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SECTION 1
INTRODUCTION

This flaw* evaluation handbook, has been designed for the evaluation of
indications which may be discovered during inservice inspection of the Joseph
Farley Unit 1 and Unit 2 reactor vesse's, The tables and charts provided
herein allow the evaluation of any indication discovered in the regions listed
below without further fracture mechanics calculations. The fracture analysis
work has been done in advance, and is documented in this report. Use of the
handbook will allow the acceptability of much larger indications than would be
allowable by only using the standards tables of the ASME Code, Section XI

(1]. This report provides the background and technical basis for the
handbook, as wel)l as the handbook charts themselves.

The handbook has been developed for the following locations in the Joseph
Farley Units 1 and 2 reactor vessels:

Beltline (core region) (Fig. 1-1)

Inlet nozzle to shell weld (Fig. 1-3)

Outlet nozzle to shell weld (Fig. 1-4)

Lower head ring to lower shell weld (Fig. 1-2)

0O O o o

The geometry of each of these regions fs shown in figures 1-1 through 1-4.

The highlight of the handbock is the design of a series of flaw evaluation
charts for both surface flaws and the embedded flaws. Since the characteris-
tics of the two types of flaws are different, the evaluation charts designed
for each are distinctively different in style. One section of this technical
basis document deals with surface flaws at various locations, and another
section concentrates on the evaluation of embedded flaws.

¥ The Use of the term "flaw" in this document should be taken to be synonymous
with the term "indication" as used in Section XI of the ASME Code.
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The flaw evaluation charts were designed based on the Section XI code criteria
of acceptance for continued service without repair. Through use of the
charts, a flaw can be evaluated instantaneously, and no follow-up hand calcu-
lation is required. Most important of all, no fracture mechanics knowledge is
needed by the user of the handbook charts.

It is important to note that indications which are large enough that they
exceed the standards limits, and must be evaluated by fracture mechanics, will
also require additional inservice inspection in the future, as discussed in
Section XI, paragraph IWB-2420.

1.1 CODE ACCEPTANCE CRITERIA

There are two alternative sets of flaw acceptance criteria for continued
service without repair in paragraph IWB-3600 of ASME Code Section XI [1].
Either of the criteria below may be used, at the convenience of the user.

1. Acceptance Criteria Based on Flaw Size (IWB-3611)
2. Acceptance Criteria Based on Stress Intensity Factor (IWB-3612)

Both criteria are comparable in accuracy for thick sections, and the
acceptance criteria (2) have been assessed by past experience to be less
restrictive for thin sections, and for outside surface flaws in many cases.
In all cases, the most beneficial criteria have been used and only one
calculation has been made. The criteria actually used for each region are
listed in Table 1-1.

Since the fracture mechanics results for surface flaws have been presented in
terms of critical flaw size, it is more straight forward to construct the
surface flaw evaluation charts by using criteria (1) in this handbook. This
has been done for inside surface flaws in all cases except the safe end
region, where criteria (2) are more beneficial because of the small section
thickness. All of the embedded flaw and most outside surface flaw evaluation
charts in this handbook were constructed using acceptance criteria (2), ‘ar
ease of use, as well as to obtain the maximum benefit, since these criteria
will generally be less restrictive for embedded flaws.

20924/040888 10 1-2




1.1.1 CRITERIA BASED ON FLAW SIZE
The code acceptance criteria stated in IWB-3611 of Section XI are:

as < e, For Normal Conditions
(Upset & Test Conditions Inclusive)

and a < 5 a, For Faulted Conditions
(Emergency Condition Inclusive)
where .

a¢ = The maximum size to which the detected flaw
is calculated to grow at the end of a specified
period, or until the next inspection time.

a. = The minimum critical flaw size under normal
operating conditions (upset and test conditions
inclusive)

a; = The minimum critical flaw size for initiation

of nonarresting growth under postulated faulted
conditions. (emergency conditions inclusive)

To determine whether a surface flaw is acceptable for continued service
without repair, both criteria must be met simultaneously. However, both
criteria have been considered in advance before the charts were constructed.
Only the most restrictive results were used in these charts,

1.1.2 CRITERIA BASED ON STRESS INTENSITY FACTOR
As mentioned in the preceeding paragraphs, the criteria used for the

evaluation of embedded flaws, including most outside surface flaws and those
in the nozzle safe-end regions are from IWB-3612 of Section XI.

28924040888 '0 1 - 3



The term stress intensity factor (KI) is defined as the driving force on a
crack. It is a function of the size of the crack and the applied stresses, as
well as the overall geometry of the structure. In contrast, the fracture
toughness (Kla’ ch) is a measure of the resistance of the material to
propagation of a crack. It is a material property, and a function of
temperature.

The criteria are:

K
2 For normal conditions {upset & test conditions inclusive)

R =
L= v 10
KIc ‘
KI Ry For faulted conditions (emergency conditions inclusive)
v 2
where
KI = The maximum applied stress intensity factor for the flaw
size ag to which a detected flaw will grow, during the
conditions under consideration, for a specified period, or to
the next inspection.
Kla = Fracture toughness based on crack arrest for the
corresponding crack tip temperature.
ch = Fracture toughness based on fracture initiation for the

corresponding crack tip temperature.

To determine whether a surface flaw is acceptable for continued service
without repair, both criteria must be met simultaneously. However, both
criteria have been considered in advance before the charts were constructed.
Only the most restrictive results were used in the charts,

1890 040088 ' 0 1 - 4



1.1.3 PRIMARY STRESS LIMITS

In addition to satisfying the fracture criteria, it is required that the
primary stress limits of the ASME Code Section III, paragraph NB-3000 be
satisfied. A local area reduction of the pressure retaining membrane must be
used, equal to the area of the indication, and the stresses increased to
reflect the smaller cross section. A1l the flaw acceptance tables provided in
this handbook have included this consideration, as demonstrated herein. The
allowable flaw depths determined using this criterion have been summarized in
fable 1-2 for each of the locations for which handbook charts have been
constructed.

1.2 GEOMETRY

The geometry of the reactor vessel is shown in Figures 1-1 through 1-4. The
cladding on the inside of the vessel has been neglected in the stress
analysis. It has been accounted for in the thermal analysis by adjusting the
film coefficient for the conditions analyzed. The outside surfaces have been
assumed to be insulated. The notation used for both surface and embedded
flaws in this work is illustrated in Figure 1-5.

1.3 SCOPE OF THIS WORK

The fracture and fatigue crack growth evaluations carried out to develop the
handbook charts have employed the recommended procedures and material
properties for low alloy steels, as contained in Section XI, Appendix A.
Therefore, the charts apply strictly to those materials.

28924040888 10




TABLE 1-1

SUMMARY OF CRITERIA USED IN PREPARATION OF HANDBOOK CHARTS

INSIDE SURFACE  OUTSIDE SURFACE  EMBEDDED

REGION FLAW CHARTS FLAW CHARTS FLAWS
Beltline 1 2 2
Inlet Nozzle to Shell Weld 1 2 2
Outlet Nozzle to Shell Weld 1 2 2
Lower Head Ring to Shell Weld 1 2 2

KEY: 1 Criteria on Flaw Size (IWB-3611)
2 Criteria on Kx (IWB-3612)
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TABLE 1-2

SUMMARY OF ALLOWABLE FLAW DEPTHS
BASED ON PRIMARY STRESS LIMIT CRITERIA

ALLOWABLE DEPTH ALLOWABLE DEPTH
OF FLAW, a/t OF FLAW, a/t
REGION (longitudinal) (circumferential)
Beltline 0.49 0.54
Inlet Nozzle to Shell Weld 0.51 0.63
Outlet Nozzle to Shell Weld 0.58 0.65
Lower Head Ring to Shell Weld 0.41 0.96

NOTE: Allowable depths indicated are relative to the inside surface.
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FLANGE TO
SHELL WELD

MIDDLE-TO-UPPER
CIRCUMFERENTIAL
WELD

LOWER-TO-MIDDLE
CIRCUMFERENTIAL
WELD

100.66"

LOWER HEAD RING TO
LOWER SHELL WELD

LOWER HEAD RING TO
LOWER HEAD WELD

S.00"

NOTE: THICKNESSES DO NOT INCLUDE
INSIDE CLADDING

7.88"

044-A-25004- | A

Figure 1-1. Reactor Vessel Yelds
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- B8.03

(BASE METAL)
jt———— 79, 53R _
(BASE METAL)

LOWER HEAD RING
TO LOWER HEAD WELD

LOWER HEAD RING 79.25R
TO LOWER SHELL WELD (BASE METAL)
5,00

BELTLINE AND _OWER HEAD REGIONS

NOTES: |. DIMENSIONS DO NOT INCLUDE CLADDING
2. ALL DIMENSIONS ARE IN INCHES

044-A-25004-3

Figure 1-2. Beltline and Lower Head Region (dimensions in inches)




SIDE VIEW TOP VIEW

0.156 MIN.
CLADDING 165.85 10.

9.12

\ NOZZLE TO

SHELL WELD

0.25
CLADDING
38.48 L

27 .47 —o-

fe——33.07 -
e 85,8 |
|

I

NOTES:
| . DIMENSIONS DO NOT INCLUDE CLAD
2. ALL DIMENSIONS ARE IN INCHES

044-A-25004-4

Figure 1-3, Reactor Vessel Inlet Nozzle
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77.75 TO
VESSEL G INNER RADIUS

(CORNER)
0.156 MIN.
CLADDING ‘///F- 3.25

a— 0,25 CLAD
44 .53 (TYP)

} Sslu 'J:_ "_28'|97__"
i | ;
L-————-ss?so -———-J

fe—————— 51, 00—

NOZZLE TO
VESSEL WELD

NOTES:
|. DIMENSIONS DO NOT INCLUDE CLAD
2. ALL DIMENSIONS ARE IN INCHES

044-A-25004-2A

Figure 1-4, Longitudinal Cross Section of Outlet Nozzle to Vessel
. Juncture Region (Side View Only)
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2t-1

Figure 1-5. Typical Notation for Surface and Embedded Flaw Indications

Wall Thickness tJ Wall Thickness t

b

TYPICAL SURFACE FLAW INDICATION TYPICAL EMBEDED FLAW INDICATION
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SECTION 2

LOAD CONDITIONS, FRACTURE ANALYSIS METHODS AND MATERIAL PROPERTIES

2.1 TRANSIENTS FOR THE REACTOR VESSEL

The design transients for the Joseph Farley Units 1 and 2 reactrr vessels are |
listed in Table 2-1. Both the minimum critical flaw sizes, such as a_ under ;
normal operating conditions, or P under faulted conditions for criteria (1) |
of IWB-3611, and the stress intensity factors, KI, for criteria (2) of

IWB-3612 are a function of the stresses at the cross-section where the flaw of

interest is located, along with the material properties. Therefore, the first

stop for the evaluation of a flaw indication is to determine the appropriate

limiting load conditions for the location of interest.

The selection of the most limiting transient for normal/upset/test conditions
was straicitforward. The transient with the highest surface stress in the
area where the flaw was postulated was chosen as the worst case. Note that
this can result in a different 1imiting transient for an inside flaw as
opposed to an outside flaw, as may be seen in the detailed treatments of the
individual locations. The governing transient for each region is listed in
the tables of Appendix B where the critical flaw depths are provided. The
transients listed in these tables are the governing ones for the region
-yalved, regardless of the criterion used to construct the flaw evaluation
charts, [either the criteria on flaw size (Section 1.1.1) or on applied KI
(Section 1.1.2)). The selection of the most 1imiting emergency and faulted
condition transient is discussed in Section 4.

2.2 STRESS INTENSITY FACTOR CALCULATIONS

One of the key elements of the critical flaw size calculations is the
determination of the driving force or stress intensity factor (KI). This

was done for each of the regions using exnraccions available from the
literature. In all cases the stress intensity factor for the critical flaw
size calculations utilized a representation of the actual stress profile
rather than a linearization. This was necessary to provide the most accurate
determination possible of the critical flaw size, and is particularly

2092y 40888 ' C 2.1




important for consideration of emergency and faulted conditions, where the
stress profile is generally nonlinear and often very steep., The stress
profile was represented by a cubic polynomial:

2 3
o(x) = Ay + AL F+ Ay (F) *+ Ay (3 (2-1)

where x is the coordinate distance into the wall
t = wall thickness
o = stress perpendicular to the plane of the crack

A. = coefficients of the cubic fit

i

For the surface flaw with length six times its depth, the stress intensity
factor expression of McGowan and Raymund (2] was used. The stress intensity
factor KI (¢) can be calculated anywhere along the crack front. The point
of maximum crack depth is represented by ¢ = 0. The following expression is
used for calcuiating KI (9), where ¢ is the angular location around the
crack.,

0.5 2 2 ,  1/4

Ky(o) = (3] (cos®s + 52 sinfs)  (Aghg + £ 4 A H

(2-2)

s i
H

"N‘.N
>
n
x
o~
*
41
ol

The magnification factors ole), Hy(e), Hy(¢) and Hy(e) are
obtained by the procedure out'ined in Reference [2].

The stress intensity factor calculation for a semi-circular surface flaw,
(aspect ratio 2:1) was carried out using the expressions developed by Raju and
Newman [3). Their expression utilizes the same cubic representation of the
stress profile and gives precisely the same result as the expression of
McGowan and Raymund for the 6:1 aspect ratio flaw, and the form of the
equation is similar to that of McGowar and Raymund above.
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The stress intensity factor expression used for a continuous surface flaw was
that developed by Buchalet and Bamford [4). Anain the stress profile is
represented as a cubic polynomial, as shown abova, and these coefficients as
well as the mannification factors are combined in the expression for KI

2
- 2a a 4 3 a3y

where Fl’ FZ‘ F3, F4 are magnification factors, available in [6].

Trhe stress intensity factor calculation for an embedded flaw was taken from
work by Shah and Kobayashi [5] which is applicable to an embedded flaw in an
infinite medium, subjected to an arbitrary stress profile. This expression
has been shown to bDe applicable to embedded flaws in a thick-walled pressure
vessel in a paper by Lee and Bamford [6].

2.3 FRACTURE TOUGHNESS

The other key element in the determination of critical flaw sizes is the
fracture toughness of the material. The fracture toughness has been taken
directly from the reference curves of appendix A, section XI. In the
transition temperature region, these curves can be represented by the
following equations:

Kie ® 33.2 + 2.806 exp. [0.02 (T'RTND* + 100°F)) (2-4)

1

Kia * 26.8 + 1,233 exp. (0.0145 (T-RTyqr + 160°F)) (2-5)

where KIc and KIa are in ksiv in,

The upper shelf temperature regime requires utilization of a shelf toughness
which is not specified in the ASME Code. A value of 200 ksiv in has

been used here in all the regions. This value is consistent with genera!l
practice in such evaluations, as shown for example in reference (7], which
provides the background and technical basis of Appendix A of Section XI,
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The other key element in the determination of the fracture toughness is the
value of RTNDT’ which is a parameter determinec from Charpy V-notch and
drop-weight tests. The material chemistry and initial RTNDT values for all
the welds, plates and forgings in the Joseph Farley Units 1 and 2 reactor
vessels are provided in Tab" , 2-2 and 2-3. The core region materials are
identified in Figures 2-1 and 2-2 for Units 1 and 2 respectively. This
information was determined from the vendors material certification reports,
surveillance capsule tests, and weld chemistry studies by Westinghouse, EPRI,
and others. Wwhen no information on the chemistry or RTNDT was available,
conservative assumptions wure made, and these cases are clearly marked in the
tables. The limiting material properties from both the Unit 1 and Unit 2
vessels were used in the analyses here, taken from references & and 9. This
has very little impact on the results, however, as the properties are similar
in both units, and differences in allowable flaw size are not significant,

2.4 [IRRADIATION EFFECTS

NeLton irradiation has been shown to produce embrittlement which reduces the
toughness properties of reactor vesse! steels. The decrease in the toughness
properties can be assessed by determining the shift to higher temperatures of
the reference nil-auctility transition temperature, RTNDT' Because the
chemistry (especially pper and nickel content) of reactor vessel steel has
been identified as a major contributor to radiation embrittlement, trend
curves have been developed to relate the magnitude of the shift to RTNDT to
the amount of neutron fiuence. The reference fracture toughness curve,
indexed %o RTNDT' will shift aiong the temperature scale with a value equal
to the increase in the RTNDT for given levels of irradiation

Based on the initial RTNDT value and the material chemistry ot "% limiting
core region materials, the post ‘rradiation RTNDT values are de' ¢ rined from
the trend curves. These final NDT values are subsequently used iv
calculate ch and Kla as a function of the fractional depth through the
wall, Irradiation effects were accounted for in all regions analyzed, but
only had a significant impact on the properties in the beltline region.
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The extent of the shift in RTNDT is enhanced by certain chemical elements
(such as copper, nickel and phosphorus) present in reactor vesse! steels.
Westinghouse, other NSSS vendors, the U.S. Nuclear Regulatory Commission and
others have developed trend curves for predicting adjustment of RTNDT as a
function of fluence and copper, nickel and/or phosphorus content. The Nuclear
Regulatory Commission (NRC) trend curve is published in Regulatory Guide

1,99, FRegulatory Guide 1.39 was originally published in July 1975 with a
Revision 1 being issued in April 1977. Currently, a Revision 2 [10] to
Regulatory Guide 1.99 has been finalized by the NRC and is in the final stages
of printing. The chemistry factor, “CF" (°F), a function of copper and nicke!
content identified in Regulatory Guide 1.89, Revision 2 is given in Table 2-4
for welds and Table 2-5 for base metal (plates and forgings). I'nterpolation
is permitted. The value, “f", is the calculated value of the neutron fluence
at the location of interest in the vessel at the location of the postulated
defect, n/cm2 (E > 1 MeV) divided by 1019. The fluence factor is

determined from Figure 2-3.

The Adjusted Reference Temparature (ART) based on the methods of Reg. Guide
1,99 Revision 2 (Draft) can be compactly described by the sequence of
equations listed below:

ART = Initial ETNDT + ARTNDT + Margin (2-6)
ARTNDT H [ARTNDTSURFACE][EXP(‘0.067X)] (2-7)

X = Depth into vessel wall from inner (wetted) surface
(1/4T and 3/47) (2-8)

ARTNDTSURFACE = [CFlg (0,28 - 0.10 LOG F) (2-9)

F = Neutron fluence divided by 1 (2-10)

CF = Chemistry factor from tables* (if no dita use 0.35% Cu
and 1.0% Ni) (2-11)

*See tables 2-4 and 2-5.
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MARGIN = 2 [o,% + 0,213 (2-12)

&
op * Mean value of initial RTNDT‘ if initial RTNDT measured,

o * 0, otherwise o obtained from set of data to get

initial RTNDT (2-13)

o, * Standard deviation of initial RTNDT (2-14)
28°F for welds
17°F for base metal

[oA need not exceed 1/2 times RTNDT surface)
2.5 CRITICAL FLAW SIZE DETERMINATION

The applied stress intensity factor (KI) and the material fracture toughness
values (Kla and ch) can be used to determine the critical flaw size

values used to construct the handbook charts. For normal, upset and test
conditions, the critical flaw size 3. is determined as the cepth at wnhich
the applied stress intensity factor KI exceeds the arrest fracture toughness
o

For emergency and faulted conditions the minimum flaw size for crack initia-
tion is obtained from the first intersection of the applied stress intensity
factor (KI) curve with the static fracture toughness (ch) curve.

Intersection of the KI curve with the crack arrest toughness (Kla) curve
determines the crack arrest zize. The critical flaw depth for emergency and
faulted conditions (‘1) as defined earlier, is the minimum flaw depth for
initiation of non-arresting growth. Non-arresting growth is defined as growth
which arrests at a depth greater than 75 percent of the wall depth. An
erimpie of this type of calculation is shown in Figure 2-4. The critical flaw
depth is determined at point A in this figure.
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TABLE 2-1 SUMMARY OF REACTOR VESSEL TRANSIENTS

- NUMBER OF OCCURRENCES
USED IN THE
NUMBER TRANSIENT IDENTIFICATION SPECIFIED  ANALYSIS
Normal Conditions
1 Heatup and Cooldown at 100°F/hr
(pressurizer cooldown 200°F/hr) 200 200
2 Load Follow Cycles
(Unit loading and unloading at
5% of full power/min) 18300* 18300
3 Step load increase and decrease of
10% of full power 2000 2000
4 Large step load decrease, with steam
dump 200 200
5 Steady state fluctuations Infinite 106
Upset Conditions
) Loss of load, without immediate turbine 80 80
or reactor trip
7 Loss of power (blackout with natural
circulation in the Reactor Coolant System 40 40
8 Loss of flow (partial loss of flow, one
pump only) 80 80
9 Reactor trip from full power 400 400
10 Inadvertent Auxiliary Spray 10 10
Faulted Conditions
11 Large Loss of Coolant Accident (LOCA) 1 1
12 Large Steam Line Break (LSB) (other
transients described in section 4) 1 1
13 Safe Shutdown Earthquake 1 1

¥FTR7s number is 29,000 for Farley Unit 1, and 18,300 for Farley Unit 2.
18,3C0 cycles were used in the analysis.
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TABLE 2-1 SUMMARY OF REACTOR VESSEL TRANSIENTS (cont.)

NUMBER OF OCCURRENCES
NUMBER TRANSIENT IDENTIFICATION SPECIFIED H:iEYé?STHE
Test Londitions
14 Turbine roll test 10 10
15 Primary Side Hydrostatic test conditions 50 50
16 Cold Hydrestatic test @ 3105 psig 5 5
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TABLE 2-2
CHEMISTRY AND PROPERTIES OF JOSEPH FARLEY UNIT 1 REACTOR VESSEL MATERIALS

Material Cu P Ni ot Ryor """’;d?“" "‘"(’2’)'
Component _f~deNo. Type (%) (%) (%) (°F) (°F) NMWD MKO
Closure head dome B6901 A533,8,C1.1 0.16 0.009 0.50 -30 -20[a) = 140
Closure head segment B6902-1 A533,B,C1.1 0.17 0.007 0.52 -20 -20[a] - 138
Closure head flange B6915-1 AS08, (1.2 0.10 0.012 0.64 60[a) 60[a] - 75[a)
Vessel flange B6913-1 AS08, C1.2 0.17 0.011 0.69 60[a] 60[a] - 106(a]
Inlet nozzle B6917-1 AS08, C1.2 - 0.010 0.83 60[a] 60[a] 110 -
Inlet nozzle B6917-2 AS08, (1.2 - 0.008 0.80 60{a]) 60[a] 80 -
Inlet nozzle B6917-3 AS08, Cl1.2 - 0.008 0.87 60[a] 60[a] 98 s
Outlet nozzle B5916-1 AS08, C1.2 - 0.007 0.77 60[a) 60[a]) 96.5 -
Outlet nozzle B6916-2 AS08, (1.2 - 6.011 0.78 60[a) 60[a] 97.5 -
Outlet nozzle B6916-3 AS08, C1.2 - 0.009 0.78 60[a] 60[a] 100 -
Upper shell B6914-1 AS08, (1.2 - 0.010 0.68 30 30[{a] - 148
Inter. shell B6903-2 A533,8,C1.1 0.13 0.011 0.60 0 0 97 151.5
. Inter. shell B6903-3 A533,B,C1.1 0.12 0.014 0.56 10 19 100 134.5
& Lower shell B6919-1 A533,B,C1.1 0.14 0.015 0.5 -20 15 90.5 133
Lower shell B6919-2 A533,C,C1.1 0.14 0.015 0.5 -10 5 97 134
Bottom head ring B6912-1 AS08, C1.2 - 0.010 0.72 10 10[a] - 163.5
Bottom head segment B6906-1 A533,B,.C1.1 0.15 0.011 0.%2 -30 -30[a]) - 147
Bottom head dome B6907-1 A533,8,C1.1 0.17 0.014 0.60 -30 -30[a] - 143.5
Inter. shell long. M1.33 Sub Arc Weld 0.25 0.017 0.21 Ofa) 0[a) - -
weld seam
Inter. to lower G1.18 Sub Arc Weld 0.22 0.011 <0.20{b] Ofa]) 0la]) - -
shell weld seams
Lower shell long. 61.18 Sub Arc Weld 0.17 0.022 <0.20[b] Ofa] Ofal - -
weld seams

[a] Estimate per NUREG-08C0O "USNRC Standard Review Plan® Branch Technical Position MTEB 5-2. [11]
[b] Estimated (low nickel weld wire used in fabricating vessel weld seams).

[c] Major working direction.

[d] Normal to major working direclion.
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Cuomponent

CL. HD. Dome
CL. HD. Flange
Vessel Flange
Inlet Noz.
Inlet Noz.
Inlet Noz.
Outlet Noz.
Outlet Noz.
Outlet Noz.
Upper Shell
Inter Shell
Inter Shell
Lower Shell
Lower Shell
Bottom Head Ring
Bottom Head Dome
Inter. Shell
Long Seams
Inter Shell

to Lower Shell
Lower Shell
Long Seams

TABLE 2-3

CHEMISTRY AND PROPERTIES OF JGSEPH FAZLEY UNIT 2 REACTOR VESSEL MATERIALS

Code No.

87215-1
B7207-1
B7206-1
B7218-2
87218-1
B7218-3
B7217-1
B7217-.
B7217-3
B7216-1
B7203-1
B7212-1
B7210-1
B7210-2
B7208-1
B7214-1
Al.46
Al.40

61.50
61.39

Grade

A533,8,CL.1
A508,CL.2
AS08,CL.2
A508,CL.2
A508,CL.2

SAW

Cu
(%)

0.17
0.14
0.10

I e

G0.00
i B
oW s

BRE

° o esc
—
w

3

p Ni
® (%)
0.010 0.49
0.011 0.65
0.012 0.67
0.010 0.68
0.0i0 0.71
0.010 0.72
0.610 0.73
0.010 0.72
0.010 0.72
0.010 0.73
0.010 0.60
0.018 0.60
0.010 0.56
0.015 0.57
0.010 0.73
0.007 0.48
0.009 0.96
0.01 0.93
0.016 <.20'P)
0.006 <.20P)

TNoT
(°F)

-30
60(a)
60(a)
50(a)
32(a)
60(a)

RT"DI
(°F)

16(a)
60(a)
60(a)
50(a)
32(a)
60(a)
60(a)

Average Upper Shelf Energy

Normal to
Principal
Working
Direction
(ft-1b)

83(a)
>56(a)
>71(a)
103(a,
112(a)
96(a)
100(a)
108(a)
103(a)
97(a)
99

99

103
99
89(a)
87(a)
>131
>106

>102
>126

{a) Estimate per NUREG 0800 "USNRC Standard Review Plan" Branch Technical Position MIEB 5-2. [11]
(b) Estimated.
‘z) Upper shelf not available, value represents minimum energy at the highest test temperature.

Principal
Working
Direction
(ft-ib)

128
>86(c)
>109
158



CHEMISTRY
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TABLE 2-4

FACTOR FOR WELDS, °F
Nickel, Wt-%
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0
0
0
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0
0
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20
el

24

26
29
3

40

i
49
52

61

66
70
75
79
83

92
97
101
105

110
113
119
122
128

131
136
140
144
149

153
158
162
166
171
175

20
20
26
3%
43

43
52
55
58
61

€5
68
12
76
79

84
88
92
95
100

104
108
112
117
121

126
130
134
138
142

146
151
155
160
164

168
172
177
182
185
189

20
20
27
41
54

67
17
85
90
94

97

101
103
106
109

112
113
119
122
126

129
133
137
140
144

148
151
155
160
164

167
172
175
180
184

187
18]
196
200
203
207

20
20
27
41
55

68
82
95
105
115

122
130
135
138
142

146
149
151
154
157

160
164
167
169
173

176
180
184
187
191

194
198
202
205
209

212
216
220
223
227
231

20
20
27
41
54

68
82
95
108
122

133
144
153
162
168

17%
178
184
187
181

184
197
200
203
206

208
212
216
218
222

225
228
23]
23l
238

241
245
248
250
254

191
199
207
eld
220

22}
229
232
236
236

243
246
248
251
254

257
260
263
266
269

K
27%
278
28l
285

20
20
27
41
54

68

9%
108
122

135
148
161
176
188

200
ell
22l
230
238

245
252
257
263
268

272
276
280
284
287

290
293
296
299
302

308
308
31l
314
317




TABLE 2-5
CHEMISTRY FACTOR FOR BASE METAL, °F

Copper, Nickel, Wt-%

Wt=% 0 0.20 0.40 0.60 0.80 1.00 1.20
0 20 20 20 20 20 20 20
0.01 20 20 20 20 20 20 20
0.02 20 20 20 20 20 20 20
0.03 20 20 20 20 20 20 20
0.04 22 26 26 26 26 26 26
0.05 2% 3l 3l 31 3l 3l 31
0. 28 37 37 37 37 37 7
0.07 3l 43 o LL] 44 44 ol
0.03 34 48 51 8l ) 81 ol
0.09 37 93 58 58 58 58 58
0.10 41 58 65 65 67 67 67
0.11 45 62 72 74 17 17 77
0.12 49 67 79 83 86 86 86
0.13 53 1 85 91 96 96 96
0.14 57 75 91 100 108 106 106
0.15 61 80 99 110 1195 117 117
0.16 65 84 104 118 123 125 125
0.17 69 88 110 127 132 135 135
0.18 73 92 115 134 141 144 144
0.i9 8 97 120 142 150 154 154
0.20 82 102 125 149 159 164 165
0.21 86 107 129 155 167 172 174
0.22 9l 112 134 161 176 181 184
0.23 85 117 138 167 34 190 194
0.24 100 121 143 172 191 199 204
0.25 104 126 148 176 199 208 214
0.26 109 130 151 159 205 216 221
0.27 114 134 155 184 2ll 223 230
0.28 119 138 1€, 187 218 233 239
0.29 124 142 164 191 22l 241 248
0.30 129 146 167 194 225 249 257
0.31 134 151 172 198 228 255 266
0.32 139 155 178 202 231 260 274
0.33 144 160 180 205 234 264 282
0.34 149 164 184 209 238 268 290
0.35 153 168 187 212 241 272 298
0.36 158 173 191 216 245 275 303
0.37 162 177 196 220 248 278 308
0.38 166 182 200 223 250 281 313
0.39 171 185 203 227 254 285 17
0.40 175 189 207 231 257 288 32C



Figure 2-1. ldentification and Location of Beltline Region Material

for the Joseph Farley Unit No. 1 Reactor Vessel
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Figure 2-4. Example of Critical Flaw Size Determination
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SECTION 3
FATIGUE CRACK GROWTH

In applying code acceptance criteria as introduced in Section 1, the final
flaw size 2 used in criteria (1) is defined as the minimum flaw size to
which the detected flaw is calculated to grow at the end of a specified
period, or until the next inspection time. In this handbock, ten-, twenty-
and thirty-year inspection periods are assumed.

These crack growth calculations have been carried out for all the regions in
the Joseph Farley reactor vessels for which evaluation charts have been
constructed. This section will examine each of the calculations, and provide
the methodology used as well as the assumptions.

3.1 ANALYSIS METHODOLOGY

The methods used in the crack growth analysis reported here are the same as
those suggested by Section X! of the ASME Code. The analysis procedure
involves postulating an initial flaw at specific regions 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 AKI which depends on crack and
structure geometry and the range of applied stresses in the area where the
crack exists. Once AKI is calculated, the growth due to that particular
stress cycle can be calculated by equations given in Section 3.3 and Figure
3-1, This increment of growth is then added to the original crack size, and
the analysis proceeds to the next transient. The procedure is continued in
this manner until all the transients known to occur in the period of
evaluation have been analyzed,

The transients considered in the analysis are all the design transients
contained in the vesse! equipment specification, as shown in Section 2, Table
2-1. These transients are spread equally over the design lifetime of the
vessel, 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,

2WR2s 40BSE 0 3-1




Crack growth calculations were carried out for a range of flaw depths, and
three basic types. The first type was a surface flaw with length equal to six
times its depth. The second was a continuous surface flaw, which represents a
worst case for surface flaws, and the third was an embedded flaw, with length
equal to three times its width., For all cases the flaw was assumed to
maintain a constant shape as it grew.

3,2 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 aspect
ratio 6:1 was analyzed using an express:on developed by McGowan and Raymund
(2] 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 are
represented by a third order polynomial, such that:

2

X X )
o (X) = Ay * Al Ay ;? + A3 (3-1)

“od”w

The stress intensity factor K1 (¢) can be calculated anywhere along the
crack front. The point of maximum crack depth is represented by ¢ = 0. The
following expression is used for calculating K (¢).

0.5 o 22 2 1/4

Ki(9) = U1 (coss + &5 sinf) ¥t (ag mo + £ 3 A Wy

¢ 1
: (3-2)
2
12 4 a
gl Rk

The magnification factors Hy(e), Hy(e), Hy(¢) and Hy(#) are cbtained by the
procedure outlined in reference (2].
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The stress intensity factor for a continuous surface flaw was calculated using
an expression for an edge cracked plate [20]). The stress distribution is
linearized through the wall thickness to determine membrane and bending stress
and the applied K is calculated from:

Ky * op Yo va+ z YB va (3-3)

The magnification factors Y and YB are taken from [12) and a is the crack
depth.

For an embedded flaw, the stress intensity factor expression provided in
Appendix A of section XI was used directly, which again requires linearizing
the stresses. The flaw shape was set with length equal to three times the
width, and the eccentricity was set at 2.5, which corresponds to a flaw near
the inside surface of the vessel, although stil] embedded. This flaw will
provide a worst case calculation of stress intensity factor for embedded
flaws. Since the calculated crack growth was very small for this case, no
further consideration of other flaw shapes or locations was deemed necessary
for an embedded flaw,

3.3 CRACK GROWTH RATE REFERENCE CURVES

The crack growth rate curves used in the analyses were taken directly from
Appendix A of Section XI of the ASME Code. Water environment curves were used
for al) inside surface flaws, and the air environment curve was used for
embedded flaws and outside surface flaws.

For water environments the reference crack growth curves are shown in Fig.
3-1, and growth rate is a function of both the applied stress intensity factor
range, and the R ratio (Kmﬁn/Km.l) for the transient.

For R<0.25

(8k; <19 ksdV in)ER * (1.02 x R A (3-4)




(8K; >19 kst Y in)Sh = (1.01 x 1073 Ax11°95

where gﬁ = Crack Growth rate, micro-inches/cycle.

For R>0.65
(aK; <12 kst in)88 = (1.20 x 1079 o 38 (3-5)

(8K; >12 kst in)38 = (2.52 x 104 Ax11-95

28

For R ratio between these two extremes, interpolation is recommended.

The crack growth rate reference curve for air environments is a single curve,
witli growth rate being only a function of applied 4K. This reference curve
is also shown in Figure 3-1.

da « (0.0267 1 10°%) sk, 728 (3-6)

where, gﬁ = Crack growth rate, micro-inches/cycle

&Ky = stress intensity factor range, ksiv in

- <Klmax 1 KImin)

3.4 FATIGUE CRACK GROWTH RESULTS

The fatigue crack growth results for all locations for which handbook charts
were developed are summarized in the tables which are included in Appendix C.
An example is included in Table 3-1.
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TABLE 3-1
BELTLINE REGION SURFACE FLAW FATIGUE CRACK GROWTH
= CIRCUMFERENTIAL FLAW

INITIAL CRACK LENGTH AFTER YEAR
CRACK
LENGTH 10 20 30 40
a/t = 0.0 0.100 0.1002¢ 0.10051 0.10071 0.10093
0.300 0.30559 0.30980 0.31392 0.31842
0.500 0.5165% 0.53068 0.54518 0.56063
0.800 0.83247 0.86220 0.89248 0.92424
1.000 1.04105 1.07914 1.11826 1,15934
1.200 1.25608 1,30162 1,34794 1,3961%
1.300 1.35949 1.40802 1.45890 1.51202
1.550 1.61870 1.67575 1.73367 1,79345
a/t = 0.167 0.100 0.10010 0.10018 0.10024 0.10032
0.300 0.30188 0.30329 0.30463 0.30608
0.500 0.50722 0.51287 0.51841 0.52425
0.800 0.81267 0.82270 0.83265 0.842%4
1.000 1.01548 1.02830 1.04104 1.05429
1.200 1.2224% 1.23762 1.25260 1.26808
1.300 1,32275 1,33802 1.35302 1.36841
1,550 1.57467 1.58177 1.50868 1,62596
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SECTION 4
DETERMINATION OF LIMITING TRANSIENTS

4.1 INTRODUCTION

The key parameters usad in the evaluation of any indications discovered during
inservice inspection are the critical flaw depths; first, that governing
normal, upset, and test conditions and second, that governing emergency and
faulted conditions.

The selection of the governing transient for normal, upset, and test
conditions was done based on the highest surface stress for each location for
which a chart was to be constructed. For emergency and faulted conditions,
this choice was not as straightforward, as a result of developments on the
pressurized thermal shock issue. This issue has resulted in a great dea! of
study of various transients which could occur in operating plants, including
consideration of the overall freguency of each transient in addition to its
severity, An extensive set of analyses have been carried out [13, 14] to
consider other thermal shock transients in addition to the large loss of
coolant accident (LOCA) and large steamline break (LSB) transients evaluated
in previous reports [15, 16).

The following section will provide a summary of the generic work performed for
PTS, along with a detailed comparison of the various emergency and faulted
transients that are possible in the beltline region of the Joseph Farley Unit
1 and 2 reactor vessels.

4.2 SELECTION OF GOVERNING EMERGENCY AND FAULTED TRANSIENTS
4,.2.1 BACKGROUND AND HISTORY
The issue of reactor vessel pressurized thermal shock (PTS) has focused

significant attention to the evaluation of the vessel beltline location.
Unti] early 1982 reactor vessel integrity was evaluated for PTS

2002 00BN O ‘.1




events, which generally fall into the category of emergency and faulted
conditions, usually using only design basis transient scenarios. For
instance, a summary report on reactor vesse! integrity for Westinghouse
plants, WCAP-10019 [13), was submitted to the NRC staff in December 1981 and
addressea ihe ‘arJe LOCA and large steamline break transients along with a
conservative evaluation of the smal)l break LOCA and small steamline break
events., The Josenh Farley Units 1 and 2 reactor vessels were evaluated as
part of this generic evaluation supported by the Westinghouse Owners Group.
Following the submittal of this information, the NRC was concerned, as a
result of recent plant operating events, that other more likely events with
dominating transient characteristics were not being addressed.

To respond to the above concern, an innovative methodology was developed that
coupled probabilistic event sequence analysis results with4hermal hydraulic
and fracture mechanics analysis results to identify all potential iransient
scenarios of concern for reactor vessel PTS. This methodology efficiently
evaluated cver 8,000 possible transient scenarios on a generic basis and the
results demonstrated adequate safety margin for the Westinghouse domestic
operating plants. This work, which was submitted to the NRC via the
Westinghouse Owners Group (WOG) in References [17, 18, 1G] was extensively
used by the NRC Staff in the development and improvement of their own position
on PTS. The NRC used the Westinghouse probabilistic results to better
quantify total plant risk from PTS and to support their licensing position as
described in NRC Policy lssue SECY-82-465, November 1982 (20]. (This document
provides the technical basis for the PTS Rule [21) that was issued in 188S.)

A key aspect of this work is that the principal contributors (dominating
transients) to the total freguency of significant flaw extension in the vessel
from PTS can be identified. However, this work was done in an approximate
generic manner and both the Westinghouse Owners Group and the NRC agreed that
more work should be done to investigate additionai candidate transient
sequences and characterizations and to validate some of the approximations
made in the supporting analyses. For instance, the 2"-6" small LOCA results
used detailed calculations of system response (including fluid mixing effect’
in the cold leg and vesse! downcomer as predicted from experimental results,
heat input from hot piping walls, and assumed benefits from the effect of warm
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prestressing) whereas the extended high pressure injection category (i.e.,
events that could lead to extended high pressure safety injection operation
with stagnated loop(s)) used very conservative transient characterizations.
This approach lead to a conservative assessment of the total frequency of
significant flaw extension.

4,2.2 PTS RISK FOR A TYPICAL WESTINGHOUSE PWR

In order to address all candidate transient scenarics in a therough manner,
the Westinghouse Owners Group (WOG) undertock a Stagnant Loop Code Evaluation
®rogram in late 1982, One key purpose of this program was to cemonstrate that
the overall risk from PTS on a typical Westinghouse plant is dominated by
smal) steam)line breaks, small LOCA's, and steam generator tube ruptures, as
suggested in previous WOG work during 1982, and not by other transient
scenarios, including those involving loop stagnation. WCAP-10319 [14]
presents the results of this exhaustive study. The important results and the
relationship of them to previous fracture analyses performed for the Joseph
Farley Units 1 and 2 reactor vessels are discussed below.

The event sequence analysis performed in the WOG Stagnant Loop Code Evaluation
resulted in the following broad categories of events that could potentially
result in a pressurized thermal shock of the reactor vessel:

Secondary Depressurization (SD)

Loss of Coolant Accident (LOCA)

Steam Generator Tube Rupture (SGTR)

Loss of Secondary Heat Sink (LOHS)
Excessive Feedwater (EXFK)

. Anticipated Transients Without SCRAM (ATWS)
Feedline Break (FB)

d h N B W N e
- - - =

Combinations of these categories were also considered if they met ce-tuin
criteria defined in WCAP-10319 [14]. Some of these PTS-categories were
further subdivided into a number of small bins to offer greater rescolution and
accuracy in the risk assessment and in the identification of the dominating
transient scenarios.
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The summary results of the above ¥0G risk assessment for PTS (see Figure 4-1)
showed that the key contributors to the total risk occur from the LOCA and
SGTR categories because of the combination of severe transient characteristics
with relatively high frequencies of transient occurrence. The LOHS transient,
while much lower than LOCA or SGTR, was the third most dominating transient in
terms of contributing to the total PTS risk. This is primarily because LOCA
transient characteristics were conservatively used for the LOHS analysis, If
the true LOMS transient results had been used, it is believed that the
resulting transient characteristics would be less severe than those that were
used. The other PTS transient scenmarios, including those invelving loop
stagnation (i. e., SD, EXFW, ATWS, and FB), do not contribute significantly to
the overall risk,

The ASME Code in its present form, however, does not take transient
frequencies into consideration and requires an evaluation of flaw indications
using the most limiting emergency/faulted condition transient. Therefore, the
above PTS risk analysis results could not be used directly, but they were used
to guide the determination of the key transients to be considered further, as
will be seen in the next section.

4,2,3 TREATMENT OF TRANSIENT SEVERITY

Probabilistic fracture mechanics (PFM) results, used in the above WOG risk
assessment for PTS, were utilized to evaluate the severity of the iransients
used in the generic study that were major contributors to the risk of vessel
failure.

Figure 4-2 shows an example of PFM results that guantify the conditional
probability of reacto vessel failure (1. e., significant flaw extension)
given that a PTS event occurs. The results shown in figure 4-2 were based
uoon the evaluation of stylized exponential cooldown transients charscterized
by three guantities: a final temperature (Tf) reflecting the depth of the
cooldown, a time constant (8) reflecting the rate of the cooldown, and a
characteristic pressure (P) as described in figure 4-3. The curves in figure
4-2 were generated from PFM analysos using the Monte Carlo technigue. A
matrix of cases for given Tf. 8, and inner surface RTNDT values were
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evaluated to obtain results for generation of the curves. The RTNDT values
are calculated as a function of initial RTNDT' material residual elements
and fluence using the methodology discussed in Section 2. For each case, 2
large number of deterministic fracture mechanics analysis trials (~106)

were simylated using random values selected by a random generator from
distributions defined for the pertinent input properties. The input
properties that have been treated as random variables include: initial crack
depth, initial RTNDT' copper content, fluence, and the critical stress
intensity values for flaw initiation and arrest. The probability of vessel
failure for each case was determined by dividing the number of failures by the
number of trials, The curves in Figure 4-2 were plotted from the matrix of
results by normalizing Tf against RTNDT for assumed longitudinally

oriented flaws,

The pertinent aspect of the PFM results for determining the governing
transient(s) is that, at a given inner surface RTNDT value, the higher the
conditional probability of vesse! failure, the more limiting the transient,

Using the stylized transient characteristics for the WOG generic transients
within all of the various transient categories [14], the most limiting
transients were determined from the WOG PFM results as shown in Table 4-1.
The transients are shown in order of decreasing severity. The asscciated
transient frequencies of occurrence are also given for the purpose of
information.

The conditional probability of failure values ranged from 1 x 10'2 to

S x 10'2 for the above transients at an inner surface RTNOT value which is
near the projected end-of-1ife (32 EFPY) RTNDT value for the Joseph Farley 1
and 2 reactor vessels (see Section 2). For all other transient events, the
conditiona) probability of failure values were much less than 1 x 10'2.

From the standpoint of statistics, however, the conditional probability of
failure values were essentially the same for the above limiting transients,
and any one of them coulad be the "governing" event. The fact that stylized
transient characteristics were used in the evaluation rather than the actual
transient histories lends further suppurt to the above statement,
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Although the large LOCA and LSB events are not significant contributors to the
overal) risk of failure because the frequency of occurrence for these events
is negligible (~1 x 10‘7/r-yr). the severity of these events stil)l needs

to be considered in the selection of the most limiting event for the flaw
handbook. The plant specific results for these events from prior Joseph
Farley analyses are considered as shown in the next section.

Therefore, we see that the large number of thermal shock and pressurized
thermal shock transients (>8000) can be reduced to a 1ist of a few key
transients, as shown in Table 4-1. Fracture analysis was then concentrated on
these transients, as discussed in the following section,

4.2.4 EMERGENCY AND FAULTED CONDITIONS EVALUATION == BELTLINE REGION

To determine the governing emergency and faulted conditions for the Joseph
Farley reactor vessels, a series of transients were studied. These transients
included the large LOCA and large steamline break {LSB) already analyzed (15,
16), and the dominating transients from the Westinghouse Owners Group
pressurized thermal shock studies.

This work, which took into account the differences in plant system
characteristics between Joseph Farley and the typical plant in the generic WOG
evaluation, led to the conclusion that the following transients should be
considered in the deterministic assessments for the beltline regions to be
used for this handbook.

steam generator tube rupture (SGTR)
small LOCA

large LOCA

large steamline break (LSB)

o O O o

The transient frequencies for these limiting events are also given in the
table in Section 4.2.3.
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Thermal, stress, and fracture analyses were performed for the beltline region,
utilizing the characteristics of the above four transients, represented in the
form of Figure 4-3. The limiting circumferential weld and the limiting
longitudinal weld for both units were used in performing the fracture
analyses. The resulting critical flaw depths for a range of shapes are shown
in Table 4-1.

From this table it may be seen that the large steamline break transient
evaluated previously is the governing transient for the beltline region. The
detailed assessments performed for the tube rupture and small LOCA transients
serve to verify this conclusion. Alse, from the standpoint of total risk it
is worthy of note that these latter two transients are the dominant ones.
Section XI of the ASME Code presently requires that only the most severe
transient be evaluated, regardless of its probability of occurrence, so the
large steamline break is the governing transient for the handbook.

4,2,5 FAULTED CONDITIONS EVALUATION FOR OTHER REGIONS

A number of analyses were performed by means of linear elastic fracture
mechanics methods to determine the postulated minimum critical flaw size at
which unstable flaw growth could occur in the Joseph Farley Units 1 and 2
reactor vesse! beltline regions, as discussed above. The critical flaw size
required for unstable flaw growth was determined from the intersection of the
Ky curve with the Kje curve, as described in Section 2,

The conclusions reached as to the governing transients for the beltline region
will not necessarily be applicable to the other regions, because the fracture
toughness is not reduced from irradiation. The conditions which could lead te
fracture in these other regions will be governed primarily by pressure
stresses, while the conditions for the beltline regions are governed by
thermal stresses. This conclusion is even more true for regions of stress
discontinuity, where most of the welds are found, For this reason the severe
thermal transient with the largest pressurization level was found to be
generally the governing transient, i.e., the large steamline break (LSB).
Although not true n genera! for al) plants, this is the same transient found
to be governing for the beltline region. The critical flaw size results for
the rerions analyzed are provided in Appendix B.
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TABLE 4-1
KEY PRESSURIZED THERMAL SHOCK TRANSIENTS

wOG Froquonc: of
er

Occurrence
Reactor Year For
Transient Limiting Event
o 3" Smal) Break LOCA in Hot Leg 6.1 x 107
at Zero Power with Accumulator
Injection Flow
o 3 Small Break LOCA in Hot Leg 4.6 x 107
at Ful) Power
o Loss of Secondary Heat Sink 1.0 x 10™°
o Steam Generator Tube Rupture at 1.2 2 10’5
Zero Power, 30 Minute Delay in
S1 Termination
o Steam Generator Tube Rupture at 1.9 x 10'5

Moderate Decay Heat, 30 Minute Delay
in S! Termination

R2e 040888 10 ‘-8
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TABLE 4-1

CRITICAL FLAW SIZE SUMMARY FOR BELTLINE REGION

Flaw Continuous Flaw Aspect Ratio = 6.0 Aspect Ratio = 2.0

Condition Orient. inches a/t inches a/t a’/t

£/F Long. a; = 2.50 (0.323) a; = 5.51 (0.711) (1.0)

(Steam Gen. Tube Circ. a = 1.75 (1.0) a;, = 1.71% (1.0) = (1.0)
Rupture)

€/F (LSB) Long. a; = N/A N/A a, = 3.39 (0.44) N/A

Circ. a, = 2.21 (0.34) a = 1.75 (1.00) = (1.0)

E/F (Small LOCA) Long. a, = 2.25 (0.33) a, = 5.74 (0.74) = (1.0)

Circ. a; = 71.75 (1.00) a, = 1.75 (1.00) - (1.0)

E/F (Large LOCA) Long. a, = 1.75 (1.00) a, = 1.75 (1.00) = (1.0)

Circ. a, = 1.75 (1.00) a; = 1.7 (1.00) = (1.0)

N/U (Excessive Long. a = 3.83 (0.494) a_ = 1.715 (1.00) (1.0)

feedwater Flow) Circ. . * 1.715 (1.00) . * 1.75% (1.00) (1.0)
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Tinitial

T R
Ty
Time
LARGE STEAM STEAM GEN.
PARAMETER SMALL LOCA  LARGE LOCA L INE BREAK TUBE RUPTURE
B .1 Min™! . 0.25 min~} -0.10 min~}
TF 100°F 70°F 225°F 174°F
TI 550°F 550°F 550°F 857°F
P 1000 psig 0 psig 1550 psig 1000-1800 psig

Figure 4-3, Schematic Representation of Emergency and Faulted Transients
for Joseph Farley, along with actual values used for Transients
Evaluated. .
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SECTION 5
SURFACE FLAW EVALUATION

5.1 CODE CRITERIA

The acceptance criteria for surface flaws have been presented in paragraph
1.1, For convenience they are repeated as follows:

8 < .1 a, For Normal Conditions
(Urset & Test Conditions inclusive)

and
8 < .9 For Faulted Conditions
(Emergency Condition inclusive)
where
a * The maximum size io which the detected flaw is calculated to

grow until the next inspection., 10, 20, and 30 year neriods have
been considered in this handbook.

4 = Tne minimum critical flaw size under normal operating
conditions (upset and test conditions inclusive)

8, = The minimum critical fiaw size for initiation of ncnarresting
growth under postulated faulted conditions. (emergency
conditions inclusive)

Alternatively criteria based on applied stress intensity factors may be used:

K
K| :J-%a For normal conditions (upset ¥ test conditions inclusive)

K
K gv-%s For faulted conditions (emergency conditions inclusive)
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where

KI = The maximum applied stress inten:ity factor for the flaw size
2 to which a detected flaw will ¢row, during the conditions
under consideration.

KI = Fracture toughness based on crack arrest for the corresponding
crack tip temperature.

K, = Fracture toughness based on fracture initiation for the
corresponding crack tip temperature.

§.2 LONGITUDINAL FLAWS VS. CIRCUMFERENTIAL FLAWS

Longitudinal flaws may be defined as flaws oriented in a radial plane, such
that circumferential or hoop stresses would tend to open them. On the other
hand, circumferential flaws would be oriented in a radial plane such that
longitudinal or axial stresses would open then. These two typas of flaws are
nortrayed graphically in the gecmetry figure of each section of Appendix A.

5.3 BASIC DATA

In view of the criteria, iiL is noticed that three groups of basic data are
required for the construction of charts for surface flaw evaluation. Namely,
a8 2., and &, respectively.

The preparation of these threc groups of basic data will be discussed in the
following paragraphs.

§,3,1 FATIGUE CRACK GROWTH
The first group of basic data required for surface flaw chart construction is
the final flaw size a, determined from fatigue crack growth. As defined in

IWB-3611 of Code section XI, a, is the maximum size resulting from growth
during a specific time periud, which is the next scheduled inspection of the
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component. Therefore, the final depth, 2 after a specific service period

o time must be used as the basis for evaluation. The charts have been
constructed to allow the initial (measured) indication size to be used
directly. Charts have beer constructed for operational periods of 10, 20, and
30 years from the time of detection.

The final flaw size a, can be calculated by fatigue crack growth analysis,

which has beer performed covering the range of postulated flaw sizes, and flaw |
shapes at various locations of the reactor vesse] needed for the construction

of surface flaw evaluation charts in this handbook. A1)l crack growth results |
have been summarized in Appendix C.

Notice that all the finite su-face flaws and embedded flaws analyzed are
semi-elliptical in shape. Crack growth analyses for finite surface flaws with
aspect ratio (length to denth) less than 6:1 have utilized the results of 6:1,
and for any flaw with aspect ratio larger than 6:1, the results of the
continuous flaw are used. This is conservative in both cases.

In some of the regions, it is noted that only the crack growth analysis for
longitudinal flaws was performed. The crack growth results for the
longitudinal flaw: can be used for circumferential flaws at the same location
with some slight conservatism. In regions where differences are significant,
separate analyses have ‘been done, as may be seen in the various sections of
Appendix A,

5.3,2 MINIMUM CRITICAL FLAW SIZE a. ana &,

By definition a, is the minimum critical flaw size for normal operating
conditions. It is calculated based on the ioad of the most limiting transient
for normal operating conditions. By the same token, a; is defined as the
minimum critical flaw size for faulted conditions. It is calculated based on
the most governing transient of faulted conditions. The governing transients
are often different for different regions, and those for each category of load
conditions have been identified in tables in Appendix B. The theory and
methodology for the calculation of a; and a. has been provided in

Section 2.
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5.4 TYPICAL SURFACE FLAW EVALUATION CHART

Two basic dimensionless parameters can fully address the characteristics of a

surface flaw, and are used for the evaluation chart construction, Namely:

o Flaw Shape Parameter a/t
o Flaw Depth Parameter a/t

where,

t - wall thickness, in.

a - flaw depth, in.
t - flaw length, in.

A typical chart was chosen for illustration purpose as follows: (Refer to
Figure 5-1)

o (ke flaw shape parameter a/t was plotted as the abscissa from 0
(continuous “law) to .5 (AR = 2.0)

o The flaw depth parameter a/t in % was plotted as the ordinate.

o The lower curves were the Code acceptable flaw depth tabulated in
Table IWB-3510-1 of ASME Section XI. These curves indicate the
acceptance standards of the Code, below which analytical evaluation is
not required. Two curves are provided, since the code acceptance
standards were revised with the Winter Addendum of the 1883 Code. The
revised curves remain in effect through the present time (1986 Code,
1988 Addenda).

o The upper boundary curve shows the maximum acceptable flaw depth
beyond which no surface flaw is acceptable for continued service
without repair. This upper bound curve has been determined by the
fracture and fatigue evaluations described herein.
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Any surface indication which falls between the two boundary curves
will be acceptable by the Code, with the analytical justification

provided herein. However, IWB-2420 of ASME Section XI requires future
monitoring of such indications.

The surface flaw evaluation charts constr..ied for various locations of the
reactor vessel are presented in Appendix A,

OROCEDURE FOR THE CONSTRUCTION OF A SURFACE FLAW EVALUATION CHART

9.5

A numerical example is used here to show how a surface flaw evaluation chart
was constructed. '

Example

Required: To construct a surface flaw evaluation chart for the longitudinal
flaws at the beltline region, at the inside curface.

Step 1

Determine the critical flaw sizes from Table 4-1., These flaw sizes are used
to determine allowable flaw sizes per IWB-3611.

Load Flaw Critical Flaw Depth (in.)
Condition Orientation a/t = 0,0 a/t = 0,167 a/t = 0.5
N/U/T® Circumferential . " 7.75 3 1.7% g e 7.75
E/F* Circumferential a; * 2.21 a ® 7.75 a; * 7.75

Note that in some cases here the critical flaw depth is set equal to the wall
thickness. This is for the case vhere the stress intensity factor for postulated
flaws never exceeds the fracture toughness, regardless of flaw depth.

* N/U/T  normal, upset, and test conditions
E/F emergency and faulted conditions

28824 040888 '0 5-5



The maximum code allowable flaw depths using the criteria of [WB-3611 are then
determined, using a factor of 10 for ncrmal upset and test conditions and a
factor of 2 for emergency and faulted conditions. The results are presented
below:

Load Allowable Flaw Depth (in)
Condition a/t = 0.0 a/t = 0.167 a’/t = 0.5
N/U/T 0.775 0.775 0.775
E/F 1.105 3.875 3.875

Therefore, the allowable flaw depth for the normal and upset conditions is
more 1imiting, and the governing transient can be considered as the excessive
feedwater flow transient. This is because much larger safety factors are
applied to the normal/upset conditions than to the emergency and faulted
conditions.

Step 2

Determine the maximum Code allowable flew depth per IWB-3612, which is based
on allowable stress intensity factor criteria.

Load Flaw Code Allowable Flaw Depth (in)
Condition Orientation Criteria a/t = 0.0 a/t = 0.187 a/t = 0.5
N/U/T Circumferential KIa/v”IO 3,18 3.84 4,078

Step 3

The allowable flaw depth is then determined from the Step 1 and Step 2
allowable flaw depths. The most liberal results are taken for each set of
criteria, and this becomes the final allowable. Thus, from the results of
Step 2 we find:
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a/t = 0.0 allowable a = 3.18 in,

a/t = 0,167 a = 3,84 in,
a/e = 0.5 a=4,078 in.
Step 4

Determine the corresponding initial flaw sizes which will grow to the above
critical flaw sizes after 10, 20, and 30 years of service.

We define the above limiting critical flaw depth as 2. The initial flaw
size a, can be found from the fatigue crack growth resuits of Table 3-1.

Trhe values of a, which are applicable to 10 years of service, for example,
are listed as follows:

Continuous
Flaw a/t = 0,167 a/t = 0.5
2¢ 3.18 3.84 4.078
2, 3.056 3.80 4,034

This shows that the effect of fatigue crack growth in this region is very
small.

Step 5

Determine a/t vs., a/t% in the beltline region where t = 7.75", and
& a,. For 10 years of service, the values are:

Continuous Finite Surface Finite Semicirc.lar
Flaws Flaws, a/t = 0,167 Surface Flaws
a/t 0 167 5
a/t 0,394 0.490 0.5205
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Note that the allowable flaw depths here exceed 20 percent of the wall
thickness, which has been set as an arhitrary 1imit, based on engineering
judgement. The charts therefore re’ t this value as an upper limit,

Step 6

The upper bound curves result from the plcts of a/t vs. a/t for 10, 20, 30
years of service, as obtained from the crack growth results. These curves are
shown in Figure 5-2.

Step 7

Plot a/t vs. a/t data from the standards tables of Section XI as the lower
curve of Figure 5-2.

For example, the values of Table IWB-3510-1 for Code editions up until the
Kinter '83 addendum are:

Aspect Surface
Ratio, Indication,
a/t a/t, %
0.00 1.8
0.05 2.0
C.10 2.2
0.15 2.4
0.20 et
0.25 : 8 |
0.30 3.5
0.35 3.9
0.40 3:3
0.45 3.5
0.50 3.9

The above seven steps would co.plete the procedure for the construction of the
surface flaw evaluation charts for 10 years, 20 years, or 30 years of
operating life.

In the interest of prudence, Figure 5-2 only shows the allowable flaw denths
for these inside surface flaws up to 20 percent of the section thickness.




UPPER LIMITS OF

ACCEPTANCE
BY ANALYSIS
INDICATIONS ARE NOT ACCEPTABLE
ABOVE THE ANALYSIS LIMIT LINES
10 — T2 —— n
i i : — IN THIS ZONE, INDICATIONS
% ¥ - B B S e | et LA L
s I L L2 g | ARE ACCEPTABLE BY ANALYSIS
i EeZdRENERESNER PER IWB 3600
= — - B o
- B '
o - — i B4 RPN 2 3 5
a | , i _ CODE ALLOWABLE LIMIT
- L | | SINCE 1983 WINTER
> oIz " -1 |-| ADDENDUM
3 8 | % G
SHERYET U L Le ]\ ruaws pLoTTep BeLow THE APPLICABLE
2 -t | ‘ A CODE ALLOWASLE LIMIT “CODE ALLOWABLE LIMIT" LINE ARE
1 1 PRIOR TO 1983 WINTER ACCEPTABLE WITHOUT ANALYSIS OR
BT l 1 2 | ADDENDUM i FUTURE MONITORING.
SEaNuAzEs RN FI MRS REL
o il | : BEEERER SRR
0 0.10 0.20 0.30 040 0.50

FLAW SHAPE (a/1)

Figure 5-1. Sample Surface Flaw Evaluation Chart

2892030188 10



MP| 4§ |PLIUB.3jWNduL) X ™
me|4 (eutpnytbuoy

M| 4 @oR3UNS X

el 4 Pappaqu]

8Jejung apLsing
@dejung apisu] X

BuL|}(@g |9SSI) 40100dY «0) J4Ry) uoLIeN|PAY 2-G dunbiy

w____W._g__*:_:_:_

(861 mnoyBunsem O

il

"wnpu3Ippy JIIUEM £861 03
40jad ajqemo||® 2p0) IWSY - O

“WnNpuIPPyY 43JULN €861
3JUjS 2|gemO||® PO INSY - I

|

|

::_m::_z____:
LA

i .

*009C-8M1 U} P}IIT}LD r
{e2134eue 3po) INSY 4Aq
31qe3dadde S} Me|j IR uns v

3yl ‘2007 SIYI UIYIIN - 8@

*s3pmi| melj dqeiydare
Jeak Of ‘02 ‘01 241 - ¥

ON3931

MR :_2:__:2__ I
I :___z,:._,_::__

(¥®) 3AVHS MV 14

MR
i T
UL
iy
& [
-
R
-
R
e

R 0E 0z O

i

t:

‘_'_:

01 FRPOC0/ Y687

%)/ 41430 MV 4



SECTION 6
EMBEDDED FLAW EVALUATION

6.1 EMBEDDED VS. SURFACE FLAWS

According to IWA-3300 of the ASME Code Section XI, a flaw is defined as
embedded, as shown in Figure 6-1, whenever,

$ > a (For Editions prior to 1980]

or
S > 0.4 a [For Editions of 1980 and thereafter]

where

§ - the minimum distance from the flaw edge to the nearest vessel wall
surface (clad-base metal interface for flaws near the inside of the
vessel)

a - the embedded flaw depth, (defined as the semi-minor axis of the
elliptical flaw.)

Surface Proximity Rules

The surface proximity rules were liberalized with the 1980 Code, allowing
flaws as near the surface as four-tenths their width to be considered
embedded. Tnis change resulted from the finding that the original proximity
rules had been more restrictive for near-surface embedded fluws than for known
surface flaws, which is clearly not technically correct. Specifically, the
criterion for a flaw to be considered embedded was changed to S > 0.4 a, so
substituting into the definition for & we now find:
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WESTINGHOUSE CLASS 3
CUSTOMER DESIGNATED DISTRIBUTION

Therefore, the limit for a flaw to be considered embedded is & * 0.714 ¢
for Code editions of 1980 and thereafter. This more accurate criterion has
been used throughout this handbook, and is recommended for all inspections,
regardless of the edition of the Code which is used for the inspection.

A flaw lying within the embedded flaw domain is to be evaluated by the
embedded flaw evaluation charts generated in this section of the handbook. On
the other hand, a flaw lying beyond this domain should be evaluated as a
surface flaw using the charts developed in Section 5 of the hanabook instead.
The demarcation lines between the two domains are shown graphically in Figure
6-3, for both earlier and later Code editions.

In other words, for any flaw indication detected by inservice inspection, the
first step of evaluation is to define the category to which the flaw actually
belongs, then, choose the appropriate charts for evaluation.

6.2 CODE CRITERIA

As mertioned in Section 1, the criteria used for all the embedded flaws are
from INB-3612 of ASME Code Section XI. Namely,

Kxi 10 For normal conditions (upset & test conditions inclusive)

KI s | For faulted conditions (emergency conditions inclusive)
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KI = The maximum applied stress intensity factor for the flaw
size a; to which a detected flaw will grow, during the
conditions under consideration.

K = Fracture toughness based on crack arrest for the
corresponding crack tip temperature.

ch = Fracture toughness based on fracture initiation for the
corresponding crack tip temperature.

The above two criteria must be met simultaneously. In this handbook only the
most 1imiting results have been used as the basis of the flaw evaluation
charts.

6.3 BASIC DATA

In viev of the criteria based on stress intensity factor, three basic groups
of data are needed for construction of embedded flaw evaluation charts, They
are: KIc' KIa’ and KI‘ respectively. The units used herein for all

these three par:neters are ksiv in.

KIC and KIa are the initiation and arrest fracture toughness values
(respectively) of the vesse! material at which the flaw is located. They can
be calculated by formulae:

[.02(T-RTypp + 100°F)]

Kic * 33.2 + 2.806 exp (6-1)

and

Ky, * 26.8 + 1,233 expl O13(TRTygr * 180°F)) 6.5

KI is the maximum stress intensity factor for the embedded flaw of
interest. The methods used for determining the stress intensity factors for
embedded flaws have been referenced in Section 2.
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the same transient conditions). Numerically, the fatigue crack growth of an
embedded flaw is so low that the difference between the initial flaw depth and
its final crack depth is negligible.

This engineering judoment has been demonstrated by an illustrative example, as
follows:

Example

The beltline region of the Joseph Farley reactor vessels was used as a
demonstration. The crack growth results for circumferential inside surface
flaws (a/t = 0.167) are as follows, as also shown in Appendix C. These
flaws were assumed exposed to the water environmert.

Postulated
Initial Crack Depth Crack Depth (in.) After Year

10 20 30 40
0.80 813 0.823 0.833 0.843
1.00 1.015 1.028 1.041 1.054
1.20 1.222 1.237 1.253 1.268
1.30 1.323 1.338 1,353 1.368
1.550 1.575 1.592 1.609 1.626

A similar crack growth analysis was performed for an embedded flaw, using the
same set of transients* and the number of cycles* as the surface flaw run, and
the results follow. The air crack growth reference law was used.

* As specified in Table 2-1.
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Initial Crack Depth Crack Nepth (in.) After Year

10 20 30 40
0.90 0.900 0.900 0.901 0.901
1.050 1.050 1.051 1.051 1.051
1.200 1.200 1.201 1.201 1.201
1.350 1.351 1.351 1.352 1.352

In comparing the results of the two types of flaws under the same service
conditions, it is seen that the final crack growth for an embedded flaw is
less than 1% of that for a surface flaw under the same operating conditions as
tabulated below:

Postulated Final Crack Depth 7in) Crack Growth for
Initial Crack After 40 Years Embedded Flaws,
Depth, (in) Embedded Flaws in (%)

0.90 0.90075 0.1%

1.050 1.05108 0.1%

1.200 1.20149 0.1%

1.350 1.35202 0.15%

In conclusion: in the construction of the evaluation charts for the embedded
flaws, the accuracy of the charts would not be impaired using the flaw size
found by inservice inspection directly.

6.5 TYPICAL EMBEDDED FLAW EVALUATION CHART

The details of the procedures for the construction of an embedded flaw
evaluation chart are provided in the next section,
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In this section, instructions for reading a chart are provided by going
through construction of a typical chart, Figure 6-3, step by step. This will
help the users to become familiar with the characteristics of each part of the
chart, and make it easier to apply. This example utilizes the surface/
embedded flaw demarkation criteria of the 1980 Code, and later editione,

Following are the highlights of a typical embedded flaw evaluation chart.
(Refer to Figures 6-2 and 6-3).

1. The absicissa of the chart in Figure 6-2 represents the flaw depth a,
of the embedded flaw.

2. As defined by the Code, the embedded flaws with a depth less than
a, * 0.714 & should be :onsidered as embedded flaws. Any embedded
flaws beyond the domain of 2, * 0.714 &, should be evaluated by
means of surface flaw charts instead.

3, A key parameter for evaluating an embedded flaw is &, the distance
between the flaw centerline and the nearest surface of the vessel wall
(clad-base metal interface for the inside surface).

A range of & between %Bt and %t have been considered in
constructing Figure 6-2.

4. For each specific value of &, such as %Bt’ %zt, ét, etc., a family of
curves were plotted for a range of aspect ratios*, for 3:1 through
10:1. This corresponds to a/t values ranging from 0.333 to 0.1.

For any specific flaw depth a at the abscissa, a corresponding value
KI at the ordinate can be found in Figure 6-2, for any distance to
the surface, 6.

e e e

*Note that aspect ratio AR = t/a
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8.

The range of aspect ratios from 3:1 to 10:1 was chosen to encompass
the range of flaws which might be detected. Within this range,
interpolation can be used for any other aspect ratio. Use the 3:1
curve as a lower bound and the 10:1 curve as an upper bound.

In this specific chart, the Code acceptance 1imit line was

K
v-%% ‘3%8 = 63.3 ksi in because governing condition was an upset

condition, and the operating temperature of the transient was over
500°F across the wall thickness at all times. The shelf value of 200

ksiv in for KIa was used,

The intersection of the KI curve with the code acceptance limit line
is the maximum flaw size acceptable by Code for the specific curve.

In view of Figure 6-2, it is seen that only the cures for § = %t

intersect with the code acceptance limit line. That means that, up

to a distance of & = %Bt (= 1,453"), all embedded flaws are |
acceptable by code criterion so long as their depth is within the |
domain of 8, * 0.7l$ 6. On the other hand, for flaws located at a

distance up to & = it (= 1,838"), the maximum acceptable flaw

sizes for various aspect ratios are less than tne domain of a, * 714 &,

Therefore, for flaws centered at this depth, separate allowable flaw

lines are produced in (he evaluation charts, as shown in Figure 6-3.

The maximum acceptable flaw size can be found from the chart by
determining the abscissa of the intersection points. Namely, for
§ = 0.25 t,

2002, 240888 '0 6-8




Aspect Ratio Maximum Acceptable

of the Flaw a/t Flaw Size (in)
10:1 0.1 0.968
6:1 0.167 0.968 (< a = 0.969)
3:1 0.333 0.968

10, The maximum acceptable embedded flaw size for & = %t has been
depicted in Figure 6-3. This simpler flaw evaluation chart, described
in the following paragraph, is the ‘ype included in the handbook, as
may be seen in Appendix A.

These embedded flaw evaluation charts, constructed for various locations of
the reactor vessel, are presented in Appendix A,

6.6 PROCEDURES FOR THE CONSTRUCTION OF EMBEDDED FLAW EVALUATION CHARTS

A numerical example was used in this section to show how an embedded flaw
evaluation chart was constructed step by step as follows:

Example

To construc*t an embedded flaw evaluation chart for circumferential flaws at
the beltline. The excess feedwater flow transient was determined to be the
governing condition for this example.

Step 1

Calculate Kxa for various distances underneath the inside vessel wall
surface (clad-base metal interface) (in). The procedures of the calculation
are as follows:
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o Plot the temperature across the wall thickness during the worst time
step (610.86 sec.) of the excess feedwater flov transient, The
minimum temperature is 472.5°F for this transient.

o Calculate the corresponding KIa by the formula given in equation
(6-1). The values of RTNDT at various § locations were also
determined.

K
o Calculate the values of _l%v

v

Step 2

Calculate KI values for embedded flaws of various sizes, various aspect
ratios, and at various distances underneath the surface. In total, 141 cases
were analyzed by closed form stress intensity factor expressions [5].

The 141 analyzed caset i-e tabulated in Table 6-1.

Step 3

The KI results of the 141 cases were plotted in Figure 6-2. These curves
werz combined into one single plot as the final chart, as shown in Figure 6-3.

K
The Code acceptance limit of TL%U was plotted on all these figures as a
guideline for evaluation.

Step 4

Determine the maximum acceptable flaw size:
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The basic concept of the evaluation is that the part of the curves under the

1;%5 line are acceptable by the Code criteria. Therefore, the intersection

K
of a curve 1}%3 with the driving force K| curve indicates the maximum flaw
depth acceptable by the Code criteria.

The acceptable maximum flaw sizes for various distances of flaws beneath the
vessel surface, &, were plotted as shown in Figure 6-3, which is the final
flaw evaluation chart. By examining Figure 6-4 for instance, for a flaw
located at & = %t with an aspect ratio of 3:1, the maximum flaw size
acceptable is .0.692". For an aspect ratio of 10:1, a maximum flaw depth of
0.692" is acceptable.

The above four steps have completely described the procedures of the
construction of an embedded flaw evaluation chart for circumferential flaws at
the inlet nozzle to shell weld.

The basic concept for the interpretation of the curves in a typical evaluation
chart is that any flaw size which lies on the curve above the Code acceptance
1imit line is not acceptable for continued service without repair. The
intersection of a curve with the Code acceptance limit line is therefcre, the
maximum acceptable flaw size for that particular case.

6.7 COMPARISON OF EMBEDDED FLAW CHARTS WITH ACCEPTANCE STANDARDS OF IWB-3510

The handbook charts for embedded flaws do not show the acceptance standards of
Section Xi, as the surface flaw charts do. Therefore, it is not clear from
the charts themselves how much is gained from the analysis process over the
standards tables contained in IWB-3510. Such a comparison cannot be made
directly on the embedded flaw handbook charts, because the charts are
applicable for a full range of sizes, shapes and locations., The purpose of
this section is to provide such comparisons, and to discuss the results of
those comparisons.

0824040808 10 6-11
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a = the maximum embeaded flaw size
(in depth direction) allowable
per ASME XI*

So = the corresponding minimum depth
of an embedded flaw (less than
which it must be considered a
surface flaw)

* NOTE: If a> a_, the flaw must be
charactefized as a surface
flaw, with depth = a + ¢
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