle
fatigue loadings was carried out as part of this study in the form of a
fatigue crack growth analysis, as discusse” in Section 6.

High cycle fatigue loads in the system would result primarily from pump
vibrations. These are minimized by restrictions placed on shaft vibrations
during hot functional testing and operation. During operation, an alarm
signals the exceedance of the vibration limits. Field measurements have been
made on a number of plants during hot functional testing, including plants
similar to Kewaunee. Stresses in the elbow below the reactor coolant pump
have been found to be very small, between 2 and 3 ksi at the highest. These
stresses are well below the fatigue endurance limit for the material and would
also result in an applied stress intensity factor below the threshold for
fatigue crack growth.




3.0 PIPE GEOMETRY AND LOADING

The general analytical approach is discussed first. A segment of the primary
coolant hot leg pipe shown below to be 1imiting in terms of stresses is
sketched in Figure 3-1. This segment is postulated to contain a
circumferential through-wall flaw. The inside diameter and wall thickness of
the pipe are 29.2 and 2.69 inches, respectively. The pipe is subjected to a
normal operating pressure of 2235 psi. Figure 3-2 identifies the loop weld
locaticns. The materia) properties and the loads at these locations resulting
from deadweight, thermal expansion, and Safe Shutdown Earthquake are indicated
in Table 3-1. As seen from this table, the junction of the hot leg and the
reactor vessel outlet nozzle is the worst location for crack stability
analysis based on the highest stress due to combined pressure, dead weight,
thermal expansion, and SSE (Safe Shutdown Earthquake) loadings. At this
location, the axial load (Fx) and the bending moment (Mb) are 1514 kips
(including axial force due to pressure) and 25,683 in-kips, respectively. This
location will be referred to as the load critical location. Howaver, as seen

later, significant degradation of end-of-service life fracture toughnesses due
to thermal aging occurs in several pipe heats and fittings. The highest
stresses and lowest toughness locations for which pipes fittings suffer such

11

degradation will be referred to as toughness critical locations. The

associated heats of material or welds with Tow toughness will be called the
oughness critical materials. As seen in Table 3-1, the toughness critical

locations are 8, 9, and 10 (see Figure 3-2). Location 1 is also a toughness

critical location.

The loads of Table 3-1 are calculated as follows: The axial force F and

transverse bending moments, My and Mz, are chosen for each static load

(pressure, deadweight, and thermal) brsed on elastic-static analyses for each
of these load cases. These pipe load components are combined algebraically to

define the equivalent pipe static loads Fs, M , and Mzs' Based on

ys
elastic SSE response spectra analyses, amplified pipe seismic loads, Fd’
Myd’ Mg are obtained. The maximum pipe loads are obtained by combining
the static and dynamic load components as follows:
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The normal operating loads (i.e., algebraic sum of pressure, deadweight, and
100 percent power thermal expansion loading) at the locations identified in
Figure 3-2 are given in Table 3-2. The loads were determined as described
above,

The calculated and allowable stresses for ASME 111 NB-3600 equation 9F
(faulted i.e., pressure, deadweight, and SSE) and equation 12 (normal
operating thermal stress) at load critical location 1 are as follows:

Calculated Allowable Ratio of
Equation Stress Stress Calculated/
Number ksi ksi Allowable
SF 8.5 50.1 §.17
12 12.02 50.1 0.24

At the other locations, the calculated stresses and ratios are even less.
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®1ncludes internal pressure
bLaad critical location
“Toughness critical locations

3-4

TABLE 3-2

Weld Axial Load

Location Fx gKﬁgsza
10:¢ 1452
2 1452
3 1333
4 1666
5 1669
3 1662
7 1729
g° 1729
g¢ 1792
10° 1426
11 1426
12 1422

NORMAL CONDITION (DEAD WEIGHT + PRESSURE + THERMAL)
LOADS FOR KEWAUNEE

Bending Moment
MI (in-Kips)

25080
6774
12371
2811
2096
1161
4882
9173
12007
4482
3938
3734
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REACTOR
PRESSURE
VESSEL

REACTOR COOLANT PUMP
STEAM GENERATOR

U

d)  CROSSOVER LEG

HOT LEG

Temperature: 599°F; Pressure: 2235 psi
CROSSOVER LEG

Temperature: 536°F; Pressure: 2190 psi
COLD LEG

Temperature: 536°F; Pressure: 2290 psi

Figure 3-2 Schematic Diagram of Kewaunee RCL Showing Weld
Identifications
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4.0 FRACTURE MECHANICS EVALUATION

4,1 Global Failure Mechanism

Determination of the conditions which lead to failure in stainless steel
should be done with plastic fracture methodology because of the large amount
of deformation accomparying fracture. One method for predicting the failure
of ductile material is the plastic instability method, based on traditional
plastic 1imit load concepts, but accounting for strain hardening and taking
into account the presence of a flaw. The flawed pipe is predicted to fail
whan the remaining net section reaches a stress level at which a plastic hinge
is formed. The stress leve! at which this occurs is termed as the flow
stress. The flow stress ‘s generally taken as the average of the yield and
ultimate tensile strength of the material at the temperature of interest.

This mechodology has been shown to be applicable to ductile piping through a
large number of experiments and will be used here to predict the critical flaw
size in the primary coolant piping. The failure criterion has been obtained
by requiring equilibrium of the section containing the flaw (Figure 4-1) when
loads are applied. The detailed development is provided in Appendix A for a
through-wall circumferential flaw in a pipe with internal pressure, axial

force, and imposed bending moments. The 1imit moment for such a pipe is given
by:

] a,c,e

]a,C..



]O,C,‘

The analytical mode! described above accurately accounts for the piping
internal pressure as well as imposed axial force as they affect the limit
moment. Good agreement was found between the analytical predictions and the
experimental results (Reference 8).

4.2 Loca) Failure Mechanism

The local mechanism of failure is primarily dominated by the crack tip
behavior in terms of crack-tip blunting, initiation, extension and finally
crack instability. Depending on the material properties and geometry of the
pipe, flaw size, shape and loading, the local failure mechanisms may or may
not govern the ultimate failure.

The stability will be assumed if the crack does not initiate at all. It has
been accepted that the initiation toughness measured in terms of JIc from a
J-integral resistance curve is a material parameter defining the crack

initiation. If, for a given load, the calculated J-integral value is shown to

be less than the JIc of the material, then the crack will not initiate. If
the initiation criterion is not met, one can calculate the tearing modulus as
defined by the following relation:

A
app da ;"?
f




—
”"n

applied tearing modulus

modulus of elasticity
o¢ * [ ]a.c.e (flow stress)

crack length
[ ]a.c,e

In summary, the local crack stability will be established by the two-step
criteria:

J < JIC
or

4.3 Material Properties

The primary loop piping and fittings material for Kewaunee is SA351-CF8M, a
cast product form. Welds exist as indicated in Figure 3-2.

The tensile and flow properties of the load critical location and the
toughness critical locations are given in Table 3-1.

The pre-service fracture toughness of cast materials in terms of J have been
found to be very high at 600°F. Typical results are given in Figure 4-2 taken
from Reference 9. ch is observed to be over 5000 ﬁn-lbs/inz. However,

cast stainless steels are subject to thermal aging during service. This
thermal aging causes an elevation in the yield strength of the material and 2
degradation of the fracture toughness, the degree of degradation being
proportional to the level of ferrite in the material.

To determine the effects of thermal aging on piping integrity, a detailed
study was carried out in Reference 10. In that report, fracture toughness
results were presented for a material representative of [

 halhlhg Toughness



results were provided for the material in the full se-vice 1ife condition and
these properties are also presented in Figure 4-3 of this report for
information. The JIc value for this material at operating temperature was

approxirately [ 12:€1® and the maximum value? of J

obtained in the tests was in excess of | 12+€1®  The tests
of this material were conducted on small specimens and therefore rather short
crack extensions occurred, (maximum extension 4.3 mm) so it is expected that
higher J values would be sustained for larger specimens, Tmat was [

190540 4 operating temperature. The effects of the aging process on

the end-of-service 1ife fracture toughness is discussed in Appendix B.

End-of-service 1ife toughnesses for the heats are established using the
alternate toughness criteria methodology described in Appendix B, By that
methodology a heat of material is said to be as good as [ 12:€:@ if ¢
can be demonstrated that its end-of-service fracture toughnesses equal or
exceed those of [ 12:C€ 0f the
twenty-three heats examined in Appendix B, nine are below the initial
governing critericn. The lowest toughness occurs in the horizontal run on the
crossover leg in loop A only (locations 7 and 8).

The piping spool pieces which required evaluation using the alternate
toughness criteria are summarized in Table B-2. To select points for the
detailed crlculations, three basic criteria were considered, the minimum
toughness and the maximum faulted loads, for the stability calculations, and
the minimum normal loads for the leak rate calculation. Because of the
thermal aging embrittlement, each run of piping and fittings are evaluated
individually for leak-before-break. In the hot leg, point 1 was a clear
choice having the least toughness material (toughness critical) and highest
faulted loads (load critical). In the crossover leg two points were selected

& An additional supplementary criterion applied here is that J < J

where Jme

max
{ is the maximum value of J obtained from J tests for the

material in question.



for evaluation. Point 8 was selected as the toughness critical location and
point 9 as the load critical location. Finally, in the cold leg two points
were evaluated. Point 11 was selected as the toughness critical location but
loads from point 10, which had somewhat higher lcads, were used at point 11,
For leak rate, the lower normal loads at point 11 were conservatively used.
Results will be reported as point 10 in this report.

The fracture toughness criteria to be used in the fracture mechanics
evaluation, based on the alternate toughness methodology of Appendix B, are
given in Table 4-1. These toughness values are the lowest of all heats
occurring at that location.

Available data on aged stainless steel welds (References 10 and 11) indicate
the J,.  values for the worst case welds are of the same order as the aged

[ ]a,c,o material., However, the slope of the J-R curve is steeper, and
higher J-values have been obtained from fracture tests (in excess of 3000
in-1b/in2). The applied value of ‘he J-integral for a flaw in the weld
regions will be lower than that in the base metal because the yield stress for
the weld materials is much higher at xemperature‘. Therefore, weld regions
are less limiting than the cast material.

It is thus conservative to choose the end-of-service 1ife toughness properties
of [ 12:€+1@ 45 representative of those of the welds. Also, such cast
pipe and fittings having an end-of-service 1ife room temperature Charpy
U-notch energy (KCU) greater than that of [ 12:€1® are also
conservatively assumed to have the properties of [ ]a.c.o.

In the fracture mechanics analyses that follow, the fracture toughness
properties given in Table 4-1 will be used as the criteria against which the
applied fracture toughness values will be compared.

In this report a1l applied J values were conservatively determined by
using base metal strength properties.




4.4 Results of Crack Stability Evaluation

Figure 4-4 shows a plot of the plastic limit moment as a function of through-
wall circumferential flaw length in the hot leg of the main coolant piping
(load critical location 1) . This 1imit moment was calculated for Kewaunee
from data for a pressurized pipe at 2235 psi with an axial force of 1514 kips,
operating at 599°F with ASME Code minimum tensile properties. The maximum
applied bending moment of 25683 in-kips can be plotted on this figure and used
to determine a critical flaw length, which is shown to be [ ]"C’° inches.

In Figures 4-5 through 4-7 plots of the plastic limit moment as a function of
through-wall circumferential flaw length at the toughness critical locations
of the main coolant pipe are given. These 1imit moments were calculated as
above using the appropriate pressure, forces, and dimensions as given either
in Table 3-1 or Figure 3-2 with bending moment as a parameter. The ASME Code
minimum properties at 536°F were used. Critical flaw lengths were determined
as in Figure 4-5 by use of the maximum applied bending moment. The critical
flaw length in Figures 4-5 through 4-7 are all seen to exceed the [ M
inches established for load critical location 1.

For fracture mechanics evaluations the tcughness and load critical locations
were evaluated as follows. In Table 3-1, the outer surface axial stress
(°a) at load critical location 1 (highest loads) is 18.4 ksi. The

remaining stresses due to the internal pressure of 2235 psi are as follows
(see Reference 12):

L (circumferential stress): 11.1 ksi

o, radial stress: O

The von Mises effective stress, Seff (see Reference 13) is given by

+ (o, - 0305

and is 16.0 ksi.
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Thus the effective stress is less than the yield stress and by the Von Mises
plasticity theory yielding does not occur. Also, similar consideration at the
other toughness critical locations confirms that yielding does not occur
there. Hence, linear elastic fracture mechanics is applicable for analyzing
the pipes with hypothesized flaws at the critical locations. The analytical
method used for the local stability evaluation at these locations is
summarized below.

The stress intensity factors corresponding to tension and bending are
expressed, respectively, by (see Reference 14)

Kt *o, Vv T Ft(a)
o~
Kb * o) na Fb(u)

where Ft(°) and Fb(a) are stress intensity calibration factors corresponding

to tension and bending, respectively, a is the half-crack length, o is the
half-crack angle, o4 is the remote uniform tensile stress, and oy is the

remote fiber stress due to pure bending. Data for Ft(°) and Fb(a) are

given in Reference 14. The effect of the yielding near the crack tip can be
incorporated by Irwin's plastic zone correction method (see Reference 15) in which
the half-crack length, a, in these formulas is replaced by the effective crack
length, 2 ¢¢. defined by

Kz
en oy

|

1 |
aeffﬂa#——z ‘
|

\

|

for plane stress plastic corrections, where o s the yield strength of the
material and K is the tota) stress intensity factor due to compbined tensile and
bending loads (i.e., g g Kt + Kb). Finally, the Japp value is determined by
the relation J‘pp = K/E, where E is Young's Modulus.




v
app
crack length as a

in assessin

the local crack stabn
circumferential flaw iength

X " :

locaticn 1 and tou

the critical flaw size has been shown to exceed 7.5 inch
18,C,€

3 J

. ) N

ocations with si1ze exceeding inches, at load critica




—
<X
)
4
<X
-
Las
P
3
s
Lx
o0
s
()
o
O
ia
Lt
(s8]
i
<X
Lot
—4




/— Neoutral Axis




i Ea
) 1-C Cast in] Steel at 600°F
igure 4-2 J vs sa for SA351-CFBM Cast Stainless




b.Cs0

Figure 4-3 J-sa Curves at Different Temperatures for Aged Material
[ 14:€+@ (7500 Hours at 400°C)
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Figure 4-4 “Critical" Flaw Size Prediction Based on Limit Load
Methodology - Hot Leg at Load Critical Location 1
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Figure 4-5
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OD = 36.96 in.
t = 2.88in.
P = 2190 psi
F = 1739 (ine.
cy = 19.5 ksi
oy * 67 ksi
CF - “3-25 ksi
Temp = 536 °F

“Critical” Flaw Size Prediction Based on Limit Load
Methodology = Crossover Leg at Toughness Critical Location B
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Figure 4-6 "Critical" Flaw Size Prediction Based on Limit Load
Methodology - Crossover Leg at Toughness Critical Location S
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Methodology - Cold Leg at Toughness Critical Location 10
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£.0 LEAK RATE PREDICTIONS

5.1 Introduction

Fracture mechanics analysis has shown that postulated through-wall cracks in
the primary loop would remain stable and not cause a gross failure of this
component, 1f such a through-wall crack did exist, it would be desirable to
detect the leakage such that the plant could be brought to a safe shutdown
condition. The purpose of this section is to discuss the method which will be
used to predict the flow through such a postulated crack and present the leak
rate calculation results for through-wall circumferential cracks.

§.2 General Considerations

The flow of hot pressurized water through an opening to a lower back pressure
causes flashing which can result in choking. For long channels where the
ratio of the channel length, L, to hydraulic diameter, DH' (L/Dg
greater than | 18:€+® both [ v’
considered. In this situation the flow can be described as being single-phase
through the channel until the local pressure equals the saturation pressure of
the fluid. At this point, the flow begins to flash and choking occurs.
Pressure losses due to momentum changes will dominate for [  hahed
However, for large L/DH values, friction pressure drop will become important
and must be considered along with the momentum losses due to flashing.

must be

5.3 Calculation Method

The basic method used in the leak rate calculations is the method developec by

[

]G.C,O.

The flow rate through a crack was calculated in the following manner. Figure
8-1 from Reference 16 was used to estimate the critical pressure, Pc, for the
primary loop enthalpy condition and an assumed flow. Once Pc was found for a

given mass flow, the [ j8:C.€



was found from Figure 5-2 taken from Reference 16. For all cases considered,
since [ 128 Therefore, this method will yield

the two-phase pressure drop due to momentum effects as illustrated in Figure
5-3. Now using the assumed flow rate, G, the frictional pressure drop can be
calculated using

b Ppe | PR (5-1)

where the friction factor f is determined using the [ bk
The crack relative roughness, ¢, was obtained from fatigue crack data on
stainless steel samples. The relative roughness value used in these
calculations was | 18+€+® pus,

The frictional pressure drop using Equation 5-1 is then calculated for the
assumed flow and added to the [
12:€:8 to obtain the total pressure drop from the primary system

to the atmosphere. That is, for the primary loop

(5-2)
Absolute Pressure - 14.7 = [ 2@

for a given assumed flow G. If the right-hand side of Equation 5-2 does not
agree with the pressure difference petween the primary loop and the
atmosp'cre, then the procedure is repeated until Equation 5-2 is satisfied to
within an acceptable tolerance and this results in the flow value through the
crack. This calculational procedure has been recommended by [
12:€9® for this type of |
18:€18 caleulation.

5.4 Leak Rate Calculations

Leak rate calculations were made as a function of crack length for all the
critical locations previously identified. The normal operating loads of Table
3-2 were applied in these calculations. The crack opening area was estimated

22




I3

using the method of Reference 14 and the leak rate was calculated using the

l two-phase flow formulation described above. The results are tabulated in
Table 7-1 of Chapter 7 wherein J, values and leak rates are examined in

he Kewaunee plant has an RCS pressure boundary leak detection system which is

consistent with the guidelines of Regulatory Guide 1.45 for detecting leakage

of 1 gom in one hour. For the critical flaw size at load critical location 1
\ in the hot-leg, a factor in excess of 120 exists between the calculated leak

rate and the 1 gpm criteria of Regulatory Guide 1.45.

For the worst toughness critical location (8), the largest stable flaw has a

o

i factor of over 100 above the 1 gpm criteria of Regulatory Guide 1.45. For the

oughness critical locations, the leak rate factors are also large.

O
p=s
- 4
®
.
s
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MASS VELOCITY {ib/{sec){ft?})

STAGNATION ENTHALPY (102 Btu/lb)

Figure 5-1 Analytical Predictions of Critical Flow Rates of Steam-
Water Mixtures
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Figure 5-2 [

LENGTH/DIAMETER RATIO (L/D)

12:“:® pressure Ratio as a Function of L/D
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Figure 5-3 Ildealized Pressure Drop Profile Through a Postulated Crack
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Eiy

* (5.4 » 10'12) K.ff4'4ainchos/cyc10

where K e = K (1-R)0+5

oo Kmin/Kmax

]&.C.Q

a,c,e

where: [ ]a.c.o

The calculated fatigue crack growth for semi-elliptic surface flaws of
circumferential orientation and various depths is summarized in Table 6-1, and

shows that the crack growth is very small, regardless [
1268
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TABLE €-1

FATIGUE CRACK GROWTH AT [ 13:€+© (40 YEARS)

FINAL FLAW (in)

[ ]a.c.o
INITIAL FLAW (in) [ bk [ el Rt
0.292 0.31097 0.30107 0.30698
0.300 0.31849 0.30953 0.31626
0.375 0.39940 0.38948 0.40763
0.425 0.45271 0.4435 0.47421

6-3



Figure 6-1 Typical Cross-Section of |
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CRACK GROWTH RATE, da/dN (MICRO-INCHES/CYCLE)

Figure 6-2 Reference Fatigue Crack Growth Curves for [
ja.c.e
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Figure 6-3 Reference Fatigue Crack Growth Law for [ bbb
in a Water Environment at 600°F
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7.0 ASSESSMENT OF MARGINS

The results of the toughness and leak rate calculations for the four critical
locations examined are summarized in Table 7-1. Margins for these critical
locations are discussed below.

At lcad and toughness critical location 1 a flaw size of 3.5 inches yields a
leak rate of 10 gpm. This is a factor of 10 greater than the leak rate
required by Regulatory Guide 1.45. Twice this flaw size, 7.0 inches, which
will be referred to 2s the critical flaw size, results in a J

( ]b c.o in-1b/in%. This value is less than e (I ]b c, 8%

in- 1b/1n ) for the worst case heat of loops A and B at this location.

At toughness critical location B, the flaw size which results in 10 gpm
leakage is 6.4 inches. Twice this flaw size, 12.8 inches, results in a J
of [ ]b LTS 1b/in2 which is less than the minimum JIc at this
location ([ 12**®in-1b/in?).

app

The critical flaw sizes for the other toughness critical locations, 11.2
inches at location 9 and 13.2 inches at location 10, result in Japp values
very much less than the J;  at these locations, [ 1P+€+@ Lorsus

[ ]b.c.o and [ ]b»C’Q versus [ ]b,c,e in-1b/in2, respectively.

As shown in Section 3.0, a margin of a factor of not less than 4 exists
between calculated stress and ASME Code allowable stresses for normal and
faulted loadings.

In Section 4.4, the "maximum" flaw sizes at load critical location 1 and the
toughness critical locations are calculated using the 1imit load method and
shown to be at least [ ]b €+ inches. Thus, based on the above, the
"maximum" flaw sizes at these locations will, of course, exceed the stable
crack lengths at their respective locations.
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In summary, relative

J... values for Kewaunee are enveloped by the J values
Wy

established from testing of highly aged material.

Margins at the critical location of at least 4 on faulted and thermal
loadings ex13t relative to ASME Code allowable values.

law Size

Margins of [ JP1€18 o greater on flaw size exist for stable flaw

1

sizes with flow rates well in excess of a leak rate of 1 gal/min,

If 1imit load is used as the basis for critical flaw size, the margin
for global stability well exceeds that based upon fracture mechanics.

Leak Rate

14
1
|

locations, a margin in excess of 50 for the 1 gpm criterion of

latory Guide 1.45 exists for the flaw sizes which result in a Ja"p
D




SUMMARY OF J. _ AND LEAK RATE RESULTS
CTION OF CRACK LENGTH

a
AS A FUNCTION Of
AT THE FOUR CRITICAL LOCATIONS

Crack
Locatien Length
(Loops) (Inch)

6.6

J values have units of in-]b/ﬁﬁd.

Location 1 is the load critical location, the remaining locations are
toughness critical locations.

Values are lowest of all heats in indicated coolant loops.
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8.0 CONCLUSIONS

This report justifies the elimination of evaluation of dynamic effects of RCS
primary loop pipe breaks for the Kewaunee plant as follows:

a. Stress corrosion cracking is precluded by use of fracture resistant
materials in the piping system and controls on reactor coolant
chemistry, temperature, pressure, and flow during normal operation.

b. Water hammer should not occur in the RCS piping because of system
design, testing, and operational considerations.

c. The effects of low and high cycle fatigue on the integrity of the
primary piping are negligible.

d. Adequate margins exist for ASME code allowable faulted and thermal
loads.

e. Adequate margin exists between the leak rate of small stable flaws and
the criterion of Reg. Guide 1.45.

f. Ample margin exists between the small stable flaw sizes of item e and
larger stable flaws.

g. Ample margin exists in the material properties used to demonstrate
end-of-service 1ife (relative to aging) stability of the critical
flaws.

For each critical location a flaw is identified (see Table 7-1) that will be
stable throughout reactor life because of the ample margins ine, f, and g
above and will leak at a detectable rate which will assure 2 safe plant
shutdown.

Based on the above, it is concluded that dynamic effects of RCS primary loop
pipe breaks need not be considered in the structural design basis of the
Kewaunee plant.
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Figure A-1 Pipe with a Through-Wall Crack in Bending




APPENDIX B

ALTERNATE TOUGHNESS CRITERIA FOR THE
KEWAUNEE CAST PRIMARY LOOP COMPONENTS

B.1 INTRODUCTION

Not a1l of the individual cast piping components of the Kewaunee primary loop
\8,C,8
4

piping satisfy the original [ criteria (Reference 10). In this
appendix, the alternate toughness criteria for thermally aged cast stainless
stee] developed in Reference 21 will be used to categorize the various
individual cast piping components thus establishing criteria based upon which
the mechanistic pipe break evaluation may be performed. Reference 21 has been
reviewed by the NRC wherein the NRC concluded that Reference 21 may be
utilized for establishing the fracture criteria for thermally aged cast
stainless piping applicable for the leak-before-break analyses (Reference
22). First the chemistry and calculated room temperature charpy U-notch
energy (KCU), values are given followed by an identification of each of the
heats of material with a specific loop and location. The criteria for the
various individual loop components are tabulated.

B.2 CHEMISTRY AND KCU TOUGHNESS

The correlation of Reference 11 which is based on the chemistry of the cast
stainless steel piping was used to calculate the associated KCU value. The
chemistry and end-of-service 1ife KCU toughness values are given in Table

B-1. Of the twenty-three heats of cast stainless steel, nine fail to meet the

}a.c,e

current | criteria. These heats occur in the fittings and pipe

of the hot, cold and crossover legs in each of the two reactor Toops.
B.3 THE AS-BUILT KEWAUNEE LOOPS
Kewaunee is a two-loop Westinghouse type pressurized water reactor plant. A

typical two-loop primary system is sketched in Figure B-1. The two loops are
identified as Loops A and B. Sketches for associating piping component with




locations and loop are given in Figures B-2 through B-4,
] components are identified by heat numbers.

18,C,0 , :
less than that of [ ]727*F are identified

B.4 ALTERNATE TOUGHNESS CRITERIA FOR THE KEWAUNEE CAST
PRIMARY LOOP MATERIAL ON A COMPONENT-BY-COMPONENT BASIS

The alternate toughness criteria for the Kewaunee cast primary loop material
may be obtained by applying the methodology of Reference 21 to Table B-1.
First, it is observed that fourteen of the twenty-three heats fall into

[ ]a,c,e. The remaining heats

Category 1, i.e., they are as tough as
fall into Category 2 with one in Category 3. The toughness criteria for al)
twenty-three heats are given in Table B-2. Typical toughness calculations

using the methodology of Reference 21 are given below.

8,c,e

the lowest calculated
a,c,e

Loop A crossover leg Heat No. [ has

end-of-service 1ife KCU at room temperature of [ daJ/:mz which

falls below that of [ ]e,z,e. The é-ferrite content is

; 14,C,e

4

s

By Reference 21, the [

for full-embrittlement




e

Since the end-of-service 1ife KCU value is less than the full-embrittiement

\ ¢ 8,c,@
KCU value, Heat No. | J is a Category 3 m ia

1

in Reference 21 and the and-of-service life fracture [
12:€+€  These results are
iven in Table B-2 for Category 3.
An example calculation for a Category 2 heat is given below. Similar

calculations for the remaining seven Category 2 heats were made.

& 4 . \ . : 18,C,8 i
he example calculation will be made for Heat [ ] . The ferrite

content is [ Ui

daJ/an

. 22 4 2l il
and the end-of-service 1ife KCU is | ] :

Since the end-of-service 1ife KCU exceeds the

fully aged KCU, the heat falls into Category 2. Thus:







—

B-1
~

e

rder as Tabl

~
Q

me




Steam Generator

Reactor Vessel

Figure B-1 Typical Layout of the Primary Loops for a Westinghouse

Two-Loop Plant Without Isolation Valves
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Figure B-3 Identification of Heats with Location for Hot Leg




Figure B-4 Identification of Heats with Location for Crossover Leg




