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1.0 PURPOSE

1.1 The purpose of this standard is to provide consistent methodology for performing structural
evaluations of pipe wall thinning for ASME Section X! Class 1, 2, and 3, carbon and low
afloy steel piping. This standard is also applicable for non-safety related piping using
Attachment 7.8 of this procedure.

12 This standard can be used for, but not limited to, evaluation of internal or external thinning
due to Flow Accelerated Corrosion (FAC), Microbiologically Induced Corrosion {MIC), and
general erosion/corrosion. The methodology for evaluation of thinning due to MIC and
general erosion/corrosion is the same as FAC; however, wall thinning rates are different
and should be calculated as shown in Section 5.1.

1.3 This standard is applicable to Entergy Nuclear (EN) nuclear power plants for which the
piping was designed in accordance with the ASME Section 1li, ANSI B31.7 and
USAS/ANSI B31.1 code [2.1, 2.20, 2.21].

14 This standard is applicable to piping and fittings and can not be used to evaluate other
components such as valves, pump casings, etc.

2.0 REFERENCES
2.1 USAS/ANSI B31.1, “Power Piping”, (For applicable code year, see individual plant FSAR)

2.2 1P3 FSAR
2.3 JAF FSAR
2.4 ASME B & PV Code Case N-597, Rev. 2
25 PS-S-001 Rev.1, “Localized Pipe Wall Thinning and Crack Like Flaw Evaluation Standard”
26 ASME B & PV Code Case N-513-2
2.7 PVP-Volume 264, Piping, Supports, and Structural Dynamics, ASME 1993, P51-55
2.8 iP2 FSAR
29 PNPS FSAR
2.10 VY FSAR
2.1 ASME 2001 B & PV Code, Section X1, Appendix C
2.12 EN-DC-1286, “Engineering Calculation Process”
2.13 USNRC Regulatory Guide 1.147
2.14 EN-DC-315, “Flow Accelerated Corrosion Program *

2.15 ENN-DC-185, “Through-Wall Leaks in ASME Section X! Class 3 Moderate Energy Piping
Systems *

2.18 EPRI NSAC-202L-R3, “Recommandations for an Efective Flow Accelerated Corrosion
Program*, May 2006

247 EPR| CHECWORKS Steam/Feedwater Application Guidelines for Plant Modeling and
Evaluation of Component Inspection Data, Report No. 1008598, Final Report, Sept. 2004

2.18 ASME B & PV Code Case N-661
2.19 Roark's Formulas for Stress & Strain, W.C. Young, Sixth Edition

2.20 USAS B31.7, “Nuclear Power Piping”, (For applicable code year, see individual plant
FSAR)
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2.21 ASME Boiler and Pressure Vessel Code, Section Il , (For applicable code year, see
individual plant FSAR)

2.22 ANO-1 FSAR

2.23 ANO-2 FSAR

2.24 GGNS FSAR

2.25 WF3 FSAR

2.26 PLP FSAR

2.27 RBS FSAR

2.28 EN-DC-115, Engineering Change Process

3.0 DEFINITIONS
3.1 A - Additional thickness per ANSI B31.1 code, (in)

3.2 A, - Predicted inside cross-section area with pipe wall thinning, (in%)

33 A - Predicted metal cross-section area with pipe wall thinning, (in?)

3.4 A, - Total cross-section area of pipe based on outside diameter, tD,/4, (in?)
35 D, - Pipe outside diameter, (in)

36 i - Stress Intensification Factor for nominal thickness (See Appendix D of Ref. 2.1)
3.7 i - Stress Intensification Factor based on average measured thinned thickness
38 IS! - In-Service Inspection. Piping components are classified as ISi Class 1, 2, and 3 in

accordance with Regulatory Guide 1.26, 10CFR50.2V and /or the S| Program Plan

39 Kyor - Allowable stress factor for Normal (or Design) Conditions. (See Attachment 7.5 for
plant

specific values)
3.10 Kugs - Allowable stress factor for Upset Conditions. (See Attachment 7.5 for plant specific
values)

3.11 Kemg- Allowable stress factor for Emergency Conditions. (See Attachment 7.5 for plant
specific

values)
3.12 Kray - Allowable stress factor for Faulted Conditions. (See Attachment 7.5 for plant specific
values)
3.13 L - Maximum extent of a local thinned area with wall thickness less than tym, (in.),
{see Figure A-1 of Attachment 7.6)
3.14 L., - Maximum extent of a local thinned area with wall thickness less than twn, (in.),
(see Figure A-1 of Attachment 7.6)
3.15 L -~ Maximum axial extent of a local thinned area with wall thickness less than ty,, (in.),
(see Figure A-1 of Attachment 7.6)

3.18 Lngaymax - Maximum of the axial extent of two adjacent local thinned areas with wall
thickness

less than tmn (in.), (see Figure A-3 of Attachment 7.6)
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3.17 L

- Maximum transverse extent of a local thinned area with wall thickness less than t.,
{in

h
{see Figure A-1 of Attachment 7.6)

3.18 Lm.avg - Average of the extent of thickness less than tan.fOr two adjacent thinned areas,
(in.),
(see Figure A-2 of Attachment 7.6)
3.19 ME - Moderate Energy; Piping system operating pressure < 275 psig and operating
temperature < 200 °F

3.20 Ms - Resulting bending moment from the design analysis of record for each loading
condition

under consideration, (in-b)
3.21 P - Design pressure, (psi)
3.22 P. — Thermal expansion stress, (ksi)
3.23 P. — Piping axial stress due to design pressure, (ksi)
3.24 P, — Piping bending stress, (ksi}
3.25 R - Pipe mean radius, (D, - tm)/2, (in)
3.26 R - Pipe elbow bend radius, {(in)
3.27 Ruin— Mean radius of piping item based on the minimum wall thickness, (in)
3.28 Rrom - Pipe nominal radius, (in)
3.29 R, - Pipe outside radius, Dy/2, (in)
3.30 S - Piping axial stress = Py, + Py, (ksi)
3.31 S4 - Pipe thermai expansion allowable stress, (psi)
3.32 8, - Pipe axial stress due to bending moments, (psi)
3.33 Sor - Pipe axial stress at Normal Conditions or Stress Due to Sustained Loads [2.1], (psi)
3.34 (Sg,ﬁ? - Pipe axial stress at Emergency Conditions or Stress Due to Occasional Loads [2.1],
psi
3.35 Seau- Pipe axial stress at Faulied Conditions, {psi)
3.38 8, - Pipe allowable stress at operating temperature, (psi), [see Appendix A of Ref. 2.1].
3.37 Sthe - Pipe thermal expansion stress or Additive Stress [2.1], (psi)
3.38 S'1e - Pipe thermal expansion stress for the thinned section, (psi)
3.39 S, - Pipe axial stress due to pressure, (psi)
3.40 Sups - Pipe axial stress at Upset Conditions or Stress Due to Occasional Loads [2.1], (psi)
341 SF - Safety Factor for Wear Rate, (1.1 is recommended per EN-DC-315)
3.42 tmeas - Minimum measured pipe wall thickness of the latest inspection, (in}
3.43 tein - Minimum required pipe wall thickness for internal pressure, (in)
3.44 Lrinpipe — Minimum required pipe wall thickness for straight pipe, (in)
3.45 " - Minimum required pipe wall thickness for axial stress, (in)
3.46 e~ Minimum required pipe wall thickness required for hoop siress, axial stress and larger

than Blaem {in)
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347 toorn - Pipe nominal wall thickness, (in)
3.48 t. - Minimum predicted pipe wall thickness at the next inspection, (in)
3.49 Y - Service years between the latest and the next inspections, (years, or time unit)

3.50 - Predicted minimum section modulus for the thinned pipe section, including
congideration

of the shift of the neutral axis of the thinned pipe section, (in®)
3.51 W, - Wear Rate, (in/year, or in/time unit)
3.52 Other

A factor - 0.3 for Class 1 and 0.2 for Class 2 or 3 piping

The distance from the center of pipe to the center of gravity of the pipe metal thinned
section, {in)

A factor of 1.143 (= 1/0.875)
g Maximum angle (in degrees) from center of outer one-half of elbow to the location of
thinned area being evaluated, as measured in the pipe cross section (see Figure 2)

2 R )

4.0 RESPONSIBILITIES

4.1 Manager of Design Engineering at each site is responsible for assuring the proper
implementation of this standard.

4.2 Implementing Engineer is responsible for ensuring that calculations generated from this
standard shall be performed in accordance with the EN calculation procedure, EN-DC-126.

4.3 Wear rates for inspections performed under EN-DC-315 is the responsibility of the FAC
engineer.

4.4 Civil/Mechanical Engineering Section is responsible to perform structural evaluation for
pipe wall thinning and flaws.

5.0 DETAILS

The methods of pipe wall thinning evaluation in this standard are steps to assess the acceptability
of the minimum predicted thickness, t» (See Figure 1 for illustration). First an initial screening is
performed using the tp value to determine action to be taken. The actions are: Accept-as-Is,
Evaluate, or Repair/Replace. If a structural evaluation is performed, it shall satisfy the pipe code
stress requirements for both hoop and axial directions [2.4].

The approaches of the uniformiy thinned section and the actual thinned section for the structural
evaluation are both provided in this standard. The uniformly thinned section methodology
ilustrated in Figure 4 assumes a uniformly thinned section with the minimum measured
thickness. This approach is simple but it may give overly conservative results when the pipe wall
thinning is localized. Re-evaluation using the actual thinned section may be required to reduce
the conservatism.

For non-safety reiated piping components, minimum wail thickness criteria that are not included in
this standard can be used if it is justifisd by documented site specific evaluations.

5.1 Predicted Thickness at Next Inspection, te

The wear rate (W,) shall be obtained from the FAC engineer, as applicable. Otherwise, it
shall be determined as provided in Attachment 7.7.

Calculate 1 :
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o= tmea-; o SF*W{ Y o

Wall thinning (wear) rates for phenomenon other than FAC may be difficult to predict and
therefore should be determined on a case-by-case basis by the enginger.

5.2 Screening Rules

Determine actions for the acceptability of ts by the screening criteria as follows;

Screening Criteria Actions
tp > 0.875 * toom © Accept as is
0.875 " toom > tp = 0.3 * tpom for Class 1 Evaluate

> 0.2 " thom forClass 2 &3

0.3 * tom > tp for Class 1 Repair or replace
0.2 tham >1p forClass 2 & 3
{If piping meets the ANSI B31.1 code
requirements, then immediate repair is
not required. Repair or replace during
the current operating cycle not to exceed
the next refueling outage)

(For moderate energy Section Xi Class 2
or 3 piping, perform ASME Code Case
N-513-2 evaluation for through-wall
flaws, if necessary)

Notes:
(1) The * is the multiplication sign herein.
(2) The rule is not applicable for the following cases;
a. Class 1 short radius elbows, an evaluation shall be conducted to show that
requirements of NB-3642.2 are met.
b. Reinforcement area of tees or branch connections (see Figure 6}, an
evaluation of
reinforcement area per ANSI B31.1 is shown in Attachment 7.4,
¢. Specific designed items as stated in Reference 2.4, Section 3500(a)}{(4).
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53 Structural Evaluation

5.3.1 Hoop Stress Requirements
Minimum Wall Thickness, tmn

tin = (P * Do) / [2*(Sp +0.4P)) + A @

Hoop Stress

Requirements Actions
te 2 toin Accept for hoop stress
tp < tmin Replace or repair

(A local thinning evaluation can be performed
based on Code Case 597, however NRC
approval is required for acceptance)

For Class 2/3 moderate energy pipe, ASME CC
N-513-2 can be used without NRC approval.

Note: (3) a. For reducers (see Figure 3), ts shall be equal to ty, of straight pipe
connected to
the reducer end. For the conical portion of the reducer, ty, shall be that of
the larger diameter end.
b. For inner portion of elbows and pipe bends (see Figure 2), excluding a
region within1.5*(Room*them)” Of butt welds, tmn shall be equal to
[0.5+0.5/(1+(Ro/Rp)"c088)] tmin-pipe-
c. For branch connections and tees, except at regions providing reinforcement of
the opening required by B31.1 Code, t., shall be as required for straight pipe.
Caution: When pressure is very low, {, may be unrealistically low.

53.2 Axial Stress Hequirements

5.3.2.1 Uniformly Thinned Section Approach

Obtain axial stresses (Snor Sups: Semg Sraus & Stre) @nd their allowable
stresses [+ Kuor St 7Kups St Y Kemg Sty T Krau Sn, & 7¢84] at the thinned
area due to pressure and mechanical loads for Normal (or Design), Upset,
Emergency, Faulted Conditions, and Thermal Expansion,

Determine the new stress intensification factor (SIF), I', if required, by using
the average predicied wall thickness or conservatively using twice of the
original SIF value around the thinning area of the component. The
formutation of the stress intensification factors are listed in Appendix D of
B31.1 Code {2.1].

Select the minimum thickness required for axial stress, t*,,, to calculate the
ratio of old and new section modulus;

2/Z' =Dy = (Do2toom) VIDs" ~ (D - 2t%n)']

The new stresses due to pipe wall thinning shall satisfy the following
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conditions:
Normal Conditions:
“f’:"KNorgSh - {PyDoﬂuamm + (i‘f}i)*(sl\ior - P*De'[‘/itnom)*(Z/Z’)} Pd 0 .. {Eq 1]

Upset Conditions:

'\)‘&KUps*Sh - [P*Dw/a‘tamm + (Wi)*(SUps - p*DOM‘tncm)*(Z/Z)] 2 0 s [Eq 2]
Emergency Conditions:
PKemg" S - [P* DAt i + (111 (Semg — P*Do/Muom) (Z/Z)] 20 ... [Eq. 3}

Faulted Conditions: (if required)

YeKray Sh - [P*Do/dtmin + (1Y (Sraw — P*Dofdtuom) (Z/Z)] 20 ... [Eqg. 4]
Normal + Thermal Expansion:

P(Sh + Sa) - [P*Do/4tin + (1)) (Snior = P*DofAtuom + Sthe)(Z/2))] 2 O[Eq. 5]

The minimum of t%,, can be obtained by the “Trial and Error Method” until
one of the above four equations is close to zero.

Itis noted that if t/t,em > 0.75, and subiject to no more than 150
equivalent full temperature cycles from the measurement date to the time of
the next examination, then the thermal expansion stress need not to be

considered.
Axial Stress Requirements Actions
te > i Accept for axial stress
Repair or replace, or
to < toin calculate stresses based on actual
thinned section in accordance with
paragraph 5.3.2.2;

For Class 2/3 moderate energy pipe,
ASME CC N-513-2 can be used.

An example of the wall thinning evaluation with the uniform thinned
section approach is shown in Attachment 7.1.

5322 Actual Thinned Section Approach
53.2.2.1  Primary Piping Stress
A detailed stress analysis may be conducted based on the complete set
of the wall thickness measurements around the circumferential direction
of the actual thinned section of the pipe (See Figure 4. The nominal
axial pressure stress, 5, shall be determined by:

Sg = P * Ap’Am
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The axial bending siress, S, for various loading conditions shall be
determined by:

Sb = (Mb +P*Ag”5)1’2mm

The total axial stress, S, for various loading conditions shall satisfy their
limits as follows;

S:Sp+SbgK*Sg,

where K = vKuor, 7 upss 7#Kemg, and 7+Ke,, are for Normat {or Design),
Upset, Emergency, and Faulted Conditions, respectively. The detailed
methodology of this approach is described in Reference 2.4.

5.3.2.2.2 Thermal Expansion Stress

Determine the new thermal expansion stress as following;
S‘The :(i’/i )*(melzmin) b SThe = TSA

An example of the detail calculation is shown in Attachment 7.2.

5.4 Potential Buckling of Thinned Region

When the ratio Ry/t; is greater than 50, the potential for buckling of the thinned region shall
be evaluated. Following criteria is recommended to be used for evaluation of buckling.

Local Buckling: Buckiing can only be caused by axial compressive stresses due to bending
moments. Calculate local critical buckling stress as:

Critical Buckling Stress = 8.46*E*(t,e/b)?

(Note: This equation is based on Reference 2.19 Table 35 Case 1b, square plate with aill
edges clamped for a Poisson’s ratio equal to 0.3)
where: ., = average measured thickness in the flawed area
b = length of flaw in the circumferential direction
E = Modulus of Elasticity for pipe

Overall Buckling: Check piping overall buckling by methodology contained in ASMEB & P
V code Section Ill, NB/NC-3133.6 for cylinders under compression or any equivalent
methodology.

5.5 Evaluation of Through-Wall Flaws

The through-wall flaw evaluation is applicable to only Class 2 or 3 moderate energy (ME)
piping for through-wall flaws and flaws where 1, is less than the required thickness for hoop
and axial stress. The geometry of through-wall planar flaws is shown in Figure 5. The flaw
evaluation is based on the requirements of ASME Code Case N-513 [2.6] with the following
limitations:

1. Specific structural factors in paragraph 4.0 of reference 2.6 must be satisfied.

2. Code Case N-513-2 may not be applied to:
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5.6

5.7

(a) Components other than pipe and tube.

(b) Leakage through a flanged joint.

(c) Threaded connections employing nonstructural seal welds for leakage
prevention (through seal weld leakage is not a structural flaw; thread integrity
must be maintained).

(d) Degraded socket welds.

3 Code Case N-513-2 may be applied to adjoining fittings and flanges to & maximum
distance of (Rst)*° from the weld centerline.

4. When the width of wall thinning W, that exceeds ty,, is < 0.5(Rqt)”° where W, is
defined in Fig. A-1 (partial through wall thinning), the flaw can be classified as a

planar flaw, Attachment 7.3A or 7.3B can be used. if the above requirement is not
satisfied, Attachment 7.6 can be used.

The acceptance is limited 1o the next scheduled outage. The detailed methodology of the
evaluation is described in Reference 2.6. ASME Code Case N-513 also requires
augmented examinations to determine extent of condition. These requirements are covered
in ENN-DC-185 [2.15].

An example of a through-wall flaw evaluation is given in Attachment 7.3A and 7.3B.
Remaining Service Life (RSL) Estimation

The remaining setvice life of a thinned pipe shall be used to schedule the next inspection.
Calculate RSL.:
RSL = (timeas - Y (SFW))

Where {' e = Maximum of { tayn tamins B*tnom)

Restoration of Wall Thickness for Class 2 and 3 Carbon Steel Piping

if necessary, wall thickness restoration of Classes 2 and 3 carbon steel Raw Water Service
piping can be performed in accordance with ASME Code Case N-661 {2.18] with the
iimitations of Regulatory Guide 1.147 [2.13].
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Figure 1: Logic Diagram for Pipe Wall Thinning Evaluation
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GENERAL NOTE:
‘f‘ranss‘ﬁ@fs Tones extend from the point on the ends where the dismeter begins to ch ange
to the point on the central cone where the cone angle is constant,

Figure 3: Zone of Reducer
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6.0

7.0

RECORDS
Use of this standard in conjunction with EN-DC-126 and EN-DC-115 process.

ATTACHMENTS
7.1 Example of Wall Thinning Evaluation Based on Uniformly Thinned Section

7.2 Example of Axial Stress Calculation With Actual Thinned Section
7.3A Example of ASME Code Case N-513 Evaluation for A Through-Wall Flaw for Carbon Steel

7.3B Example of ASME Code Case N-513 Evaluation for A Through-Wall Flaw for Austenitic
steel

7.4 Example of Minimum Wall Evaluation at Reinforcement Area of Tee

7.5 Plant Specific Allowable Stress Factors

7.6 Recommendation for Safety Related Moderate Energy Class 2/3 and Non-Safety Related
Piping

7.7 Recommended Guidance and Methods for Calculation of Wear Rates

7.8 Guide for using PS-S-001as Informational Attachment

7.9 Informational Attachment
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Attachment 7.1 Example of Wall Thinning Evaluation Based on Uniformly Thinned Section

Sheet 1 of 2

1. Design Parameters
D,: Qutside Diameter, (in)
tnom | Nominal Thickness, (in)
Material
P : Design Pressure, (psi)
T : Design Temperature, (°F)
Sy : Allowable Stress at Design Temperature, {psi)  (See App. A of B31.1)
Sa : Thermal Expansion Allowable Stress | (psi)
A An additional thickness per Section 104.1 of B31.1, (in)

2. Prediction of Min. Thickness at Next Inspection, te
tmeas : Measured thickness of latest inspection, (in}
W, : Wear Rate (infyr)
Y : Service years between the latest and next inspections, (yr)
SF : Safety factor
Prejected thermal cycles between the latest and next inspections
tp = tmeas ~ SFWTY, (in)
Ro/ts < 50, "OK"; or » 50, "Buckling Evaluation Required® Ro/tp =

1y

3. Screening Rules for Pipe Wall Thinning
Rule 1: Acceptance Standard = 0.875"em @@
Rule 2: Minimum Required Thickness
0.3%um for Class 1
0.2 forClass 2 or 3
Rule 3: Between the above two limits, wall thinning can be accepted by a structural evaluation

Action required based on the above sereening rules for the inspected thinned pipe
Class 1 piping
Class 2 or 3 piping

4. Structural Evaluation
a. Minimum Thickness for Hoop Stress :

tmin = P D/A2(Se+ 4*PY] + A, (in)
b. Minimum Thickness for Axial Stress :

Is the thermal expansion stress required to be evaluated?

Krer © Allowable stress increase factor for Normal Condition
Kugps  Alfowable stress increase factor for Upset Condition

Kemg © Affowable stress Increase factor for Emergency Condition
¥ : Allowable stress increase factor for CC-N-587

{Boxed values are input)

3.5

0.216

A106 GB, SML

325

280

15000

22500

0

0.080

0.00250

2

1.1

70

0.0745
OK

0.189

0.065
0.043

Structural Evaluation Req'd
Structural Evaluation Req'd

0.038
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Attachment 7.1 Example of Wall Thinning Evaluation Based on Uniformly Thinned Section

Sheet 2 of 2

Originatl Piping Stresses
Swior : Normal Condition Stress, (psi)
Sugs - Upset Condition Stress, (psi)
Skmg : Emergency Condition Stress, (psi)
Stte : Thermal Expansion Stress, (psh)
Let o =
S
i =
i'fi=
2/2' = D" - (Do-2toom) Yo" - (Do-2t%m) ]
Aftlowable Stress - Axial Stress > 0
Normal conditions: Y RKuor* Sn | PO + (175 (Snior - P DofBleen) (22 > 0
Upset conditions: vKups*Si- [ P DA + (5 (Sups - P*Dof o) (27201 2 0

Emergency conditions: y*Kemg*Ss - [ PO/ M i + (171 Sy » P D/ buan) (/)] 2 0
{

(5

(6}

Normal and Ther. Expansion conditions: v4(8n + Sa) - [ P O/ + (A Sner - P Do/ tagn + Sme)* (/2] 2 O

c. Minimum Required Thickness

Class 1: Proin = MAX. [ o, Py 0.3 0om]s (in);  Acceplable fte » thn
Class 2 & 3: e = MAX. [ty Vs, 0.2%%em], (in);  Acceptable if tp > tau

5. Remaining Service Life (RSL)

Class 1: RSL = { treas - t trint ]/(SF*Wf)v (yf)
Class 2 & 3: RSL = [ tyeas - ten JISFW), (y1)

0,085
0.053

Yes
Yas

55
9.9

Notes:

(1) The wear rate will be obtained from Responsible FAC Engineer or based on the Attachment 7.7.

(2) The acceptance standard {(0.875t..) can not be applied to:
1. Class 1 short radius elbows,
2. Reinforcement area of a tee or branch connection, and

3. For reglons of piping designed to specific wall thickness requirements, such as counterbores or weld attachments.

(3) For the small end of reducers, the standard shall be based on the t., of the pipe size at the small end. For the large
end, the large end transition and the conical portion, it shall be based on the t.., of the pipe size at the larger end.

{4) The formula is applicable for straight pipes, bends, and elbows.

For reducers, ., at each end shall be equal {0 ., of straight pipe of the same nominal size as the reducer snd.

For the conical portion and transition at larger end of reducers, .. shall be that of the large diameter pipe end.

For branch connections and tees, the reinforcement area of the opening shall be bassd on the B31.1 code.
(8] 1%, can be obtained by the "Trial and Error” method until the "Allowable Stress - Axial Stress” due to Nomal, Upset,
Emergency. and combined Normal and Thermal Expansion conditions are all positive and one of them

shalf be close fo zero.

(&1 (i} can be calculated from Appendix D of ANSI B31.1. {i') needs to be adjusted for the pipe wall thinning.
it is suggested that the average thickness or 2 times of the original value be used for the 1 calculation.
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Attachment 7.2 Example of Axial Stress Calculation With Actual Thinned Section
Sheet 1 of 2

{Boxed values are input)

0. : Pipe OD, (in) 18
R, : Pipe outside radius, = D./2, {in} 9
trem ¢ Pipe nominat wall thickness, (in) 0.375
Y Total service years up to latest inspection, (yr} 24
Y : Service years between latest inspection and next inspection, {yr) 2
N : Total no. of thickness measurements (equal grid) in circumferential direction & 20
AB = 21N, angle of each grid, (rad) {where K= 3.142 ) 0.314

n {tmeas)n (oln Rin B A Amn Biyn Bixe ba b ban

(iny  (ny  (rad) (i) (in®) @ Y (in™ {in" (in*)

1 0.221 | 0.207 8.79 0.00 12.1 0.58 71.2 0.0 45.8 0.0 0.0

2 0.226 | 0212 8.79 0.31 121 0.59 67.6 22.0 42.5 4.5 13.8

3 0.222 | 0.208 8.79 0.63 12.1 0.58 576 41.8 30.1 15.9 21.9

4 0.280 | 0.271 873 094 12.0 0.76 40.9 56.3 205 389 28.2

5 0.205 | 0.288 8.71 1.26 11.8 0.80 21.4 65.9 6.0 56.8 185

6 0297 | 0280 871 1.57 11.9 0.81 00 692 0.0 63.2 0.0

7 0.204 | 0.287 8.71 1.88 11.8 Q.80 -21.4 65.9 6.0 56.6 -18.4

8 0.292 | 0284 872 220 1.9 0.79 -40.8 56.1 218 40.7 -29.5

g9 0.292 | 0.284 872 251 11.9 0.79 -56.1 40.8 40.7 216 -29.5

10 0283 ] 0275 873 283 12.0 0.76 -66.2 215 54.3 8.7 -17.7

11 0314 | 0308 889 314 1.9 0.86 -68.8 0.0 67.1 0.0 0.0

12 0.304 | 0297 8.70 3.48 119 0.83 -65.86 -213 58.6 6.2 19.1

13 0304 { 0287 870 3.77 1.9 0.83 -55.8  -408 42.4 224 308

14 0.138 | 0.116 888 408 12.4 0.33 -43.2 -594 9.0 171 12.4

15 0.137 | 0.115 888 440 12.4 0.32 227 -69.9 25 234 7.8

18 0.139 | 0,117 888 471 12.4 .33 0.0 -734 0.0 26.4 0.0

17 0.140 { 0118 888 503 12.4 0.33 227 698 25 24.1 -7.8

18 0.151 | 0.130 887 534 12.4 0.37 42.9  -59.1 10.1 19.1 -13.9

19 0,161 | 0.141 8.86 5.85 123 0.40 58.8 -428 20.7 10.9 -18.0

20 0308 | 0803 870 5497 11.8 Q.84 655 213 59.7 6.3 -19.4
Min. 0137 0115 p A Ay 8, B I ly by
Ave, 0240 0.228 Total 2418 12.7 82 -18.1 539.9 459.6 1.0

Where n: ldentification of measurement grid around circumference
{teastn | Mt thickness measured in nth grid
(1.} - Min. predicted thickness of nth grid at next inspection, = (tawsls — SFY'W,, where W=t -« (toessle VY
A © inside thinned radius = - (Lnaas)s Of Nth grid
8. : Circumferential angle clockwise of nth grid (from vertical axis of pipe section)

A = (R -RIP(ABV2, A = R (ABV2
B = R c08(0:)" (ABY3, B = Ry 'sing8,)"(48Y/3,
Lo = {Ro R oos™ 0,1 (A0)/4, b = (R R8I (8,7 (AB)4, Lege = (Ro™Ri Y siniB,1 cos(B.17(ABY4.

A= 2y Ao similar for A, By, B, L, 1, and L, (The origin of x-y coordinates is at the center of pips sestion.)
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Attachment 7.2 Example of Axial Stress Calculation With Actual Thinned Section
SHEET2 0OF 2

Gravity center of pressure area ; Y, = BJ/A; X =B/A ; (in) 0.034  -0.075

Gravity center of metal area © Xa = -AVAG N, | Yoo = -AJALTY, L (i) 1.425 -0.649

Moment inertias at C.G. of metatarea : b = L -AnYa' b = b - An %o’ & by = I8y -Ap X Yo (%) 5346 4338 1274

Actual thinned B » R N

Section: Lo == b {{leb ) #4015 72, Rum= R + 06740075, Zin o R 4322 1057 409

Nominal section: Laome Bay Zeom {10 L= 0.375  in); (n' in, inH 806.6 $.00 898

Uniformly thinned saction: I,R. Z (for {tohmn = 0115 in; (in‘z‘ in, m?) 258.8 8.00 288

2. Axial Stress for Actual Thinned Section
P : Design pressure, (psi)

S, = P*AJA,, /1000, Axial stress for pressure based on the actual thinned section, (ksi) 2.86

8 = (X' +Ye' )", Eccentricity of thinned section, {in) 1.57

Mg = (RSP 81000, Bending moment due 1o eccentricity of pressure force, (k-in} 50.8

Operating Condition Normal  Upset  Emerg.
S : Pipe axial stress based on nominal thickness {From Piping Stress Report], (ksi} 8.0 7.0 10.0
0.75i : [ 1 Stress Intensification for nominal thickness] 1.0 1.0 1.0

Me = (S - P*Dy/ 80/ 1000)* Z oo /(0. 751 Bending moment due code loadings, (k-in) 376 466 735

M' = My + M, Total bending moment for thinned section, (k-in) 436 526 795
Q.751 ;[ ' : Stress Intensification for average thinned thickness] { 1.0 [ 1.0 ! 1.0 1
S' = 8, + {0.751V'M/Zwn - Actual stress based on the actual thinned section, (ksi) 13,5 15.7 22.3
Vaiow : Allowable stress, (ksi)  ©) [ 17.1 [ 20.6 l 309 l
Acceptable if YSaew > & Yes Yes Yes

Cyclic Operation

St : Thermal stress range (ksi)
S'ns = {1/ 1) Srie (Znom/ L) (K81
Y84 : Tharmal allowable stress; (ksi)
Acceptabie if Y8, > S've

Notes:
(1) His recommended al least 18 measured wall thickness points around the circumference.

(2} v=1.143 s used.

21.9
25.7
Yes
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ATTACHMENT 7.3A EXamPLE OF ASME CoDEe CAse N-513 EVALUATION FOR A THROUGH-WALL FLAW FOR
CARBON STEEL

Sheet 1 of 2

A. Pipe Parameters
D, = Pipe OD (in)
t = Pipe wall thickness at flaw location (in}

b = average wall thickness of pipe circumference based on UT report (in} at section

trom = nOminal pipe wall thickness (in}

po = Design Pressure (psi)

po = Operational Pressure {psi) (< 275 psig)
T = Metal Temperature at evaluation(°F) (< 200°F)

E = elastic modulus at T (ksi)

v = poison ratio

Jie = material toughness (Ib/in)

S = allowable stress for pipe (ksi)

i = S5IF = stress intensification factor used in the stress analysis
Service Level

PaDo/(4thon} or from stress summary: Axial stress due to design pressure (ksi)
8 = PsD/(4luom) + (0.751)0n: Piping Axial Stress (ksi, from stress output)

SFa Level A=27 Level B=24; Levelc= 18 Level D =13 {C-2621& 2622] 2.7 2.4 1.8 1.3

8Fg: Level A=23; Level B=2.0; Levelc =16 Level D= 1.4 [C-2621) 2.3 2.0 1.6 14

R, = pipe mean radius (inj = (D, - 1/2 9.925

E =BT -V 30549

K. = material critical stress intensity factor =J.*E¥1000)%% (ksi(in)>% 37.08
B. Evaluate as a planar flaw in axial direction (Based on LEFM C-7400 & N513-2, [-3.0)

Service Level A B C D

iy "e" to make K- Ki>= |

¢ = £/2 = Half axial flaw length (in) 0.0 &2 : %8

p = pressure for the service level condition 80 150 150 150

oy = PTR/2H/1000 (ks 6.00 10.00 10.00 10.00

For through wall flaw, a = ¢ :

L= iR 076 047 068 0.96

Fet+Al+BV +CU+ D+ BEAP 134 115 1.28 1.48

Where A= 00724 B=  0s4se C= o237 D= gopasz E= 002323

K - K = Ky - Kin = (SFo)Fobie)®® (ksitin)"% 000 000  0.00 0.00

flaw length “2¢" 1.86 1.14 1.65 2.33

Allowable Axial Flaw Length = Smalier "2¢" of four service levels {in.} = 1.14
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ATTACHMENT 7.3A ExAmMPLE OF ASME Cope Casg N-513 EVALUATION FOR A THROUGH-WALL FLAW FOR
CARBON STEEL

Sheet 2 of 2

C. Evaluate as a planar flaw in circumferential direction

Service Level A B C D
{0.751} >= 1.0 100 100 100 1.00
&' = (8 - PaDof (@nom)/(0.750) {ksi} 015 078 118 118
o6 = u{De" + (Do~ Phiam) WID6" ~ 1Ds - 2tuvad ] {ksi) 0.221  1.148  1.737 1737
p = pressure at the setvice lsvel 90 150 150 150
o = PD/Adt.): Axial stress due to service pressure (ksi) 1.80 3.00 3.00 3.00
Kig = 37.1 371 371 371

For through wall flaw, based on a = ¢

¢ : Half circumferential flaw length Lty "¢ to make K- K> 0.0

o = o/ (nRe) 0.0 0.030 0.034 0.041
r= R 66.2 66.2 66.2 66.2
i= 0 1 2 3
A= A+ At ™0 + Aung™ + Apa'l A -2.0292 16776 -0.0799 0.0018 269.1 2691 2691 269.1
Bz Bro + Bat'T + Bog' + Bg™r B 7.0998 -4.4239 0.2104 -0.0046 706 706 7068 706
Co= Cong + Con 1 + Cond™7 + Cong™t” Cri 77966 5.1668 -0.2458 0.0054 8408 840.8 B40.8 B40.8
Ap= A + At + Al 4 Al L™ -3.26854 1.5278 -0.0727 0.0018 2434 2434 2434 2434
By= Bog + Bot't 4 Bp'f + Bu'r By 11.383 -3.0141 0.1862 -0.0041 620 620 -820  -620
Co= Cug + Cot"r + Cip™* + Cea™r’ Cui -3.1861 3.8476 -0.1830 0.0040 617.5 617.5 6175 86175
Fam 14 Am e 4B 0 24 Cel® ® 330 230 254 3.00
Fo= 1+ Ag ol S4By o "+ Cp o ® 308 218 238 281
Kie - K = K - [{(SFo)(ne) omF) + SFulne)®*o Fu)] > 0.0 0.0 0.0 0.0 0.0
Flaw fength (2¢) = 2.82 1.88 2.1 2.565
Aliowable Circumferential Crack Length = Smaller "2¢" of 4 service levels {(in.) =

D. Check the hole penetration flow area

o = PaDI2(S + 0.4p4)] (inch) 0.100
L = length of through wall crack for the hole penetration in the axial direction of the pipe {inch} :
Lewe = length of through wall crack for the hole penetration in the circumferential direction of the pipe {inch)
A, = flow area of pipe {in)

A, = flow area per CC N-B13-2 (in)
A, = alfowable flow area = smaller of A, and A,

A; = flow area of hole = Ll

Ap <z Ay Yes
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ATTACHMENT 7.38 ExampLE oF ASME Cobpe Case N-513 EVALUATION FOR A THROUGH-WALL FLAW FOR

AUSTENITIC STEEL

Sh.1of 2

A. Pipe Parameters
D, = Pipe OD (in}
t = Pipe wall thickness at flaw location {in)
t.e = average walt thickness of pipe circumferential based on UT report(in}
thom = NOminal pipe wall thickness (in}
Py = Design Pressure (psi}
o, = Operational Pressure (psi)
T = Metal Temperature at evaluation(°F}
E = elastic modulus at T (ksi)
v = poison ratio
Jio = material toughness (ib/in)
5, = Material yield stress at T {ksi)
S, = Material ultimate tensile strength at T (ksi)
i = SIF = stress intensification factor
Service Level

{< 275 psig)
{< 200°F)

at section

Pa* Do/ (Alaem) of from UERC stress summary; Axial stress due 1o design pressure (ksi)

$ = DD/ (Hm) + (0.75i0y,: Piping Axial Stress (ksi, from stress output)

2.7
2.3

SF,: Level A =27 Level B =2.4; Level c = 1.8; Level D = 1.{C-2621 & 2622}
SF,:  level A =23 LevelB =2.0; Level ¢ = 1.6; Level D = 1 {C-2621]
a/t = depth of flaw to wall thickness ratio {for through wall flaw, a/t = 1.0)
R, = pipe mean radius {in) = (D, - /2
E'= EA1 -9
K, = material critical stress intensity tactor =4, EY1000°% (ksiin)®%)
B. Evaluate as a planar flaw in axial direction [Based on ASME CC N513-23b,eqn 1,2 & 3]

2.4
2.0

Service Level A B

p = pressure at service level 80 150
o, = pl /2t {psi} 8000 10000
o= (8, + 52 {psiy 47500 47500
Iy = allow through wail axial flaw (inch) = 1.58(R.0 o/ (SF o - 1177 53

33
Allowable Axial Flaw Length = I of four service levels {in.} = i

Cc
150
10000

47500
4.7

1.3
1.4
1.00
9.925
30549
37.08

D
150
10000
47500
8.8
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Attachment 7.38 Example of ASME Code Case N-513 Evaluation for a Through-Wall Flaw for
Austenitic Steel

Sh.20of 2
C. Evaluate as a planar flaw in circumferential direction (Based on Limit Load C-5320}

Service Level A B o} D
{0758 »>= 1.0 1.00 1.00 1.00 1.00
Oy = [8 + PeDof (40 ) 1/(0.750) 1.88 5.06 5.82 582
& = 0,10, - (D, - Poen) WD - Dy - el 2763 7.442 8564 8564
p = pressure at the service level (psi) 90 150 156 150
G = DM, - Axial stress due to internal pressure (ksi) 1.80 3.00 3.00 3.00
© = half crack length, trial & error untit o.k. appears for both primary bending and membrane stress 54 3 l
8 = o/R,, {radian) 1592 1179 1259 1380
o = {8, + §,)/2 {psi) 47500 47500 47500 47500
H@+Br<=n | then flaws not penetrating the compressive side of pipe
B = 0.5[n - (a/1)8 - 16,,/43.4] 0.71 0.87 0.83 0.78
ofy = (Ro¢m)[2sin - (@/sing] (psi 9175 18388 15845 13053
H{e+B)y>n | then flaws penetrating the compressive side of pipe
B =1 - alt - ofal(2 -at) -0.12 -0.20

o = (20/M)(2 - (at)ising {ps) 16760 27817

Use o { 9175 | 16sea ]

Check primary bending stress

Allowable bending stress = S, = o /SF, - Gl 1 - 17 (psi) 2856 7444  B633 8631
S -Gy >»=0 93 2 68 67

Check primary membrane stress

@ = arcsinf{0.5(at)sing] 0.52 0.48 0.50 a.51
o = 61 - (@O - 20 {psi} 7601 15151 13457 11485
Allowable membrane stress = S, = 6°/5F 2815 6313 7476 B835
S G >=0 1015 3313 4476 5835

oK. o.k. o.k. o.k.
Flaw length (2°c) = 3186 234 250 270
Allowable circumferential Flaw Length = Smaller "2¢” of four service levels {in.} =

F. Check the hole penetration flow area

trae = PeD/2(S + 0.4py] (inch) 0.100

L..a = length of through wall flaw for the hole penetration in the axial direction of the pipe {Inch) :
e = length of through wall flaw for the hole penetration in the circumferential direction of the pipe {inch}

A, = fow area of pipe (i)

A, = flow area per CC N-513-2 {in%y

A, = allowable flow area = smaller of A, and A,

A, = flow area of hole = Lol 0.72

A<z A, Yes
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Attachment 7.4 Example of Minimum Wall Evaluation at Reinforcement Area of Tee

Sheet 1 of 1

1. Branch Connection Dimensions  (See Figure 6 for nomenclature and dimensions)

o : Angle between axes of run and branch, (Deg.)
d : 1D of branch, (in)

do 1 OD of branch, (in)

1, 1 Min. predicted branch wall thickness, (in)

tme - Min. required branch wall thickness, (in)

Do : OD of run, (in)

To : Min, predicted run wall thickness, (in}

Temir © Min. required run wall thickness, (in)

2. Reinforcement Area Dimensions
dy @ d/sin{o), {in)
dp : "Half width” of reinforcing zone = Max{d, tp+Tp+d+/2) but not more d; , {in)
L : Altitude of reinforcement zone outside of run = 2.5, , (in)

te : Thickness of reinforcement ring, pad or saddle, (i)
D, = OD of reinforcement ring, pad or saddie (Effective only up to 27ds); (in)

3. Reinforcement Area Required for Pressure
Aveq =1.07 Tain*d?[2-sin(c)], (in)
4. Reinforcement Area Provided

A; @ Excess wall thickness in run = d2* (T - Tawn), (inz)

A, : Excess wall thickness in branch = 2L*(t tme) , (in%)

As : Area provided by deposited weld metal beyond QD of run and branch, (in%)
A4 : Area provided by a reinforcing ring or pad = (D - th)'te (in?)

As : Area provided by a reinforcing saddle = (Dr - do}"te (in)

Total Area Provided : Auo, = Ay + As +Ag +As o Ag) : (in%)
5. Acceptability of Thinning at Reinforcement Area

Aﬁceﬁtabie i Ap,rmz > Are{;

{Boxed values are input.)
— 55
2525
28
0.244
0.075
38
0.244
0.092

2525
2525
0.61
0.0
0.0

2.486

3.838
0.206

'”“[0 ‘Oi?’_j

4.11

Yes
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Attachment 7.5 Plant Specific Allowable Stress Factors

Sheet 1 of 1

The following plant specific factors are for a typical piping system. It should be noted that some particular
piping systems might have different factors. In such case, the particular factors for that piping system
shalf be used.

Allowable Stress Factors

Notes :

Normal Upset | Emergency | Faulted
Site KE.EI KUQ_§ Kgﬁg KFau
P2 1.0 1.2 1.8 1.8°
IP3 1.0 1.2 1.8 1.8@
JAF 1.0 1.2 1.8 249
PNPS 1.0 1.2 1.8 2.4
VY 1.0 1.2 1.8 2.4

{1) The typical load combinations for various operating conditions are defined as follows;
- Normat (or Design) = Pressure + Dead Weight,
- Upset = Normal + Operational Basis Earthquake,
- Emergency = Normal + Design Basis Earthquake or Safe Shutdown Earthquake
Loadings such as pressure transient or pipe rupture, etc. should be added to the appropriate load
combination according to the individual plant design basis.
(2) Also see Table 1.11-2 of IP2 UFSAR.
(3) Also see Table 16.1-2 of IP3 FSAR.
(4) Use of this factor is acceptable for piping included in the Mark | Program Analysis. Otherwise, use 1.8
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Attachment 7.6 Recommendation for Safety Related Moderate Energy Class 2/3 and
NON-SAFETY RELATED PIPING

Sheet 1 0f7

For non-safety-refated piping, the following restrictions of Code Case N-597 and Regulatory Guide 1.147
can be ignored.

(1) Thermal expansion stress need not be considered.
{2) Localized wall thinning evaluation is acceptable.

ftis noted that NRC approval is required to apply the local thinning evaluation to Class 1, 2, & 3 piping. For
moderate energy Class 2 & 3 piping, NRC granted unconditional acceptance to evaluation method
prescribed in ASME CC N-513-2.

Acceptable Local Wall Thickness, t,.. @ [2.4]

A. taec CaN be equal to 0.9t,,, without further calculation, or perform following steps

B. Obtain local thinning area dimensions: L, L, Lm(a), me (See Figure A-1)

C. Calculate pipe charactens&c tength, (Ruin'tmn)"", Where R, = Ry — t/2

B, Calculate Ly (R i) °

E. Determing tyuo/tmn by performing Case 1 and 2 in order. If the !srmts of Case 1 and 2 are not
satisfied, determine tyoo/tw from Column 3622.4 of Table A-1 @

Case Conditions Applicable Limits tatoe tinin

Limited

1 Transverse Extent (Amintmn)*? > Loy ) From Column 3622.2 of Table A-1
Limited Axial 265" (Rein"tmin )°° 2 Lo Larger value of
&
2 Transverse Extent and 1 - 1.5 B tous )0-5*( Yomitmin=1 YL
. and
tnom >1.13 tmm OSSS«L(:J(Rmm*tmn )OVS

3 Unlimited Transverse Case 1 or Case 2 not met From Column 3622.4 of Table A-1

Extent

F. Local Wall Thickness Requirements

Hoop Stress Criteria Actions
te 2 tane Accept for Hoap stress
tp < taoe Repair or replace

An example of local thinning evaluation for hoop stress is shown in this Attachment [Shi 6 & 7].

Notes: (1) For multiple thinned areas, the wall thickness is required o exceed ty. for a distance that is the greater of
2.5(Ruombosm)” 08 2l e 5 between adjacent thinned regions. Otherwise, the adjacent thinned arsas shall be
considerad as a single thinned tegion in the evaluation.

{2} For muttiple thinned areas, the wall thickness shall exceed t..,, for an axial distance the greater of 2.5(Rutae)”” of
Zhaviamer DEtWERD adjacent thinned regions. Otherwise, the adjacent thinned areas shall be considered as a si ingle
thinned region in the evaluation.
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Allowabile Local Thickness

N Friabrin -3622.2 -3622.4
0 0.100 0.100
0.20 0.100 0.261
0.23 0.100 0.300
0.26 0.100 0.375
0.32 0.100 0.477
0.38 0.100 0.551
0.45 0.100 0.616
0.50 0.100 0.651
0.60 0.100 0.703
0.70 0.182 0.742
0.83 0.300 0.778
0.85 0.315 0.782
0.90 0.349 0.794
1.00 0.410 0.813
1.20 0.505 0.841
1.40 0.572 0.860
1.60 0.622 0.873
1.80 0.659 0.883
2.00 0.687 0.891
2.25 0.714 0.897
2.50 0.734 6.900
275 0.750 0.900
3.00 0.763 0.900
3.50 0.787 0.900
4.00 0.811 0.900
4.50 0.834 0.900
5.00 0.858 0.900
5.50 0.882 0.900
6.00 0.900 0.500

6.00 0.900 0.900

GENERAL NOTE:

Interpolation may be used for intermediate values.

Table A-1
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|

Y
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tam ¥ { &\ \\ \\

>

Transverse
{hoop} direction

Figure A-1 [llustration of Nonplanar Flaw Due To Wall Thinning
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) t 2 lnin
in surrounding srea

Areal
o 3 % fniny

Xy = minimum distance between sress fand /
L ; = maximum extent of thinned area |

b, svg * G,*Lm,; Ly ;)
GEMERAL NOTE:

Combinstion of adjstent aress into an equivalent single area shail be based on dimensions
and extenis prior to sombination,

Figure A-2: Separation Requirements for Adjacent Thinned Areas
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e l, Axiat Divection
Arey ¥

lisiicee { e
3 A * Vo
i surrounding srea

i o {Note {1}] ~——} (Nota (21}

Xy = minimum distance betwaen areas | and § at any circumferantisl location on pipe
Loy, = maximum axtent of thinnad area fin axisl direction
Lox = maximum of the extents Ly ; and Lygy j of two sdjacent areas

NOTES:
{1} Arsas nesd not be combined indo single areas based on separation in the transverse direction, provided that
trangverse exteris of individual adjscent thinned areas do not overlap,

{2} Combination of adjacent sreas inlo an equivalent single area shall be hased on dimensions and extents prior to
any combination of sdiscant aress.

Figure A-3: Separation Requirements for Adjacent Thinned Areas
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“Attachment 7.6 . RECOMMENDATION FOR SAFETY RELATED MODERATE ENERGY | , ;
| CLASS 2/3 AND NON-SAFETY RELATED PIPING P

{NAC review and apprcvat is reqmred for Class 1and H!Qh Energy P:pmg)

1 Destgn Parameters

DO OutsldeDaameter, (m) i

(fa;oc/’imn), see note T
the 1 NS13-2: frcmcurv@ 1 ot Fig 3 lf app !cab!e NSQT 2 fmm tab!e 3622«

Case 2 Local Thmnmg for Lamtted Axxai and Transverse Extent
Applicable if 2.65%(R )% > L, and tm> 1 xa*tmm
o= (158 (R ) (1 - ) + 1.0 ,
G = 0353 L/ (At 38
Dy Larger of {C» 62?; lf appncab#e Qr? 0 ;%m}
Case 3 Unhmned Transverse Extem
ey = (&a,pc/i“;;.)‘ seenote 2 -

,-3622.2 it applicable

Yes

‘0019 ma
{0657 | na
0657  wa

G e
omiesiezt ssza

ible 3622-1, - 3622. Y ooss |
o Yes

Acceptab’é tftp>t,ﬁ,OC T
b EbowandBentPipe
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b. Elbow and Bent Pipe
R, : Eibow radius, {in} 24
8 - Thinning location angle, See Fig. 2 for iHlustration (Deg.} 0
taoe = (0.5+0.5/(1 R/, o881 * e (IN) 0.128
Acceptable if tp > tyoc yes
¢. Reducer
d, - Maximum outside diameter of piping itern at the thinned locatlon, (in) 24
D, : Reducer larger end outside diameter (=D, assumed), (in} 24
a : Maximum cene angle at the center of a reducer, {degree) 45
taoe = (dy/Dy Y €OSE ™ Ty, (iN) 0.103
yes

Acceptable if tp = e

Notes applicable to Code Case N5§7-2:
(1) Local thinning evaluation shat not be aliowed for the following :
{. At the reinforcement area of opening for any branch connection or tee on the run piping. The reinforcement
area is a region adjacent to the branch connection on the run piping, unless the distance between the

center of the branch connection and the edge of thinned area predicted to be less than tw, exceeds By,

where D is the nominal inside diameter of the branch connection.
2. At the small end transition of a reducer.
3. Inner portion of elbows, thyn = 0.5{1+1/(1 +(Re/Re) 0088 toin pipe. SEE details in Section 3622.1.(3) of {2.4].
{2) Case 1 shall not be used to evaluate a reducer. For the rule of the separation, see details in Section
3622.2(a) of [2.4].
(3) Case 2 is not applicable for the following conditions:
1. Thinned area overlaps the reinforcement of the branch connection.
2. Thinned area lies on the conical or small diameter transition zone of a reducer.
3. Adjacent thinned area qualified by this approach when the reinforcement zones associated with each
area would overlap.
{4) As an alternative, ¢z1 = 1+ 0.935Aen/ (L tmin); Where Avn = the reinforcement area available in the pipe wall
based on t, distribution in excess of tm. and within the timits of reinforcement of B31.1 Code, see Section
3622.3(d) of {2.4].

{5) Case 3 shali not be used fo evaluate a reducer.
For the rule of the separation requirements for adjacent thinned area, ses details in Section 3622.5(a) of [2.4].
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Wear rate calculations fali into two categories. The first category is for components without baseline or
previous inspection data (i.e. no initial thickness data is available for the component). The second
category is for components which have initial (baseline) thickness data or data is available from previous
inspections.

Due to uncertainties in original thickness, operating history, UT measurement errors, and other factors,
establishing accurate wear rates can be difficult. It requires some judgment. EPRI has developed
methodologies for wear rate calculations on both initial and repeat inspections. These are described in
detail in Section 4.6 of Reference 2.186,

There are four methods commonly used for determining wear of piping components from UT inspection
data. The methods are:

Band Method

The band method is based on the assumption that wear caused by FAC is localized and the thickness
variations observed around circumferential bands is an indication of wear experienced by the component.
The inspection data is divided into circumferential bands of one grid width each.

The initial thickness (1) of each band is assumed 1o be the larger of the nominal thickness or the
maximum thickness found in each band (1.,..,). The band wear is the initial thickness minus the minimum
thickness found in the band (lueas)-

For each band: te = larger of thom Of fhnax
Wear = ty - theas

The component maximum wear is the largest of the individual band wear values. The component initial
thickness is than taken as the initial thickness of the band of maximum wear. The use of the nominal wall
thickness in the calculations above address the possibility that the entire band may have thinned
uniformly, which may have caused most or all of the thickness to be under nominal wall thickness.

Area Method

The area method uses a local rectangular region, identified as the wear region. It is based on the
assumption that the entire wear area, and a thickness representative of the initial thickness, is
encompassed within the rectangular region. More than one area can be defined for a given component.
The initial thickness (1) of each area is assumed to be the larger of the nominal thickness or the
maximum thickness found in each area, (1ya.)-

For each area: ton = larger of t.., of thax

Wear = b - tnsas
The component maximum wear is the largest of the individual area wear values. The component initial
thickness is than taken as the initial thickness of the area of maximum wear. The use of the nominal wall

thickness in the calculations above address the possibility that the entire area may have thinned
uniformly, which may have caused most or all of the thickness to be under nominal wall thickness.
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Moving Blanket Method

The moving blanket method in CHECWORKS is a refinement of the Area Method. It automates the
process of identifying the region of maximum wear and attempts to minimize the effect of measurement
arrors. The method uses a predetermined size wear area of “hlanket”. The data within the blanket is
evaluated to estimate both the initial thickness and the wear. The blanket is then moved to another
location on the component and the process is repeated. The process continues until all possible locations
on the component have been covered.

Point to Point Method

The Point to Point Method can be used when data taken at the same grid locations exists from two or
more outages (or baseline data plus data from one or more outages). The wear at each location is the
thickness taken at the earlier inspection minus the thickness taken at the later inspection. The largest of
the grid wear values is the component maximum wear between the two outages. The Point to Point

Method does not estimate the initial component thickness.

Wear Rates for Components Without Prior Inspection Data (Initial Ingpections)

When no initial thickness data is available some value must be used for the initial wall thickness in the
wear rate calculation. Variations in the component wall from the manutacturing process can impact the
wear rate calculations. This is most evident in reducers and in 90 degree wrought elbows.

The Band Method, Area Method, and the Moving Blanket Method can be used to evaluate com ponents
with single inspection data. All the methods are based on the theory that the wear caused by FAC is
typically found in a localized area or region.

The following table taken partially from Reference 2.17 shows the recommended methods and the
limitations for each method to determine wear on components with single outage inspection data. Only
methods marked “YES” in the table below are recommended to be used for components with single
outage inspection data.

TABLE 1
Component Type Band Method Area Method Moving Blanket Method
Eibow NO NO YES
Tee YES (1) NO YES (1)
Straight Pipe YES NO YES
Concentric YES NO NO
Reducer/Expander ]
Eccentric NO NO YES
Reducet/Expander
Nozzle YES () NO NO

* Initial thickness and measured wear determined from single outage inspection data should be
interpreted conservatively and only be used for structural integrity.

Alternately, a conservative Wear and Wear Rate may be calculated as follows:
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The lowest recorded thickness value for ali grid points is used as the measured thickness {teas)-
ton = larger of Lo OF thax
Wear = L - frneas
Wear Rate (W,) = Wear / Time

Wear Rate for Components With Baseline or Prior Inspection Data {Repeat Inspections)

Multiple inspection data are considered valid only if the identical grids were used for each inspection. The
“point-to-point” method is used to calculate the component wear rate. The wear at each grid location is
the thickness taken at the earlfier inspection minus the thickness taken at the later inspection. The largest
of the grid wear values is the component maximum wear between the two outages.

The following methods for calculating total wear from multiple inspections are recommended by EPRI in
Reference 2.17.

TABLE 2

Cases Moving Blanket Point-to-Point
Baseline data and subsequent NO YES
outages
No baseline data with 1 or 2 YES YES
outages
No baseline data with more YES ¥ YES ¥l
than 2 outages

{11 Point-to-point method can be used when there is data from at least two outages. However, the wear rate should
be compared to the lifetime wear rate obtained from single inspection (Table 1). The maximum wear rate obtained
from Table 1 and 2 should be used to determine acceptability of the component. . Care must be taken when using
the point to point methad in cases where the wear between the outages is small. Two large numbers (wall thickness)
are subtracted to abtain a small number (wear since previous outage) and then divided by ancther relatively small
number (interval between outages) to determine the wear rate. UT measurement inaccuracies could cause
significant calculation error with this method. However, in most cases where inspection data from several inspection
outages is available, the point to point method will provide more accurate determinations of wear than other methods.

i2] Use single inspection method (Table 1) at first inspection plus Point-te-Point method thereafter.
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PS-8-001 Title Acceptability Remark
Attachment
| Reterences for pipe wall Yes References are either built into
thinning (PWT) and crack-like (see Attachment | section 2.0 or the spread
flaw evaluation (CLFE). 7.9) sheets in the EN standard.
i Terminology and Nomenclature Yes Nomenclature is either built
for PWT and CLFE (see Attachment | into section 3.0 or the spread
7.9) sheets in the EN standard.
i Inputs / Requirements common Yes Inputs are built into the spread
for PWT and CLFE (see Attachment | sheets in the EN standard.
7.9)
v Inputs / Requirements for Yes Inputs are built inta the spread
evaluation of PWT (see Attachment | sheets in the EN standard.
7.9)
v Inputs / Requirements for CLFE Yes Inputs are built into the spread
(see Attachment | sheets in the EN standard.
7.9)
Vi Definition of PWT and CLFE Yes
(see Attachment
7.9)
Vil PWT Evaluation: Code No See Figure 1, Att. 7.1, 7.2, 7.6
(removed) | Evaluation Procedure CC N-480 was | in the EN standard.
superseded
Vil PWT Evaluation: NRC Generic No, See Figure 1, Att. 7.1,7.2, 7.6
{(removed) | Letter 90-05 Methods CC N-480, for wall thinning, Att. 7.3 for
methodology through-wall flaw in the EN
required NRC standard. Unconditional NRC
approval acceptance using CC N-513-2
for moderate energy class 2 &
3 piping.
IX PWT Evaluation: Alternate No EN standard is based on CC
{removed) | Methods CC N-480 was | N-597-2. The code is
superseded applicable to non-planar flaws.

Att. 7.6 need NRC approval
when Class 1, 2 & 3 piping
local thinning taee <t < tain
evaluation. Moderate energy
class 2 & 3 piping does not
need to have NRC approval.
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Page 2 of 2
X PWT Evaluation: Finite Element Yes See Att. 7.2 in the EN
Analysis Methods {see Attachment | standard, 2D finite element
7.9} ;need method will solve majority of
editorial update | the cases.
Xi CLFE: Section Xi Flaw Yes
Evaluation Standards {see Attachment
7.9)
From EPRI &
Sect. Xi
documents
X CLFE: Procedure for Austenitic Yes For moderate energy piping,
Piping (see Altachment | use ATT. 7.3Bin the EN
7.8} standard for through-wall flaw.
Safety factor
changed (use as
reference)
XHl Flaw Evaluation Procedure for Yes For moderate energy piping,
Ferritic Piping {see Attachment | use ATT. 7.3A in the EN
7.9) standard for through-wall flaw.
Safety factor
changed (use as
reference)
XV CLFE: Fracture Mechanics Yes
Software (see Attachment
7.9)
Safety factor
changed (use as
reference))
XV CLFE: Alternate Fracture Yes
Mechanics Solutions (reference)
XVI Derivation of Approaches for No
{removed) | PWT Evaluation Given in CC N-480 was
Attachment Vii superseded
XVi Figures Yes, Fig. 1 & 3 | Use figure 1 of the EN
Figure 2 is no standard instead of Figure 2 of
longer valid and | PS-5-001
k value changed
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Attachment |: References for Pipe Wall Thinning and Crack-Like Flaw Evaluation

REFERENCES
A. Additional References Used in This Standard and Attachments:

Al ASME Boiler and Pressure Vesse! Code, Section HI, Subsections NB, NC, and
ND 1974 Edition through Summer 1975 Addenda.

A2 ASME Boiter and Pressure Vessel Code, Section lll, Subsections NB, NC, and
ND 1971 Edition with Winter 1972 Addenda.

A3 ASME Boiler and Pressure Vessel Code, Section Ill, Subsections NB, NC, and
ND 1971 Edition with Summer 1971 Addenda.

A4 USAS B31.7 - 1969 Edition and “Nuclear Power Piping,” with Addenda through
Summer 1971,

A5 ANSI B31.1 - 1973, with all Addenda through and including Summer 1974.

A8 ANSI B31.1 - 1973, through Summer Addenda B31.1b - 1973

AT ANSI B31.1 - 1873, with all addenda up to and including Winter 1973 Addenda.
A8 USAS B31.1.0-1967.

A9 USAS B31.1.0-1967 and Addenda ANSI B31.7b - 1971,

ABa USAS B31.1.0-1967 and Addenda ANSI B31.7b - 1973 to ANSI B31.1 -1973.
A10  ASME Section XI, \WB-3000, 1986 Edition, without Addenda.,

A.11  ASME Section XI, 1980 Edition with Winter 1981 Addenda.

A.12  ASME Section X1, 1977 Edition through Summer 1979 Addenda.

A.13  EPRI Report No. NP-6045, "Evaluation of Flaws in Ferritic Piping,” Novtech
Corporation, Rockville, MD, 1988.

A.14  EPRI Report No. NP-5911 SP & M,“Acceptance Criteria for Structural Evaluation
of Erosion/Corrosion Thinning in Carbon Steel Piping,” Structural Integrity
Associates, San Jose, CA, July 1988.

A15 EPRI Report NP-3607, "Advances in Elastic Plastic Fracture Analysis," General
Electric Company, Schenectady, NY, August 1984,

A.16  1.S. Raju and J.C. Newman, Jr., "Stress Intensity Factor Influence Coefficients for
Internal and External Surface Cracks in Cylindrical Vessels," ASME PVP-Vol.
58, Aspects of Fracture Mechanics in Pressure Vessels and Piping, 1982, pp. 37-
48,

A17  J.C. Newman, Jr. and 1.8. Raju, “Stress-intensity Factors for Circumferential
Surface Cracks in Pipes and Rods Under Tension and Bending Loads,” Special
Technical Publication 805, ASTM, Philadelphia, PA, 1986.

A.18 EPRI Report NP-1406-SR, “Nondestructive Examination Acceptance Standards,
Technical Basis and Development for Boiler and Pressure Vesse! Code, ASME
Section XI, Division 1,” Special Report, May 1980,

A.18  Section X! Task Group for Piping Fiaw Evaluation, ASME Code, “Evaluation of
Flaws in Austenitic Steel Piping,” Journal of Pressure Vessel Technology, Vol.
108, August 1986.



ENGINEERING STANDARD EN-CS$-5-008-MULT! Revision 0

%Enm@y

Pipe WALL THINNING STRUCTURAL EVALUATION Page 41 of 132

Attachment 7.9: Informational Attachment
Page 2 of 93

A20  NUREG-0313, Rev. 2, “Technical Report on Material Selection and Pracessing
Guidelines for BWR Coolant Pressure Boundary Piping,” USNRC, January 1988.

A21 NUREG-1061, Volume 1, “Reportt of the U.S. Nuclear Regulatory Commission
Piping Review Committee - Investigation and Evaluation of Stress Corrosion
Cracking in Piping of Boiling Water Reactor Plants,” August 1984.

A22  F.P.Ford and P.L. Andresen, “The Theoretical Prediction of the Effect of Systemn
Variables on the Cracking of Stainless Steel and Its Use in Design,” Corrosion
‘87, Paper No. 83, Moscone Center, San Francisco, CA, March 9-13, 1987.

A23 H.Tada, P. C. Paris, and G. R. Irwin, “The Stress Analysis of Cracks Handbook,”
Paris Productions inc. and Del Research Corporation, St. Louis, Missouri,
Second Edition, 1985.

A24  G.C. Shih, “Handbook of Stress Intensity Factors,” Lehigh University,
Bethelham, PA, 1973.

A25 D.P. Rooke and D. J. Cartwright, “Compendium of Stress Intensity Factors,” The
Hilfingdon Press, Uxbridge, Middx, England, 1976.

A28  EPRINP-5596, “Elastic-Plastic Fracture Analysis of Through-Wall and Surface
Flaws in Cylinders,” January 1988.

A.27 EPRINP-6301-D, “Ductile Fracture Handbook,” Vols. |, 1l, and 1il, 1990.

A28 A. Deardorff, G, Randall, and B. Chexal, “An Update on Section X! Approach for
Evaluation of Piping Thinning Due to Flow Accelerated Corrosion,” PVP-Vol. 264,
American Society of Mechanical Engineers, 1993,

A29 “Specification for Evaluation and Acceptance of Local Areas of Material, Parts,
and Components that are Less Than the Specified Thickness,” Reedy
Associates, July 28, 1993.

A.30 N. Cofie and C. Froehlich, “Plastic Collapse Analysis of Pipes with Arbitrarity
Shaped Circumferential Cracks,” in PVP-Volume 135, Fracture Mechanics,

Creep and Fatigue Analysis, ASME, 1988.

A31  ASME Journal of Pressure Vessel Technology, “Evaluation of Flaws in Austenitic
Piping,” Vol. 108, August 1986.

A32 ASME Cases of B&PV Code, Code Case N-480, "Examina;tion Requirements for
Pipe Wall Thinning Due to Single Phase Erosion and Corrosion, Section XI,
Division 1,” pp. 787-795, Approval date May 10, 1990.

A33  ANSKASME B31G, "Manual for Determining the Remaining Strength of Corroded
Pipelines,” 1984.

A34 EPRI6793-CCML, "CHECK-T Software for the Evaluation of Pipe Wall Thinning:
Description and User's Manual," Structural Integrity Associates, Inc., San Jose,
CA, and Miller-Norris Associates, Santa Cruz, CA, April 1980.

A35 Intentionally Left Blank.

A36 Warren C. Young, “Roark’s Formulas for Stress and Strain”, McGraw-Hill Book
Co., 6th ed.

A37  ASME Boiler and Pressure Vessel Code, Section XI, 1889 Edition.
A38  ASME Boiler and Pressure Vessel Code, Section Il Appendices, 1989 Edition.
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A.39

A4

A4t

A42

A43

BWR Vessel and Internal Project - Topical Report; Evaluation of Crack Growth in
BWR Stainless Steel RPV Internals (Proprietary Information prepared by BWR
Vessel and internals Project Crack Growth Working Group, SIA, GE, EPRI,
Entergy Operations, inc. et al), 1955.

US Nuclear Regulatory Commission Generic Letter 88-01: NRC Position on
IGSCC in BWR Austenitic Stainless Steel Piping, Jan 25, 1988.

Jdohn M. Barsom and S. T. Rolfe, “Fracture and Fatigue Control in Structures -
Applications of Structural Mechanics,” Prentice Hall, Inglewood Cliffs, NJ, 2nd
Ed., 1987

EPRI Report No. NP-1931, "An Engineering Approach for Elastic-Plastic Fracture
Analysis,” V. Kumar, M.D. German, and C.F. Shin, July 1981.

NAVCO Piping Datalog, ed. No. 10, 1974, National Valve and Manufacturing Co.,
Pittsburgh, PA

References Provided For Information:

B.1

B2

B.3

B.4

B.5

B.6

B.7

M. F. Kanninen and C. H. Popelar, "Advanced Fracture Mechanics," Oxford
University Press, New York, N.Y., 1985,

EPRI Document NP-5064M, “Corrosion-Assisted Cracking of Stainless and Low
Alloy Steeis in LWR Environments,” February 1987,

EPRI Document TR-100398, Volume 2, “Stress Corrosion Monitoring and
Component Life Prediction in BWRs,” March 1992.

P.L. Andresen, L. F. Coffin, and F. P. Ford, “Corrosion Cracking Monitor -
Feasibility 11,” EPRI Contract RP2006-14, GE CRD Report 87SRD022, Final
Report, February 1988.

EOC! formulations using Fracture Mechanics Approach.

“pc-CRACK Fracture Mechanics Software User's Manual,” Structural Integrity
Associates, Version 2.1, 1991.

"ENDURE” - Users Manual for Fatigue and Fracture Analysis, Engineering
Mechanics Research Corporation, Troy, Ml
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Attachment 1I: Terminology and Nomenclature for Pipe Wall Thinning And Crack-Like Flaw Evaluation

a Maximum depth of surface flaw, inch
3 Final flaw size, inch

Corrosion allowance, inch (includes any additional wall thickness tor general loss)

Area of wall thinning that exceeds ty,, inch®

Compensating area for local wail thinning, inch?

; internal Area of pipe, in°
Coetficient of thermal expansion of pipe;
Maximum cone angle at the center of the reducer, degrees

B Primary stress indices

B
B Angle to neutral axis of flawed pipe, radians
c Half length of surtace flaw, inch

CVN Charpy V-notched absorbed energy, ft-Ib

d . d Depth of flaws as shown in figures of generic letter 90-05 evaluations,

inch

Aoy Distance from the pipe nominal center to the center of pressure for the thinned
section, inch

dog Distance from the pipe nominal center to the centroid of the pipe wall metal at the

thinned section, inch
B, Mean Diameter of corroded pipe and outer pipe, Inch

Nominal pipe internal diameter, inch

D Nominal pipe diameter, inch

Dy Inside diameter of corroded pipe, inch

0, Qutside pipe diameter, inch

Dp Inside pipe diameter based on projected pipe wall thickness, inch
D, Outside diameter at the large end of the reducer, inch

D, QOutside diameter at the small end of the reducer, inch

E Modulus of elasticity or weld joint efficiency, psi

Ef.c Modulus of elasticity at room temperature, psi

Ei Modulus of elasticity at pipe temperature, psi

f Stress range reduction factor for cyclic conditions

F Boundary correction factor or a parameter for normalized (axial) flaw stress intensity

factor
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Fb A parameter for circumferential flaw bending stress intensity factor
F A parameter for circumferential flaw membrane stress intensity factor

FAC Flow Accelerated Corrosion

Flaw Generic term used to describe cracking or locally thinned area of a pipe wall
GTAW  Gas Tungsten Arc Welding

GMAW  Gas Metal Arc Welding

i Code stress intensification factor, 0.75i < 1

I Predicted minimum centroidal moment of inertia at the pipe section, in*

Jie Measure of material toughness due 1o crack extension at upper shelf, transition, and
lower shelf temperatures, J integral at first flaw extension, in-lb/in’

J1mm Measure of fracture toughness at 1 mm of crack growth at upper shelf
temperature, in-Ib/in?

Applied Fracture Toughness, ksi Vin

K’b Mode ! stress intensity factor for bending loading, ksi vin.
K, Critical Fracture Toughness, ksi Vin
K A component of the screening criterion {SC), the ratio of the stress intensity factor to

material toughness

K Mode | stress intensity factor for membrane loading, ksi vin.

I Total flaw tength, inch

L Length of locally thinned area less than ¢, inch

L Maximum length of thinned area less than t,,, inch

Lm(a} Axial length of focally thinned area less than t,,, inch

me Tangential (transverse) length of locally thinned area in less than t,, inch
L. min Minimum L, measured, inch

La Length of reinforcement area, inch

My Margin of stress

M, Resultant moment loading due to weight and other sustained loads, in-1b
M8 Resultant loading moment due to occasional load, in-b

M - Range of resultant moment due to thermal expansion, in-lb

MIC Microbiologically Induced Corrosion

N Number of cycles

P Internal (or external) design pressure, psi
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Total axial load including pressure, kip (see Att. XHl)

Pb Applied primary bending stress, psi

Pe Applied expansion stress. pst

Pm Primary membrane stress at flaw location, psi

Py Normal operating pressure, psi

F’O Maximum internal operating pressure (peak pressure), psi

P Total axial load on pipe including pressure, ib

r Radius of opening in a pipe (for pipe branch reinforcement), inch

R Mean pipe radius, inch

Ry Elbow bend radius, inch

R, Qutside pipe radius, inch

R, Ratio of Zp, to Z4

R, Ratio of th to 44

Fii internal Radius, inch

R, Mean pipe radius based on nominal pipe diameter, inch

R Mean pipe radius based on minimum pipe wall thickness as determined for hoop
pressure, inch

Rumin Mean pipe radius based on wall thickness 1,

S Maximum allowable stress at design temperature in ASME Code hoop stress
equation, psi

S Allowable stress range for expansion stress in Code stress equations 10 and 11, psi

SAW Submerged Arc Welding
SMAW  Shielded Metal Arc Welding

S, Basic material allowable stress at cold temperature, psi

sC Screening Criterion

SE Maximum aflowabte stress in material due to internal presure at design
temperature and joint efficiency E, psi

S, Basic material allowable stress at design (hot) temperature in ASME Code stress
equations 8, S and 11, psi

Se Distance between muitiple flaws in GL 90-05 evaluation, inch

S, Longitudinal pressure stress from internal pressure, psi

Design stress intensity at design / operating temperatures, psi

5 Maximum design stress due to occasional loads, psi
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S A component of screening criteria (SC), the ratio of the sum of primary bending and
expansion stresses to the bending stress at limit load

SSL Maximum design stress due to sustained loads, psi

Ss Thermal expansion stress, psi

Sﬂg Maximum design stress due to sustained loads plus thermal expansion, psi

o bending stress at the flawed location for dead weight, pressure, thermal
expansion, and SSE as used in GL 90-05, psi

o, Reference bending stress at the limit load, psi

S, Material ultimate strength, psi

o, Material yield stress, psi

o, Material yield stress at temperature, psi

t Nominal pipe wall thickness, inch

doc Allowable local wall thickness, inch

tap Average projected thickness remote from flaw location, inch

to Uniform thickness of piping with outside diameter D, required to withstand sustained
and occasional bending loadings as considered in the design analysis of record, in the
absence of pressure, anchor movement and thermal expansion loadings, inch

t Code minimum wall thickness satisfying hoop stress criteria, inch

trin Minimum pipe wall thickness based on Code Equations for axial pressure and
bending, inch

1Y Larger of t, and tyy,, inch

[ t« for large end of reducer, inch

tmz t, for small end of reducer, inch

t Nominal pipe wall thickness, inch

t Minimum projected pipe wall thickness at the next scheduled inspection, inch

T Pipe design temperature, °F

T.T.) Range of temperature on side a(b) of gross structural discontinuity or material
discontinuity, °F (see ASME Section lil NB 3653)

8 One-half of the final flaw angle, radian

v Poisson Ratio

X alt

Y Coefficient 0.4 for temperature 900°F and below

Section modulus based on projected pipe wali thickness to. inch3

L Predicted minimum section modulus for the thinned section, inch®
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Zn

Section modulus based on nominal wall thickness 1y, inch3
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Attachment Il Inputs / Requirements Common For Pipe Wall Thinning and Crack-Like Flaw Evaluation

The information contained in the following tables is considered as given conditions and
known values. The purpose of collecting this information is to perform an acceptability
evaluation of locally thinned areas (indications) and crack-like flaws.

Table 1:  Location and Other Piping Information
Relating to the Indication or Flaw

“Component of Subcomponent Lacation:

Stress Prob em Ne

' Lme Nn , ,
,Node Nc{s) Usad in the Stress Math Mode ; -

' Type of- prmg CS ! ‘SS —
Componenf demsfacamn No
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Table 2: Other Piping Related Information Required for Localized Pipe Wall Thinning and Crack-
Like Flaw Evaluation:

"Mateﬁa Uifsmate Strengih (ﬁu) psr .

‘ Cmicai F racture Toughness {K,C) ks&«/;;;

* Information required for Fracture Mechanics Evaluation of Crack-like Flaws
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Table 3: Material and Geometry of the Pipe and Description of Weld:
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Table 4: L.oading Parameters:

* In some cases there may be multiple loading conditions that have to be

considered.
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Table 5:

Design Allowables:

ALLOWABLE PIPING STRESSES (psi):

Tlass 1 and B34 7 p‘spmg; —

Des ign Stress !ntenstty (Sm} at Seszgn 7 Operatmg
Temperature

Class 2, 3 and B 31 1 Pspmg

) Max;mum Aitowabla Stress at Des;gn Temperature in

“ Code Hoop. Szress Equaaons {S}

‘ Baszc Matena! Stress at Coid Tem peramre {SC)

' Basac Mater;a! A lowable Stress at Deszgn {hot) '
Temperature (Sh) in Code Stress Equanons 8, 9 and

11

Allowable Stress Raﬁge for Expansson Stress {SA} in
Code Stress Equations. 10 and 11

: ““Weddemt Effscsency (E) - " — o

* Required For Pipe Wall Thinning (Indication) Evaluation
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Table 6: Applicable Codes for the Evaluation of indications and Flaws:

PLANT: | Ref.

) ]Summe} 1974

W3 Aﬁ TASME Seat!m Xk 198& Ed with Wmter 1@81 Addeacta
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Attachment IV: Inputs / Requirements for Evaluation of Pipe Wall Thinning

Table 1: Description of Locally Thinned Area:

Detine %nftratmg Mechanism

"‘Corresscm Mechanxsms such as:
; ,(1) Fi ,owAAccelerated Corms:cm (FAC}

;éﬁé;am jof Laoaisy Thmned Area?‘ “sesFigue 1)

. fntemai ar Extemay

4 Mmrmum Pro;ected Wau Thi ckness {tp) mch

lylal 't‘(traﬁsverse) Length of Lcsca Ey Thmned Area Less
_Than iy Ly InCH ,

Additional Information Required for Local Pipe Wall Thinning Evaluation:

1. Location of locally thinned area with respect to a fitting or weld on a specific
isometric drawing.

2. Orientation circumferentially, looking downstream, with "0" being at the top and the
measured length clockwise around the pipe to the center of the locally thinned area.
Orientation to show the view north, south, east, or west has "0" at the north when
viewed from above (plan view).

3. Detailed results of pipe wall inspection, including both as-measured and projected
pipe wall thickness in both the axial and circumferential direction. The extent of the
thickness mapping shall be at least %R in the axial direction and shall include all of
the thinned location in the circumferential direction.
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Attachment V: Inputs / Requirements for Crack-Like Flaw Evaluation

- | Section A-A

ransverse
{(Hoop)
Direction

Figure 1: Local Pipe Wall Thinning Parameters
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Attachment V: Inputs / Requirements for Crack-Like Flaw Evaluation

Table 1:Description of the Flaw Location:

Suaes FRws G
Subsurface Flaws (2a), inch

Figures Describing Crack-like Flaws:

1. Location of flawed area with respect to a fitting or weld on a specific isometric

drawing.

2. Orientation circumferentially, looking downstream, with "0 being at the top and the
measured length clockwise around the pipe to the center of the locally thinned area.
Orientation to show the view north, south, east. or west has "0" at the north when

viewed from above (plan view).

3. Exact description of the flawed area ( e.g., depth versus position along flaw, depth

within the wall, etc.)

4. For multiple flaws, a map showing the location of the flaws {start and end points of the

individual flaws) should be provided.
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Attachment V1: Definition of Pipe Wall Thinning and Crack-Like Flaw Evaluation

1.0 Characterization of Flaws and Wall Thinning

1.1 Flaws and/or walt thinning may occur in nuclear plant piping due to a number of degradation
mechanisms. Pipe wall degradation may occur in many different forms, ranging from general
thinning (uniform loss of wall thickness) to local cracking {e.g.. due to fatigue or intergranular
stress corrosion cracking). This section provides guidance on how to characterize pipe wall
degradation and recommends which sections of this manual may be appropriate for evaluation
of the flaw or wall thinning detected by inspections.

2.0 wall Thinning

2.1 Pipe wall thinning is characterized by a general loss of pipe wall thickness. The most common
form of wall thinning is that due to erosion-corrosion (flow-accelerated corrosion). This type of
degradation occurs due to a wearing away of protective metal oxides at the pipe wall, and is
localized due to local flow turbulence or lack of alloying in carbon steel piping. Wall thinning
can also result from general corrosion and wastage, due to wet steam erosion, flashing
downstream of orifices or valves, or solid particle erosion.

2.2 The degradation can generally be quantified by a predicted minimum wall thickness at the
location of interest. In cases of severe thinning, additionat information may be required to
quantity the transverse and axial extent of the thinning that is less than that required to meet
minimum pipe wall thickness requirements.

2.3 Evaluation of wall thinning is addressed in Attachments VIl to X.
3.0 Cracking

3.1 Cracking is the breakdown of the metal structure due to fatigue cycling or Intergranular attack,
leading to crack-like defects. There is no observable degradation at the surface of the metal,
except for the evidence of cracking intersecting the metal surface. Pure cracking produces
very localized stresses in the vicinity of the crack tip which lead to further growth of the cracks
due to fatigue cycles (for fatigue cracking) or constant applied stresses (for intergranutar
stress corrosion cracking). Cracking may be either surface connected or sub-surface.

3.2 Cracks are characterized by a crack depth, crack length and orientation relative to the axis of
the pipe. With this characterization, appropriate fracture mechanics models may be used fo
determine future crack growth and the allowable flaw size.

3.3 Attachments Xi to XV address evaluation of crack-like defects.

4.0 Other Pipe Degradation

4.1 There are other corrosion mechanisms that produce pipe wall degradation that is neither
thinning nor cracking.
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Attachment Vi: Definition of Pipe Wall Thinning and Crack-Like Flaw Evaluation

4.2 Pitting corrosion may occur as a result of certain material and water chemistry combinations. It
is generally characterized by relatively deep local defects, although there may also be some
general loss of pipe wall thickness. In many cases, the presence of pitting is discovered by
local leakage through the pipe wall. The pits may be extremely localized or they may exhibit
characteristics of a general indentation of the wall surface. In general, there will be adjacent
areas which are affected by the pitting phenomenon, such that inspection of adjacent areas is
required when pitting is discovered.

4.3 Microbiologically induced corrosion (MIC) is another form of degradation caused by microbial
action at the pipe inside surface. The effect may be a general loss of pipe wall material
beneath microbial scale or tubercles. For some cases, MIC may produce local pits that will
lead to through-wall leakage.

4.4 In general, these other types of local wall degradation can be evaluated as wall thinning as
described in Attachments VIl to X. Of special interest would be evaluations using local wall
thinning concepts of area reinforcement (such as is used for branch piping connections).
However, in certain cases, evaluating the defect as a crack-like defect may also produce an
acceptable answer (such as is used in the "through-wall flaw" approach in Attachment Vi),
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1.0 INTRODUCTION

1.1

The option of using finite element element analysis is provided primarily as a “last gasp’
alternative when the methods described in Attachments VI through IX are either not
applicable or because they fail to provide adequate reliet due to conservative simplifying
assumptions which form the basis of these methods. The following conservatisms regarding
calculation of hoop stresses in the EPRI NP-59115P methodology, which also exist in Code
Case N-480, and Generic Letter 90-05 can be reduced by use of finite element analysis:

1.1.1 The Local Membrane and B31.G methods are based on the assumption that the nominal
pipe wall thickness t, is equal to the minimum wall thickness required for internal
pressure, ty, and no credit for t, > ty is taken,

1.1.2 As can be seen in Figure 5 attachment IX, it is assumed in the Branch Reinforcement
method that the area which must be replaced (A) is equal to (t,- t,)L,. Depending on the
shape of the locally thinned area, the true value of A, may be significantly less than this.
In addition, the area available for reinforcement, A,, is conservatively calculated, with not
all of the local area with a projected wall thickness greater than t,, being included.

.2 For the calculation of axial stresses due to internal pressure and bending moment, it is

assumed in NP-5811SP, Code Case N-480, and Generic Letter 90-05 that the pipe wall is
uniformly thinned to the projected wall thickness t, for the entire 360 degree circumference. If
a three dimensional (3D) finite element model is used, the variation of wall thickness around
the pipe circumference can be accurately modeled.

Figure 1 shows a flow chart which describes the recommended procedure for evaluation of
locally thinned areas by finite element analysis. The first step is to develop a finite element
model of the locally thinned area. The type of model used will be dependent on the shape and
extent of the locally thinned area. If the locally thinned area has a fairly constant t, around the
pipe circumference, an axisymmetric (2D} finite element mode! should be used. A 3D finite
element is best suited for locally thinned areas that are limited in the transverse extent or in
the transverse and axial extent.

1.4 After development of the finite element mode!, internal pressure and bending moment loads

are applied to the model. It is suggested that the following separate load cases be run:
1.4.1 Load Case 1: internal pressure with no "end cap" loadings for hoop stress.
1.4.2 Load Case 2: Axial "end cap" loadings from internal pressure .

1.4.3 Load Case 3: Moment loadings from axial bending stresses.
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Attachment X: Pipe Wall Thinning Evaluation: Finite Element Analysis Methods

1.4.4 Forthe first case (hoop stress), some normalized vaiue of internal pressure, such as 1,
100 or 1000 psi, is applied to the inside surface of the piping model. The ends of the
piping model must be open. One end is "free” {no restraints) and the other is "fixed" (all
degrees of freedom restrained). The axial length of the model should be sufficiently long
50 that the boundary conditions at either end will not affect the stress distribution at the
localty thinned area. The only significant stresses calculated by the model for this load
case will be hoop stresses, since there is no applied axial loading.

1.4.5 The second load case (for longitudinal pressure stresses), is the axial loading due to the
internal pressure "end cap” force. This force Is equal fo the normalized internal pressure
used in the first load case times the actual (effects of thinning included) inside area of the
pipe. It is applied to the free end of the model as a uniformly distributed force/unit length
around the full pipe circumference. It is important that the free end be at least one pipe
diameter from the near edge of the locally thinned area so that accurate local stresses
are calculated in the thinned area. This is also true for additional resultant bending
moment loading, where the resultant bending moment is applied at the free end. A
normalized value such as 1000 in-Ibs is recommended. The stress analysis will typically
provide actual moments on each side of the thinned region. The larger of the two
moments should be applied to the finite element analysis normalized stress when
performing the actual stress analysis.
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1.5

1.6

Once the stress results for the three "normalized" load cases have been obtained, the
maximum hoop and axial stresses at the locally thinned areas due to design and operational
loadings can be obtained. Hoop stresses due to design pressure can be obtained by raticing
the results from the first load case. Axial stresses due 1o internal pressure, primary
(mechanical) bending moments and secondary (thermal expansion, thermal anchor
movements and seismic anchor movements) can be obtained by ratioing the resuits of the
second and third load cases. Axial and hoop stresses can be obtained in this manner for all
design and operating conditions defined in the licensing basis documentation for the piping.

Once the maximum hoop and axial stresses have been calculated, they must be compared
with the allowable values defined in the Code of Construction. Since ASME Class 1 requires
the evaluation of through-wall thermal bending stresses and a fatigue evaluation for cyclic
operation, Figure 1 defines a separate evaluation procedure for Class 1 piping. This procedure
is described in Section 2. The evaluation procedure recommended for ASME Class 2 and
Class 3 piping and ANS| B31.1 piping is included in Section 3.

2.0 CLASS 1 PIPING EVALUATION PROCEDURE

2.1

2.3

The first step defined in Figure 1 for the Class 1 piping evaluation procedure is to check that
the stress requirements for the design conditions have been met. Hoop stresses are
calculated for design internal pressure using the finite element model in the manner described
above. The hoop stresses can be evaluated for acceptance by use of paragraph NB-3213.10
of the ASME Code. Figure 2 illustrates the concept of local primary membrane stress which is
defined by this paragraph of the Code. From the Code, "a stressed region may be considered
local if the distance over which the membrane stress intensity exceeds 1.18,, does not extend
in the meridional direction more than 1,0(Rtﬂ)°’5. For application to locaily thinned pipes, the
meridional direction is axial to the pipe, and t is t,. NB-3213.10 also sets a limit on the
proximily of areas where membrane stresses can be considered as local. “Regions of local

primary stress intensity involving axisymmetric membrane stress distributions which exceed
1.18,, shall not be closer in the meridional direction than 2.5(Rt,,)°’5. if both of these conditions
are met by the hoop stress distribution calculated by the finite element analysis, then the
allowable stress of 1.5S,, defined in Figure NB-3221-1 of the ASME Code for local membrane
stresses can be used fo qualify the hoop stresses resulting from design pressure.

Axial stresses due to design conditions are checked by equation (9) of NB-3652 of the ASME
Code (see Attachment VII). The PD,/2t portion of the first term in this equation is replaced by
the maximum axial stress in the locally thinned area calculated by the finite slement model for
the second load case described above. The D,M/21 portion of the second term is replaced by
the maximum axial stress obtained from the finite element model for the third load case. The
finite element stresses implicitly include stress concentration effects, and stress intensification
terms in the Code equations should be set to unity, i.e., the finite element stresses should not
be modified by a stress intensification factor. if the limitations of equation (9) of NB-3652 are
met, the axial stresses in the locally thinned area meet the Class 1 requirements for design
conditions.
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2.4

2.5

For Service Level A and B conditions, equation (10) of NB-3653 must be met. This equation
includes the temperature ranges T, - T, and AT,. These terms can be taken from the original
piping evaluation. The smaller thickness will result in smaller temperature gradient across the
thickness, and therefore, it is conservative to use the AT, from the original piping evaluation.
The thinning also decreases the stiffness of the pipe which makes it conservative to use the T,
- T,, terms from the original analysis. In general, it is not expected that local thinning will have
a significant effect on the AT, and T, - T, stresses. The first two terms are evaluated in the
same manner as in equation (9), with the exception that operating pressure and moment
ranges resulting from the Service Level A and B loading conditions are substituted in the
pressure and bending moment terms,

If the Service Level A and B stress requirements are met, the Class 1 fatigue requirements for
cyclic operation must also be checked. The basis of this fatigue evaluation for Class 1 piping
is Code equation (11) of NB-3653. The additional through-wall thermal term corresponding to
AT, should be taken from the original piping evaluation, since the thinned pipe will have actual
AT, < the original AT,. The pressure and M, terms from Code equation (10) are the same
except they are multiplied by K, and K., respectively, in Code equation (11). The Ky and K,
terms are used to muttiply the finite element stresses if the model is not expected to include all
necessary details (stress concentrations at butt weld). For a very refined model that is
expected to accurately model all stress concentration effects, it may be justified to set K; = K;
=1.0. The remainder of the fatigue evaluation is the same as in the original piping evaluation.

3.0 Evaluation Procedure for Non-Class 1 Piping

3.1

32

For ASME Class 2 and 3 piping, and ANSI B31.1 piping, hoop stresses calculated by the finite
element model may be evaluated using the same method as described above, except the
allowable stress for local membrane stresses is taken as 1.5S instead of 1.58,,. For the axial
stresses due to internal pressure and primary bending moments, the PD,/4t,, Ma/Z and (Ma +
Ma)/Z terms in the Code of Construction piping equations are replaced with the corresponding
resuits from the finite element analysis. The finite element stresses implicitly include stress
concentration effects, and stress intensification terms in the Code equations should be set to
unity, i.e., the finite element stresses should not be modified by a stress intensification factor.
Axial stresses due to secondary loadings (thermal expansion, thermal anchor movement and
seismic anchor movement) are checked for compliance with the original Code of Construction
by substituting the appropriate results from the finite element analysis into the Mo/Z term in the
Code equations for thermal expansion.

To determine if an evaluation for cyclic operation is necessary, use the criteria described in
Section 3.7 of Attachment IX.
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I Finite Element Analysis Methods |
[ Develop Finite Element Model }
Mechanical and Calculate Maximum internal
Thermal Bending — Hoop and Axial Stresses Prez
Moments in Locally Thinned Area sure
Class 1 Piping?
Yes No
Design Are
Condition Stress Raquirements for
Requireaments No—» N Primary Stresses
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Figure 1: Finite Element Analysis Method
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Attachment X: Pipe Wall Thinning Evaluation: Finite Element Analysis Methods
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Attachment Xi: CLFE: Section X! Flaw Evaluation Standards.

1.0 INTRODUCTION

[.1 This attachment utilizes later editions of the Section X! Codes, as detailed below, which may
not be addressed in the Codes referenced by Table 6 in Attachment Ill. Approval from the
plant licensing department, and/or NRC, may be required prior to utilizing the provisions of this
attachment.

1.1.1 Tables 3 and 4 may not be addressed in the Codes referenced by Table 6 in Attachment
It for ANO-1 (181}, GGNS, RBS and W3,

1.2 Flaw indications in piping which are characterized as cracklike should be evaluated in
accordance with ASME Section X1. The steps in the process include:

1.2.1 Flaw characterization and sizing to determine its length and depth in accordance with
ASME Section X Article IWA-3300.

1.2.2 Comparison of the flaw dimensions to the appropriate acceptance standards of Section
X! Artictes IWB-3500, IWC-3000, or IWD-3000 as appropriate.

1.2.3 Analytical evaluation for flaws which exceed the acceptance standards.

1.2.4 This attachment provides a detailed standard for characterizing cracklike flaws in Entergy
nuclear plant piping and for determining their acceptability in accordance with ASME
Section Xl acceptance standards. Analytical evaluation procedures for flaws which
exceed the standards are provided in Attachments X1l through XV. The technical basis
for the standards is documented in Reference A.18 of Attachment L

2.0 FLAW CHARACTERIZATION AND SIZING

2.0.1 Cracklike flaws should first be characterized as planar, laminar, or linear flaws, in
accordance with the following definitions.

2.0.2 Planar flaws are flaws which are cracklike in nature and oriented, al least partly, in the
through-wall direction of the pipe. They are planar in nature, possessing only two
dimensions, length and depth, and the depth dimension has a significant component which
is perpendicular to the inside or outside surfaces of the pipe (see figure 1).
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2.02.1 Planar flaw indications are further characterized as surface or subsurface flaws
depending upon their proximity to the nearest surface of the pipe. Flaws which
intersect the surface, or are within a prescribed distance "S" from the surface are
classified as surface flaws, see figures 1 and 2. All other planar flaws are considered
subsurface flaws. Non-cracklike flaws, such as weld porosity or slag, which are
volumetric in nature (possess three dimensions), may be conservatively assumed to
be planar flaws for purposes of evaluation. In this case, the minimum of the three
directions is ignored, and the other two dimensions are assigned as the flaw length
and depth, in accordance with the planar flaw sizing rules. The ultrasonic examination
techniques used for inservice inspections are in general incapable of distinguishing
between volumetric and planar defects, so this assumption is a common one.

2.03 Laminar flaws are similar to planar flaws, but are oriented in a plane that is essentially parailel
{within 10°) to the ingide or outside surface of the pipe (see figure 6).

2.04 Linear flaws are planar laws which have been detected by radiography (RT) or surface
examination (PT or MT), such that the depth dimension has not been measured and only the
length dimension is known.

2.05 The basic flaw sizing approach consists of bounding the observed flaw with a rectangle that
fully contains the area of the flaw, as illustrated in Figure 1. The length of the flaw "I"
corresponds to the length dimension of the rectangle, which is parallel to the surface of the
pipe. The depth dimension corresponds to the through-wall component of the rectangle, which
is perpendicular to the surface of the pipe. For surface flaws, the depth of the rectangle is
denoted "a", while for subsurface flaws, the through-wall depth is denoted "2a" (see Figure 1).
The “a” and “I" dimensions are assumed to correspond to the minor half-axis and major axis of
an ellipse for purposes of fracture mechancis analysis. Special rules are provided for
determining "a" and °I" in the case of multiple flaws, flaws which are close to the pipe surface,
or flaws oriented in curved or parallel planes. These are described in the following paragraphs.

2.1 Surface Flaw Proximily Rules

2.1.1 Characterization of planar flaws which are close to the surface of a component, but do
not intersect the surface is illustrated in Figure 2. In this case, the non-destructive
examination technique is used to determine the minimum separation distance "S" from
the surface to the closest point of the flaw. The through-wall depth of the flaw is then
determined, which is temporarily denoted "2d". If § is greater than or equal to 0.4d, then
the flaw is a subsurface flaw, and the characteristic flaw depth ais setequalto d. If S is
less than 0.4d, then the flaw must be assumed to be a suriace flaw, and the uncracked
ligament S is added to the crack depth to create a total surface flaw depth a = 2d + 8.
Note that for cases in which the uncracked ligament S is between 0.4d and d, the flaw is
classified as subsurface, but there is an adjustment to the subsurface flaw acceptance
standards using a "Y" factor as described in section 3.1,

2.1.2 inthe case of clad piping, proximity to the clad surface is determined assuming the clad-
base metal interface to be the inside surface of the pipe. The location of the clad-base
metal interface may be determined by non-destructive testing, or estimated from design
drawings.
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2.2 Multiple Flaw Proximity Rules

2.2.1 Characterization of multiple, closely-spaced planar flaws is also performed using
proximity rules, as illustrated in Figure 3. Each individual flaw is characterized in terms of
a through-wall depth dimension d;, (i=1.2,....n, where n is the total number of flaws). The
fargest characteristic depth is used as the basis for the proximity rules. if the spacing
between the flaws, S, is less than twice the largest characteristic depth, 2d.,.,, either in
the length or depth direction, then the flaws must be combined into a single planar flaw
with length and depth equal fo the complete flawed area, as iHlustrated in the figure. If the
flaw spacing is greater than 2d,,.,, then each flaw may be individually sized with its own
length and depth dimension, and evaluated separately.

2.3 Skewsed or Non-planar Flaws

2.3.1 Flaws which are not oriented perpendicular to one of the principal stress directions (axial
or hoop) may be evaluated based on their projected areas (I and a dimensions) in the
principal stress plane closest to the actual plane of the flaw. This rule also applies to
flaws in a curved or non-planar surface (Figure 4).

2.4 Flaws in Multiple Planes (see IWA-3300)

2.4.1 Proximity rules for flaws in multiple planes are illustrated in Figures 5 and 6. For planar
flaws, the multiple flaw proximity rules must be applied for combining flaws if the two
planes are within a 1/2 inch spacing of one another at the flaw locations (Figure 5). If the
spacing of the planes is greater than 1/2 inch, the flaws do not need to be combined.

2.4.2 Forlaminar oriented flaws (i.e., within 10 of parallel {o the pipe surface), flaws in any
plane between the front and back surface must be combined if their projections are within
a 1 inch spacing (Figure 8).
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3.0 FLAW ACCEPTANCE STANDARDS

3.0.1 Acceptance of flaws in piping is governed by ASME Section X| Paragraph IWB-3514 for
Class 1 piping, IWC-3514 for Class 2 piping and IWD-3000 for Class 3 piping. At the present
time, however, Section X! states that the Class 2 and Class 3 Standards are "in the course of
preparation, and that the Standards of IWB-3514 may be applied to these classes of piping.”

3.1 Acceptance of Planar Flaws

3.1.1 The ASME Section Xl acceptance standards for planar flaws detected during inservice
inspection are reproduced in Table 1 and 2, and are illustrated graphically in Figures 7
and 8. Table 1 and Figure 7 apply to ferritic steel piping with a specified minimum yield
strength of 50 ksi or less, and which met the ASME Section |l minimum fracture
toughness requirements of NB-2300, NC-2300, or ND-2300, as applicable. Table 2 and
Figure 8 apply to austenitic steel piping with a specified minimum yield strength of 35 ksi
or less. Standards are not provided for other piping materials or for materials which do
not satisfy these restrictions. In such cases, component specific standards must be
developed, or the evaluator must proceed directly to analytical evaluation as described in
Attachments X and X1lI, Dissimilar metal welds, such as nozzle safe-ends, are governed
by the appropriate piping standards for the side of the weld being evaluated. Flaws in the
carbon or low-alloy steel side of a dissimilar metal weld are evaluated by the ferritic steel
standards, and flaws on the high alloy steel side. including the weld metal (typically) are
evaluated by the austenitic steel standards.

3.1.2 The standards consist of allowable values of normalized flaw depth (a/t) in percent,
versus flaw aspect ratio (a/l), where a and | are the flaw depth and length, determined in
accordance with the rules of section 2.0, and t is the piping wall thickness at the location
of the cbserved flaw. The piping wall thickness may be determined by non-destructive
testing or estimated from design drawings. Separate columns of allowable flaw depth are
provided for different piping wall thicknesses, and for surface and subsurface flaws. For
near-surface flaws, the subsurface flaw allowables are modified with a Y factor.

3.1.3 Application of the standards is straightforward. Simply compute a/t and a/l for the
observed flaw, and compare it to the appropriate column in the tables {or curve in the
figures). If the pipe wall thickness or flaw aspect ratio fails between any of the specified
values, interpolation is permitted. If the flaw is a subsurface flaw, with distance, S, from
the nearest surface in the range of 0.4a < S < a, then mulliply the aliowable flaw depth by
the ratio Y = S/a. For 8 < 0.4a the flaw is classified as a surface flaw, and anew a is
defined as described in section 2.1 and Figure 2. 1f S> a, set Y = 1.0.

3.1.4 Example applications of the acceptance standards to some typical piping problems are
discussed in section 3.4

3.2 Acceptance of Laminar Flaw

3.2.1 Acceptance standards for laminar flaw indications {laminations) are governed by a single
set of standards for both types of material. These standards are presented in Table 3,
and consist of allowable lamination areas as a function of pipe wall thickness. The areas
are determined in accordance with the characterization rules of section 2.0 above. Once
again, interpolation is permitted for intermediate pipe thicknesses.
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3.3 Acceptance of Linear Flaws

3.3.1 Acceptance standards for linear flaws in ferritic and austenitic steel piping are presented
in Table 4. These are presented in the form of allowable lengths for various pipe wall
thicknesses. These are further broken down into allowable lengths of surface flaws
{typically from surface examinations such as PT or MT), and allowable lengths for
subsurface flaws (typically from radiography, RT, by which method depth generally is
unavailable). The linear flaw acceptance standards are generally more conservative than
the planar flaw acceptance standards described in section 3.1, because of the
uncertainty of the depth dimension. An acceptable option, for flaws which fail to meet
these standards, is to perfarm augmented inspections (typically UT), to define both the
length and depth of the observed indication, following which the flaw can be evaluated by
the planar flaw standards.

3.4 Example applications

3.4.1 Figure 9 illustrates two typical subsurface flaw indications in a nominally 1-inch thick,
carbon steel pipe weld. Flaw A is a typical subsurface flaw, located along a weld fusion
line essentially at the mid-wall of the pipe. It is 0.5 inches long, circumferentially oriented,
and has a through-wall depth of 0.14 inches. Evaluation of this flaw in accordance with
the acceptance standards is illustrated by the calculations in the lower portion of the
figure. Since it is a subsurface flaw, the total through-wall depth is denoted "2a", and the
flaw depth dimension to be used for evaluation purposes is one-haif this value, or 0.07
inches. The normalized flaw evaluation parameters are a/l = 0.14 and a/t = 0.07.
Referring to the 1-inch wall thickness subsurface flaw column of Table 1, and
interpolating for the aspect ratio of 0.14 (between 0.10 and 0.15), the allowable flaw
depth is 15.4% or 0.154. Note that the Y factor is set equal to 1.0 in this case, since the
flaw is well removed from the surface (S/a >> 1). Therefore, flaw A is acceptable by a
comfortable margin (a of 0.07 versus an allowable of 0.154).

3.4.2 Flaw B (Figure 9) is located fairly close to the surface of the pipe, such that application of
the surtace proximity rule is required. This flaw is 2.7 inches long, with a through wall
dimension of 0.1 inches, but is located 0.03 inches from the inside surface of the pipe.
The through-wall dimension is temporarily denoted “2d” (since we are not yet sure
whether this will be the depth used for evaluation). 8/d is thus equal to 0.6, from which
we conclude that the flaw may be evaluated as a subsurface flaw, but that the standards
must be adjusted via a Y-factor. Since the flaw is subsurface, “a” may be set equal to d,
or 0.05 inches, from which the flaw evaluation parameters are a/l = 0.019 and a/t = 0.05.
Again referring to the 1-inch wall thickness, subsurface flaw column of Table 1, and
interpolating for a/t = 0.019 (between 0.0 and 0.05) yields an aliowable flaw depth of
12.75%, which must be multiplied by Y of 0.6. Thus the actual allowable flaw depth is
7.6% or 0.076, and the observed flaw, with a/t of 0.05 is acceptable. Note however, that
the combined effects of surface proximity and the longer flaw length considerably
reduced the allowable flaw size relative to Flaw A,
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3.4.3 Figure 10 itlustrates a pair of near-surface indications (Flaw C) in a 1.75 inch thick
stainless steel pipe, which are close enough to the surface and to each ather to require
checking in accordance with the proximity rules of sections 2.1 and 2.2. To provide a
basis for comparison, the two individual flaws are sized exactly the same as Flaws A and
B of Figure 9, but they have been placed closer together, with only a 0.02 inch spacing
between the flaws. The near surface flaw is also 0.03 inches from the surface, identical to
Fiaw B. Denoting the two flaw depth dimensions, dy = 0.07 inches and d, = 0.05 inches,
the proximity rules require the two flaws to be combined, since the 0.02 inch spacing is
less than 2d,. Thus the combined depth, 2d, is the sum of the two flaw depths plus the
spacing, or 0.26 inches, and the flaw length is the combined length of 3.2 inches. Next
the surface flaw proximity must be checked. S/d = 0.231 which is less than 0.4, so that
Flaw C must be treated as a surface flaw.

3.4.4 As asurface flaw, the flaw evaluation depth "a” is the total through-wall dimengion, 0.26
inches, plus the surface spacing dimension 0.03 inches, or 0.29 inches. The flaw
evaluation parameters are thus a/l = 0.091, and a/t = 0.166. Referring to Table 2 for
austenitic steel piping, and interpolating both for the 1.75 inch thickness (between 1-inch
and 2-inch) and for the 0.091 aspect ratio (between 0.05 and 0.10), yields an allowable
surface flaw depth of afty.w = 0.105. Thus Flaw C is unacceptable, and detailed fracture
mechanics evaluation or repair is required. This example iHlustrates the importance of
multipte flaw and surface proximity rules. Two flaws which were acceptable by
comfortable margins (in & 1-inch thick pipe), became unacceptable (even in a 1.75-inch
thick pipe) when they were moved close enough together that they had to be combined,
and thus became close enough to the surface that they had to be treated as surface flaw.

3.4.5 Figure 10 also iliustrates a lamination in the base metal adjacent to the weld, Flaw D,
which must be evaluated in accordance with the laminar flaw standards. The total cross-
sectional area of this lamination, assuming it to be rectanguiar, is 3 in®. Referring to Table
3, for a 1.75-inch thick pipe (between 0.625-inch and 3.5-inch), the allowable lamination
area is 7.5 in®, (using ref. A.37), so the lamination is acceptable.

3.4.6 As afinal example, it is instructive to assume that Flaws A, B, and C were detected by
radiography, and that depth information is therefore unavailable. The flaws must thus be
evaluated using the linear flaw acceptance standards of Table 4. Reterring to these
tables, Flaw A for 1" pipe thickness, is unacceptable (0.5-inch length versus an aliowable
of 3/8-inch), flaw B is unacceptable (2.7-inch length versus an allowable of 3/8-inch), and
for 1.75” pipe wall thickness Flaw C is also unacceptable (3.2-inch length, versus an
interpolated allowable of 0.656-inch). This example illustrates the advantage of
performing supplemental examinations to define flaw depth in the case of unacceptable
linear indications. Two of the three indications were acceptable when the depth
dimensions were defined.
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TABLE 1: ASME Section XI Allowable Flaw Size Standards (a/t %) Planar Flaws in
Ferritic Steel Piping (with minimum yield strength of 50 ksi or less at
100° F)
a/l t=0.312in. t=10In. t=20in. t=3.0iIn.
surface | subsurf. | surface | subsurf. | surface | subsurf. | surface | subsurf.
0.00 11.1 13.8Y 10.0 12.6Y 8.5 10.8Y 7.0 8.7y
0.05 11.8 14.4Y 10.8 13.0Y 9.3 11.2Y 7.5 9.1Y
0.10 13.0 15.6Y 11.8 14.2Y 10.2 12.1Y 8.2 9.9Y
0.15 14.4 17.2Y 13.2 15.7Y 11.2 13.5Y 9.1 10.9Y
0.20 144 17.2Y 14.8 17.7Y 12.6 15.1Y 10.3 12.3Y
0.25 144 17.2Y 14.8 17.7Y 14.2 17.1Y 11.7 13.9Y
0.30 144 17.2Y 14.8 17.7Y 14.2 17.1Y 13.2 15.7Y
0.35 14.4 17.2Y 14.8 17.7Y 14.2 17.1Y 13.2 17.7Y
0.40 14.4 17.2Y 14.8 17.7Y 14.2 17.1Y 13.2 17.7Y
0.45 14.4 17.2Y 14.8 17.7Y 14.2 17.1Y 13.2 17.7Y
0.50 14.4 17.2Y 14.8 17.7Y 14.2 17.1Y 13.2 17.7Y

Notes: Y =s/a. ¥ S < 0.4d, the flaw is classified as a surface flaw. f Y > 1.0, use Y = 1.0.

Source: Inservice Inspection - Table IWB-3514- 2 [A.11] and Table IWB-3514- 1 [A.10]
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TABLE 2: ASME Section Xl Allowable Flaw Size Standards (a/t %)Planar Flaws in
Austenitic Steel Piping (with minimum yield strength of 35 ksi or less at
1000 F)
afl t=0.312in. t=1.0in t=2.0In. t=3.0in.
surtace | subsurf. | surface | subsurf. | surface | subsurf. | surface | subsurf.
0.00 11.7 11.7Y 10.6 10.6Y 10.0 10.0Y 9.5 9.5Y
0.05 12.0 12.0Y 16.7 10.7Y 10.2 10.2Y 9.6 9.6Y
0.10 12.2 12.2Y 11.0 11.0Y 10.4 10.4Y 9.7 9.7Y
0.15 12.4 12.4Y 11.1 11.1Y 10.5 10.5Y 9.9 9.9Y
0.20 12.5 12.5Y 11.4 11.4Y 10.7 10.7Y 10.1 10.1Y
0.25 12.5 12.5Y 11.5 11.5Y 10.9 10.9Y 10.2 10.2Y
0.30 12.5 12.5Y 11.7 11.7Y 11.1 11.1Y 104 10.4Y
0.35 12.5 12.5Y 11.9 11.8Y 11.2 11.2Y 10.6 10.6Y
0.40 12.5 12.5Y 121 12.1Y 11.4 11.4Y 10.7 10.7Y
0.45 12.5 12.5Y 12.2 12.2Y 11.6 11.6Y 10.9 10.9Y
0.50 12.5 12.5Y 12.5 12.6Y 11.7 11.7Y 11.1 11.1Y

Notes: Y =s/a. lf § < 0.4d, the flaw is classified as a surface flaw. f Y > 1.0, use Y = 1.0.

Source: Inservice Inspection - Table IWB-3514-2 [A.10] and Table IWB-3514-3[A. 11},

B A ————
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TABLE 3: ASME Section Xi Allowable Flaw Size Standards Laminar Flaws in
Piping (Allowable Areas, sq.in.)

Nominal Pipe Laminar Area
Wall Thickness sq.in.
0.825in. & less 1.25 (7.5%)

20in. (35" 4.0 (7.5%)

6.0in. 12.0

Notes: Linear interpolation with respect to nominal pipe wall thickness is permissible to
determine value of allowable laminar area; see IWA-3200(c).

Source: Table IWB-3514-6 [A.11] and Table IWB-3514-3 [A.10]

* Since References A.10 and A.11 provide conservative values in lieu Reference A. 37, Table
IWB-3514.3 can be used.

TABLE 4: ASME Section XI Allowable Fiaw Size Standards Linear Flaws in Piping
{Allowable Lengths, in.)

Nominal Pipe Ferritic Steel’ Austenitic Steef®
Wall Thickness Surt. Subsurf. Surf. Subsurf.
0.312in. 0.1875 0.25 0.2 0.25
1.01in. 0.3125 0.375 0.25 0.375
20in. 0.625 0.75 0.45 0.75
3.0in. 0.875 1.2 0.65 1.2
4.0 1in. 0.875 14 0.65 1.4

Notes: For intermediate values of nominal pipe wall thickness, interpolation with respect to linear
interpofation is permissible, see IWA-3200(c).

Source: 1 Table IWB-3514-4 [A.10], (Applicable to Ferritic steels with yield strength of 50 ksi or
less at 100°F)

2 For Austenitic steels in the absence of allowable flaw size standards for linear flaws
standards use allowable flaw size standards for allowable planar flaws. References
A.10: Table IWB-3614-2. Also, in the absence of information of subsurface flaws
conservatively use same as ferritic steels.
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Source: Ref. A.10 and A.11, Fig. IWA-3310-1.
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Sourrce: Ref. A 10 and A1, Figure IWA-3330-1.
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Figure 4: Flaw Sizing Method for Skewed or Non-Planar
Flaws from ASME Section XI

Source: Ref.A.10 and A11, Fig. IWA-3340-1.
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Back Surface

\‘\
“a

Flaw #3
plane

Taw #2
plane

)

Fibw #1
plane

Figure 8: Flaw Sizing Rules for Laminar Flaws in
Multiple Planes

Source: Ref. A.10 and A.11, Fig. IWA-3360-1.
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Allow. Flaw Size (a/t%)

Surface Flaws

5T —e—1=0.312 in
—#-1.01in

T —4—2.01in
~¥%-3.01in

21

g $ : $ + + ¢ 4 4 $ J

0 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4 0.45 G5

Aspect Ratio (a/)

Figure 7A  Ferritic Flaw Standards

Source: See Table 1
Reference: A.10 and A.11, Table IWB-3514-1, Insetvice Inspection.
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Subsurface Flaws
i1
18
16
ORLE
3
;3’ 12 4
N
m -
g 197 ——1=0312in
= —-1.0in
E) ~4—-72.0in
< 64 ~%=3.0in
4..
2
0 1 £ ¥ ¥ L] L] 1 k] L] 1

0 005 01 015 02 025 03 035 04 048 05

Aspect Ratio (a/1)
Figure 7B Ferritic Flaw Standards

Source: See Table 1
Reference: Inservice Inspection - Table IWB-3514-1 [A.10] and
Table IWB-3514-2 [A.11].
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Surface & Subsurface Flaws

<
)
g
w85
z
L 6 —— =312 in.
g —=— 1.0 i,
= 4 ——2.0n.
5. -~ 3 0 in.
0 1 ta L2 1 L) Y

0 005 041 0.15 0.2 025 03 0.35 04 045 0.5

Aspect Ratio (a/l)

Figure 8 Austenitic Flaw Standards

Source: See Table 2
Reference: Inservice Inspection -Table IWB-3514-2 [A.10] and
Table IWB-3514-3 [A.11].
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A1086 Grade B
Pipe
t=1"
Inside Pipe Surface
Flaw A (Subsurface) Flaw B (Subsurface)
2a =0.14" 2d = 0.1”
a=0.07 d=0.05" 0.4d=.02"
| =0. 5% S =0.03"
all = 0.14" 4d > S < d; ¥ Subsurface Flaw; < d = a;
aft = 0.07 <a = 0.058"
Allowable a/t = 0.154 < Subsurface Flaw S/fa=06=Y
{see table 1) t=1"
Flaw is acceptable al = 0.018
a/t = 0.05

Allowable a/t = 0.127Y = 0.076
(see table 1)

Flaw is acceptable

Figure 9: Subsurface Flaw Evaluation Examples
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Type 304 Stainless Steel Pipe
£=1.75"

Flaw C (Subsurface) Flaw D (Near Surface)

2d, = 0.14"; d; = 0.07"; Area =3.0in" (= 2.0 x 1.5)

2d,=0.1"; d;=0.05"; Allowable Area = 7.5 in®

S =0.02" < 2d; (greater of dy and d,) Flaw is Acceptable

2d =0.26" (=2d; + 2d, + 8)

d =0.13"

b =327 (=27 + 0.5

S =0.08"tosurface

S/d = 0.231 < Surface flaw (11 5<0.4)

a =surface flaw depth=2d + §=0.268 + 0.3

a =029
I =32

a/l =0.091
alt =0.166

Allowable a/t = 0.105 (from table 2)
Flaw is unacceptable

Figure 10: Surface and Laminar Flaw Evaluation
Examples
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Attachment XIl: CLFE: Procedure for Austenitic Piping

1.0 INTRODUCTION

1.1

1.3

14

This attachment utilizes the 1989 Edition of the Section XI Code which is not addressed in the
Codes referenced by Table 6 in Attachment Ill. Approval from the plant licensing department,
and/or NRC, may be required prior to utilizing the provisions of this attachment.

This attachment provides for evaluations of crack-like flaws in austenitic steels, a formalized
approach to explain the terminology and salient equations in select references available for
such evaluations. A case by case approach and appropriate methodology has {0 be selected
to solve an individual problem. Since most of the problems involving crack-like flaw
evaluations in stainless steel are of an extremely complex nature, it is not recommended to
select any approach without first understanding the root cause and nature of the crack-like
flaw. For example inter-granular stress corrosion cracking (IGSCC) is a phenomenon most
common to crack-like flaws occurring in austenitic steel, and considering the complexities of
this phenomenon this has been excluded from the scope of this attachment except for
occasional references to this phenomenon, Thus, this attachment should be used as an
introductory material and needs to be supplemented from other sources. This attachment can
be used after it has been determined that the Code approaches discussed in this attachment
are appropriate for any particular problem.

The procedure for evaluation of flaws in austenitic stainless steel piping material is provided in
Subsection IWB-3640 and Appendix C of the ASME Code, Section X! [A.37] for Class 1
piping. Currently, there are no evatuation procedures in the Code for Class 2 and 3 piping, so
the procedure for Class 1 is generally applied to Class 2 and 3 piping systems. The procedure
is summarized in the flow chart presented in Figure 1. The technical basis for the evaluation
procedure is provided in Reference A.19.

Austenitic stainless steel piping material can be classified into two basic groups. The first
group consists of wrought product and non-flux welds. Experimental studies have shown that
these materials have adequate toughness such that in the presence of a flaw they fail by net
section collapse (limit load) when subjected to piping loads. The second group consists of the
flux weldments (shielded metal arc weldments (SMAW) and submerged arc weldments
(SAW). Experimental studies have shown that materials in this group have lower toughness
compared to the wrought material and the non-flux welds. These materials fail by unstable
ductite tearing prior to reaching limit ioad. Because of this, allowable flaw sizes for Hlux welds
were developed from elastic-plastic fracture mechanics using the .J-integral and ductile tearing
modulus instability criterion.

it is {0 be noted that as indicated in the flow chart for evaluation of crack-like flaws, Figure 7.3
of this DEAM, if evaluation methods using IWB-3600 (Class 1) or IWC 3600 (Class 2) and
WD 3600 (Class3) are used, a prompt reporting has to be submitted for regulatory
concurrence. The system, however can be operable until the regutatory approval.
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1.8 The evaluation procedures in this attachment are applicable to pipes NPS 4 in. or greater. In
general, crack-like defects are found in welds and the adjacent discontinuities or heat-

affected zones. The evaluation procedures are applicable to a distance of /R 1 from the

centerline of a girth butt weld, where R, is the nominal outside radius and t is the nominal
pipe wall thickness. Components / fittings outside these limitations should be treated on a
case-by-case basis.

2.0 STRESSES

2.1 Stresses are provided separately for allowable flaw size determination and flaw growth
analysis. For allowable flaw size determination (section 2.2) primary stresses are considered,
and in some cases secondary stresses may be considered. For flaw growth analysis (section
2.3) secondary stresses are considered in addition to the piping and expansion stresses.

2.2 Stresses for Allowable Flaw Size Determination
2.2.1 Inthe evaluation of flaw in austenitic piping, three classes of stresses are required:
2.2.1.1 Primary membrane stress(Pq,)
2.2.1.2 Primary bending stress{Py)
2.2.1.3 Thermal expansion stress(P,)

2.2.2 These stresses can be obtained from the piping stress report. P, is associated with
pressure stress, Py, is generally associated with dead weight and seismic loads, and P, is
restraint stresses arising from thermal expansion.

2.2.3 The above P, and P, stresses correspond to unconcentrated (without stress
intensification factors) primary stress intensity values defined in Equation 8 of ASME
Section 11l NB-3650. P, Is unconcentrated stress intensity value for moment loads defined
in Equation 10 of ASME Section {lf, NB-3650.

2.3 Stresses and Flaw Growth
2.3.1 Itis important to determine the loads that contribute to the flaw growth.

2.3.1.1 For fatigue, both the magnitude of the stress and cyclic information should be
obtained from the stress report or any supplementary evaluation that may have been
performed as part of the root cause evaluation.

2.3.1.2 For IGSCC evaluation, the sustained stress which contributes to SCC must be
considerad. The sustained stresses consist of P, P, and P, from section 2.2 above
and weld residual stresses, when applicable.
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2 39 Butt weld residual stresses play a major role in flaw growth evaluation. A through-wall
butt welding residual stress profile has been provided in NUREG-0313 [A.20] and
shown in Figure 2. This residual stress profile is appropriate for large diameter piping
{thickness greater than 1.0 inch) and is consistent with note 3 of the figure. For small
diameter piping, linear through-wall bending residual stress distribution provided in
Reterence A.19 and NUREG-1081 [A.21] is recommended.

3.0 LOAD COMBINATION

3.1 For allowable flaw size determination, two load combinations are considered in ASME Section
X1 [A.37]

3.1.1 Normal operating (including Upset and Test) lLevel A/B
3.1.2 Emergency/faulted  Level C/D

32 The load combinations are generally reported in the piping Stress Report but, in general, the
following load combinations are typical.

3.2.1 Level A/B P, - Pressure
P, - Deadweight + OBE Seismic

P, - Thermal expansion

3.2.2 LevelC/D Pm - Pressure
P, - Deadweight + SSE Seismic

P. - Thermal expansion

3.3 For fatigue crack growth analysis, only the cyclic loads in the above load combinations are
considered.

3.4 For IGSCC crack growth evaluation, only the sustained stresses are considered. This
generally includes a combination of Pressure, Deadweight, Thermal Expansion and Weld

Residual Stress.

4.0 Material Properties

4.1 In performing ASME Section X! allowable flaw size evaluation, the important material property
is the ASME Section !l aliowable stress intensity limit, S.. The value of S, for various types
of austenitic stainless steel is provided in Table I-1.2 of the ASME Section Il appendices, for
Class 1 materials [A.38].
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4.2 When a J-Integral/ Tearing Modulus analysis is performed for the flux weld, additional material
propetties are required. These include the Ramberg-Osgood stress-strain curve parameters o
and n, the vield stress o,, the flow stress o;, Modulus of Elasticity E, and the fracture
toughness J,. Typical values for SAW and SMAW welds have been provided as follows [A.19]:

Submerged Shielded metal
Parameter arc weld arc weld
o 11.0 9.0
n 6.9 9.8
o, Ksi 33.7 494
o, ksi 421 55.4
E, ksi 25,000.0 25,000.0
Jie, in-1o/in® 650.0 990.0

4.3 In addition, the J-T material resistance curve will also be required. Typical curves used in
Reference A.19 are shown in Figures 3 and 4.

4.4 The material properties used for flaw growth evaluation are discussed in Section 7.

4.5 Attachment XV, Section 3.0 provides the methodology for performing elastic plastic fracture
mechanics (EPFM) analysis using the J-integral / Tearing Modulus Approach.

5.0 Initial Flaw Size and Fiaw Orientation

5.1 Initial flaw size and flaw orientation are obtained from [SI reports. Flaws can be either axial or
circumferentially oriented. Flaws can also be surface or subsurface. Rules for determining flaw
orientation and flaw type are provided in ASME Section X1, IWA-3000.

5.2 In some cases, multiple flaws are encountered. Rules for combining multiple flaws are also
provided in IWA-3000. Additional rules for combining multipte IGSCC flaws are provided in
NUREG-0313, Rev. 2 [A.20].

6.0 Determination of Stress Intensity Factor (K1) versus Flaw SIZE

6.1 Determine the fracture mechanics model for calculation of stress intensity factor (K} as a
function of flaw size. This is determined from the knowledge of the pipe geometry and the flaw
orientation. Use of select computer software is pertinent as mentioned in Attachment XIV or
methodology provided in Attachment XV.

7.0 Flaw Growth

7.1 The mechanisms for flaw growth should be established from the root cause evaluation. The
flaw growth mechanism in austenitic stainless steels could be attributed to either IGSCC or
fatigue from cyclic loadings.

7.2 Intergranular Stress Corrosion Cracking (IGSCC)

7.2.1 IGSCC in general occurs in BWR austenitic stainless steel piping.

g e
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7.2.2 The procedure for performing IGSCC flaw growth evaluation is beyond the scope of this
attachment and thus is exciuded due to the extremely complex nature of the flaw growth
from IGSCC. The procedure for performing flaw evaluation in BWR austenitic stainless
steel piping is provided in NRC documents Generic Letter 88-01 [A.40] and NUREG-0313
Rev. 2 [A.20]. The BWR Vessel and Internals Project is in the process of developing a
Topical Report on IGSCC crack growth rate [A.39]. On approval from the USNRCC this
information will be helpful in developing this subsection.

7.2.3 Other methods consider the environment as well as the material condition of the
austenitic stainless steel. A detailed discussion regarding these is beyond the scope of
this attachment, but references are provided in A.22 and B.2.

7.3 Fatigue

7.3.1 ASME Code Section X! currently has a fatigue crack growth law for air environment but
does not have one for water environment,
7.3.2 The ASME Section X}, Appendix C fatigue crack growth law for air is given as:
da
——=C (AK)" Eqn. 2
dN ) l
where:
n = 33, and C, = C(S) Egn.3
and C is a scaling parameter to account for temperature, which is given
by

A0 T ~672 10-273
sz;<»10.009+8.12,\i0 T-t13x107 0T+ 10221077 T+ Eqn. 4

AK = Kmax - Kmin, ksi \/’l};

7.3.3 Tis the metal temperature in °F (T < 800 °F). Sis a scaling parameter to account for the
Rratio (K, / K, ), and is given by:
S =10 when R< 0

1.0 + 1.8R when0«<R< 079

-43.35 + 57.97R when 0.79<R < 1.0

it

il
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7.3.4 For water environment, the fatigue crack growth law provided in Reference A.19 can be
used. However, due to the complexity of this method it is recommended that all the
ramifications are completely understood before this can be applied. This subsection has
been provided for information for an understanding of the basic material required in case
of any review. This law is based on work sponsored by the Pressure Vessel Research
Committee and Metals Properties Council and has the form:

daldN = C- E S(AK)" Eqn. §
where:

da/dN = change in crack depth, «, per fatigue cycle,
m/cycle

C. n = material constants

n o= 33

C=2x10"

S = R rato correction factor =[1.0 - 0.5R* ™

R = Kuyi/Kmax

E = environmental factor (equal 1.0, 2.0, and 10.0
for air, PWR, and BWR environments,
respectively)

AK = Koax - Kunin, ksiN(in)
Kumin s Kmax = minimum and maximum values, respectively,

of applied stress intensity factor

7.3.5 There are currently efforts in the ASME Code Working Group on Flaw Evaluation to
provide an environment fatigue crack growth law for stainless steel,

8.0 Determination of Allowable Flaw Size

8.1 Determination of allowable flaw size for austenitic stainless steel piping is provided in IWB-
3640 and Appendix C of Section XI. Allowable flaw sizes for base metal and non-flux welds
(GTAW and GMAW) are based on plastic collapse (limit load). Allowable flaw sizes for flux
welds (SAW and SMAW) are based on ductile tearing (J-Integral / Tearing Modulus analysis).

8.2 The first step in determining the allowable flaw size is to use the tables provided in WB-3640.
The flow chart (Figure 5) provides guidance for use of these tables. The tables are also
summarized below:

8.2.1 WB-3641-1 - Circumierential Flaws/Normal and Upset

8.2.2 IWB-3841-2 - Circumferential Flaws/Emergency and Faulted

P R T —
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8.2.3 WB-3641-3 - Axial Flaws/Normal and Upset

8.2.4 1WB-3641-4 - Axial Flaws/Emergency and Faulted
8.2.5 IWB-3641-5 - Circumferential Flaws/Normal and Upset (SMAW/SAW)
8.2.6 WB-3641-6 - Circumferential Flaws/Emergency and Faulted (SMAW/SAW)

8.3 Table IWB-3641-1

The following are the applicability and assumptions used in developing this table [A.18]. The
differences between the base metal, flux and non-flux weld are provided in Section 1.3. Non-
fluxed weldments have more toughness than fluxed weldments.

8.3.1 Circ. Flaws - Normal Operating (including Upset and Test) Conditions
8.3.2 For Base Metal and Non-flux GTAW and GMAW Weldments
$.3.3 Based Purely on Plastic Collapse (Limit Load Source Equations)
8.3.4 Only Primary Stresses (No Secondary-Thermal Stresses)
8.3.5 Unintensified Stresses
8.3.6 Safety Factor = 2.77
8.3.7 Assumes oy = 3S
8.3.8 Assumes P, =055,
8.3.9 Maximum Allowable a/t =0.75

8.4 Table IWB-3641-2
8.4.1 Circ. Flaws - Emergency and Faulted Conditions
8.4.2 For Base Meta!l and Non-flux GTAW and GMAW Weldments
8.4.3 Based Purely on Plastic Collapse (Limit Load Source Equations)
8.4.4 Only Primary Stresses (No Secondary-Thermal Stresses)
8.4.5 Unintensified Stresses
8.4.6 Safely Factor = 1.39

8.4.7 Assumes o= 38,
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8.4.8 Assumes P, = 1.05,

8.4.9 Maximum Allowable at = 0.75
8.5 Table IWB-3641-3
8.5.1 Axial Flaws - Normal Operating (including Test and Upset) Conditions
8.5.2 For Base Metal and Non-fluxed GTAW and GMAW Weldments
8.5.3 Based on Plastic Collapse
8.5.4 Only Primary Hoop Stress
8.5.5 Unintensified Stresses
8.5.6 Safety Factor = 3.0
8.5.7 o, =38,
8.5.8 Maximum a/t=0.75
8.6 Table iWB-3641-4
8.6.1 Axial Flaws - Emergency and Faulted Conditions
8.6.2 For Base Metal and Non-Flux GTAW and GMAW Weldments
8.6.3 Based on Plastic Collapse
8.6.4 Only Primary Hoop Stresses
8.6.5 Unintensified Stress
8.6.6 Safety Factor = 1.5
8.6.7 o =38,
8.6.8 Maximum a/1=0.75
8.7 Table IWB-3641-5
8.7.1 Circumferential Flaws - Normai Operating (including Upset and Test) Conditions
8.7.2 For Filuxed SAW and SMAW Weldments

8.7.3 Based on Eiastic-Plastic Fracture Mechanics (J/T analysis)
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8.7.4 Stress Multipliers Provided to Convert to Equivalent Plastic Collapse Analysis

8.7.5 Both Primary and Secondary Stresses Considered. For non-fluxed welds, only primary
stresses are considered.

8.7.6 Safety Factor = 2.77 for Primary Loads
8.7.7 Safety Factor = 1.0 for Thermal Loads
8.7.8 Maximum Aliowable a/t = 0.60
8.8 Table IWB-3641-6
8.8.1 Circumierential Flaws - Emergency and Faulted Conditions
8.8.2 For fluxed SAW and SMAW Weldments
8.8.3 Based on Elastic-Plastic Fracture Mechanics (J/T Analysis)
8.8.4 Stress Multiptiers Provided to Convert to Equivalent Plastic Collapse analysis

8.8.5 Both Primary and Secondary Stresses Considered. For non-fluxed welds, only primary
stresses are considered.

8.8.6 Safety Factor = 1.39 for Primary Loads
8.8.7 Safety Factor = 1.0 for Thermal Loads
8.8.8 Maximum Allowable a/t = 0.60

8.9 The above tables 1 through 6 are the Code allowable tables. No tables are provided in the
Code for axial flaws for fluxed weldments.
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8.10 When more relief is desired than by using the preceding tables in IWB-3640, the source
equations provided in Appendix C of Section XI {A.37] can be used directly. These source
equations are based on plastic collapse with adjustments for the flux welds. The stress
distribution of a circumferential flawed pipe at plastic collapse is shown in Figure 6. The plastic
collapse equations for circumferential flaws are given as:

Foro+psn
ﬂ‘x%{ZSiHﬂNESiﬂQ} Eqn. 6
VAN 1 J
, 1 a E
= | oG- Eqn. 7
p 2[ t 35,,!) !
For@+f>n
.68 ,
P, :f@«fﬁsinﬁ Eqn. 8
z (. a P
- |— Eqn. 9
p ,_ Q@ ( t SS,,,) |

where all the terms are shown in Figure 6 and
o, =35, Eqn. 10
8.11 For base metal and non-flux welds, the relationship between the failure bending stress P, and
the applied stresses (P, and Py} is given as:

P, =SF(P,+P)-P, Eqn. 11

#

8.12 For the flux welds (SAW and SMAW weldments), from Appendix C of Section X1 [A.37]
P, =7, SF(P

 + PAP, [ SF)-P, Egn. 12

Z,=L1S[1+ 0.013(D -4} | for SMAW
" { ( ’ ] Eqgn. 13

=1.30{1 +0010(D ~ 4)| for SAW ‘

where D is the nominal pipe size, NPS and for NPS < 24 in, use D = 24.
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8.13 For axial Part-through Flaws:

38 -1 ]
o, =—= rfa Eqn. 14
"TSFtla-11M,
where:
. 3 12
My = [1+161,° 1 (4R)]

o, = nominal hoop stress = PD/2t
D = nominal outside diameter of the pipe
Ip = total flaw length

a = flaw depth. The flaw depth is limited to 75% of
thickness

R = mean radius of the pipe
t = pominal thickness

SF = Safety Factor; 3.0 for Level A and B Service
Loadings, 1.5 for Level C and D Service Loadings

8.14 The evaluation can also be performed using appropriate computer programs. Alternate
methods fot plastic cotlapse which take into account the shape of the flaw and also cases
involving muitiple flaws are discussed in Attachment XV Section 4.0.

R A e
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r Austenitic Stainless Steel Piping IWB - 3640/ Appendix C J
Determine Stresses e B ‘E}c

P
e

___Normal Operating (NOC)
{Including Test/ Upsel)

Determine Load Combinations .

L..Emergency Faulted (EOC)

r Determine Material Properties }4——-——-— S,

Circumierential
g Determine Flaw Orientation J‘»——[
Axial

E Initial Flaw Size g J

I Determination of K J

Fatigue
Flaw Growth Analysis ‘_-_-E 1G8CC
Other

__,__,._,_.____.,_.{ inspection Interval ‘J

i Final Flaw Size 3 |

{ Determine Allowable Flaw Size: NOC a and EOC a, J—-«» See Figure 5

Reduced Inspection

Interval?
No Yes
; ¥ ¥
L Fepair / Replace Continued Operation Accemab%e}

Figure 1: Flaw Evaluation Procedure for Austenitic Steel Piping
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Through-Wall Residual Stress '

E?

Wall Thickness Axial Circumferentia

N S
N.s ,
<1 inch 0 T

058
See Note 3

> 1 inch

'S =30 ksi

2 considerable variation with weld heat input.

Tg=0[1.0-6.91 (@) + 8.69 (@)’ - 0.48 (@)’ - 2.03 (@)l
o, = stress at inner surface (a=0)

Figure 2 Residual Stress Distribution in Large and
Small Diameter Piping Welds [A.19, A.21]
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Figure 4 Material J-R Resistance Curve for SMAW
Weldment at 550°F [A.19]
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Nominal stress in the
uncracked section of pipe
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Figure 6: Stress Distribution in a Cracked Pipe - Basis
for Net Section Collapse Criteria for Austenitic
Steel Pipe
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Attachment X!iI: Flaw Evaluation Procedure for Ferritic Piping

1.0 INTRODUCTION

1.1 This attachment utilizes later editions of the Section XI Code which may not be addressed in
the Codes referenced by Table 6 in Attachment lll. Approval from the plant licensing
department, and/or NRC, may be required prior to utilizing the pertinent provisions of this
attachment.

1.2 This attachment provides for evaluations of crack-like flaws in ferritic steels, a formalized
approach to explain the terminology, and salient equations in select references available for
such evaluations. A case by case approach and appropriate methodology has to be selected
to solve an individual problem. Since problems involving crack-like flaw evaluations could be
of a compiex nature, it is not recommended to select any approach without first understanding
the root cause and nature of the crack-like flaw. Thus, this attachment should be used as an
introductory material and needs to be supplemented from other sources. This attachment can
be used after it has been determined that the Code approaches discussed in this attachment
are appropriate for any particular problem.

1.3 The procedure for evaluation of flaws in Class 1 ferritic piping is provided in Subsection IWB-
3650 and Appendix H of ASME Code Section X1 [A.37]. The technical basis for the procedure
is provided in EPRI Report No. NP-6045 [A.13]. The flow chart shown in Figure 1 summarizes
the procedure. There are currently no rules for Class 2 and 3 piping, therefore, the rules of
Class 1 piping are generally used for Class 2 and 3.

1.4 As explained in Reference A.13, the load carrying capacity of flawed ferritic piping can vary
significantly within the LWR operating temperature range. This temperature dependence
results in three distinct regions of fracture behavior, hence each requires a different fracture
mechanics analysis technique.

1.4.1 The "lower shelf® region, where the fracture toughness of the material is a minimum and
does nat change significantly with increasing temperature. in this region, the behavior of
the material is generally assumed to be linear elastic because ductility is negligible and
therefore, linear elastic fracture mechanics (LEFM) techniques are applicable.

1.4.2 The “transition temperature” region where the fracture toughness increases significantly
above the lower shelf value with increasing temperature. In this region, elastic-plastic
fracture mechanics (EPFM) technigues involving the use of the J-Integral/Tearing
Modulus analyses are typically employed.

1.4.3 The “upper shelf’ region, where the fracture toughness reaches a maximum and ideally
remains constant with increasing temperature. In this region, the material is very ductile
and limit load (net section plastic collapse) analyses are employed in fracture mechanics
evaluation.
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1.5 To determine which regions and analyses methods to use, the flow chart shown in Figure 2 is
provided in ASME Code, Section X!, Appendix H.

The key to the determination of the analysis method is the determination of a screening criterion
(SC). For an expianation of screening ctiteria see section 2.1.1. Figure 2 indicates that if SCis
below 0.2, limit load analysis shall be used. If SC falls between 0.2 and 1.8, elastic-plastic
fracture mechanics (EPFM) techniques shali be used. Linear elastic fracture mechanics
techniques are used if SC is greater than or equal to 1.8. The computational method for
calculating SC is provided in ASME Section XI Appendix H, (ref. A.37).

1.6 The evaluation procedures in this attachment are applicable to pipes NPS 4" or greater. In
general, crack-like defects are found in welds and the adjacent discontinuities or heat-affected

zones. The evaluation procedures are applicable to a distance of 1/R,t from the centerline of
a girth butt weld, where R, is the nominal outside radius and tis the nominal pipe wall

thickness. Components / fittings outside these limitations should be treated on a case-by-case
basis.
2.0 STRESSES

2.1 Screening Criteria and Allowable Flaw Size

2.1.1 Screening criterion {SC) parameter to define the applicable failure mode is [A.37: H-4421

and A.13%:
K ’
SC = |~ Egn. 1
S,
where:
' K
K, ::{-'—L Eqgn. 2
| K,
K = |J, E'/1000 ] ksi -Vin. Eqn. 3

Jie = Measure of material toughness due to crack
extension at upper shelf, transition, and lower
shelf temperatures, J integral at first flaw
. . .3
extension, in-1b/in”
E = |E/(1-v)] ksi Fqn. 4
where

E

i

Modulus of Elasticity

Y Poisson Ratio

il
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K; = Total applied stress intensity factor ( as
defined in sections 7.4.1 and 7.4.2 for
circumferential and axial flaws) ksi ~in

For circumferential flaws, (see section 7.4.1 )
, 1 o
LS"A = ! I

LJIJ,!
where:
o= sz'imary bending + Pexpansiun

o,, = bending stress at limit load

For axial flaws, (see section 7.4.2):

where:
o= P

axial stress

o, = reference stress at limit load

(v

Eqn.

Egn. 6a
Egn. 6b

Egn. 7

Eqn. 7a
Eqn. 7b

2.1.2 For determination of the screening criterion (SC) and allowable flaw size, three classes of

stresses are required:
2.1.2.1 Primary membrane (Pn)
2.1.2.2 Primary bending (Py)

2.1.2.3 Thermal expansion (P.)

2.1.3 These stresses are obtained from the piping Stress Report. P, is associated with
pressure stress, P, is generally associated with dead weight and seismic loads, and P, is

restraint stresses arising from thermal expansion.

2.1.4 The above P, and P, stresses correspond to unconcentrated (without stress
intensification factors) primary stress intensity vaiues defined in Equation 9 of ASME
Section HI NB-3650. P, is unconcentrated stress intensity value for moment loads defined

in Equation 12 of ASME Section i, NB-3650.

2.1.5 When LEFM analysis is performed, butt weld residual stresses should also be considered
in the determination of allowable flaw size, since these stresses are not expected to
refax under LEFM condition. Through-wall butt weld stress distribution for ferritic piping

recommended in Reference A 13 is shown in Figure 3.
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2.2 Flaw Growth

221 For ferritic piping, the predominant flaw growth mechanism is fatigue. Ferritic piping is
generally immune from intergranular stress cotrosion cracking (IGSCC). In flaw growth
evaluation, it is important 1o determine the loads that contribute to the flaw growth. For
fatigue, both the magnitude of the stresses and expected number of cycles for all normal
and upset operating conditions must be included. This information should be obtained
from the stress report or from any supplementary evaluation that may have been
performed as part of the root cause evaluation. Butt weld residual stresses should also
be considered in the evaluation.

3.0 LOAD COMBINATION

3.1 For allowabie flaw size determination, two load combinations are considered in ASME
Section Xl

3.1.1 Normal operating (including Upset and Test) Level A/B
3.1.2 Emergency and Faulted Level C/D

3.2 The load combinations are generally reported in the piping Stress Report but, in general, the
following load combinations are typical.

3.2.1 Levei A/B P. - Pressure
P, - Deadweight + OBE Seismic
P. - Thermal expansion
3.2.2 Levei C/ID P. - Pressure
P, - Deadweight + SSE Seismic
P, -  Thermal expansion

3.3 For fatigue crack growth analysis, all the cyclic loads which contribute to the crack growth
must be considered.

4.0 MATERIAL PROPERTIES

4.1 For the purpose of determining material properties, ferritic piping materials are categorized
into two groups in ASME Section X1, Appendix H, also see ref. A.13.

4.1.1 Material Category 1: Seamless or welded wrought carbon steel pipe and pipe fittings that
have a specified minimum yield strength not greater than 40 ksi and welds made with
E7015. E7016, and E7018 electrodes in the as-weided or post weld heat treated
conditions.

. ————— R
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4.1.2 Material Category 2: All other ferritic shielded metal arc and submerged arc welds

with specified minimum tensile strengths not greater than 80 ksi in the as-welded or post
weld heat treated conditions.

4.2 In determining the screening criteria and allowable flaw size, certain material property data is
required. This includes:

Yield Stress. o,

Ultimate Strength, &,
Young’s Modulus, E
Poisson Ratio, v

Design Stress Intensity, Sy,
Fracture Toughness. Jy

4.3 The values of 6, o, E, and Sy, are provided in Appendix | of ASME Section i {A.38]. The
value of v is typically taken as 0.3. Minimum values of Jicare provided in ASME Section X
Appendix H if actual values are not available for the evaluation. J,; shall be obtained directly
from heat-specific Jic experiments, or correlations with heat-specific Charpy V-notched
absorbed energy (CVN) data or reasonable lower bound CVN data.

4.4 The correlation at upper shelf temperatures for use with CVN data for circumferential flaws is
given as:

J, =10 CVN Eqn. 8

Fonaan
where,
Jimm 18 flaw extension in in-Ib/in® and
CVN is heat specific energy in {t-1b units.

Note that the operating temperature is considered as greater than 200" F. if actual CVN values
are available, correlation between fracture toughness and CVN values provided in literature
(e.q., ref. A.41) can be used.

4.5 In the absence of specific data, the upper shelf temperature for ferritic piping is specified as
200°F.
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4.6 When a J-Integral/Tearing Modulus analysis is performed, additional material properties are

4.7

required. These include the Ramberg-Osgood stress-strain curve parameters « and n, and
reference stress o,. Lower bound values for these parameters were determined in Reference
A3 for A106 Gr. B and SA-333-6 materials based on the lower bound stress-strain curve
shown in Figure 4.

Parameter Submerged arc weid
« 2.51
n 4.2
©,, ksi 271

In addition, the J-T material resistance curve will also be required. Typical curves used in
Reterence A.13 are shown in Figures 5 through 8.

5.0 INITIAL FLAW SIZE AND FLAW ORIENTATION

5.1

Initial flaw size and flaw orientation are obtained from ISI reports. Flaws can be either axial or
circumferentially oriented. Flaws can also be surface or subsurface. Rules for determining flaw
orientation and flaw type are provided in ASME Section XI, IWA-3000. In some cases, multiple
flaws are encountered. Rules for combining multiple flaws are also provided in IWA-3000.

6.0 FLAW GROWTH

6.1

The mechanisms for flaw growth should be established from the root cause evaluation. The
flaw growth mechanism in ferritic steels is attributed mainly to fatigue. Per Appendix H of
Section X1, the fatigue crack growth law for ferritic vessels in Appendix A of Section X! is used.
Separate laws are provided for air and water environments. These crack growth laws are
included in software programs which address these applications, see attachment XIV.

7.0 DETERMINATION OF ALLOWABLE FLAW SIZE

7.1

The first step in the allowable flaw size determination is to determine the appropriate analysis
method for using the screening criteria (SC) provided in Appendix H of ASME Section X! and

shown in Figure 2. The screening criteria and the allowable flaw size can be determined using
software programs which address these applications, see attachment XiV.

if SC < 0.2, the limit load analysis technigue should be used in determining the ailowable flaw
size. Flow chart for materials meeting the limit load criteria is provided in Section X!, Appendix
H, Article H-5000 and shown in Figure 9. As can be seen from this flow chart, tables are
provided in Appendix H as follows:

7.2.1 Table H-5310-1 - Circ. Flaws - Normal/Upset/Test Conditions

7.2.2 Table H-5410-2 - Circ. Flaws - Emergency/Faulted Conditions

7.2.3 Table H-5410-3 - Axial Flaws - Normal/Upset/Test Conditions

7.2.4 Table H-5310-4 - Axial Flaws - Emergency/Faulted Conditions

ENGINEERING STANDARD EN-CS-S-008-MULT! Revision 0
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7.2.5 Inlieu of using the above tables, the source equations given in Appendix H may be used.
These equations are given as follows:

7.2.5.1 For circumferential flaws [A.37: H-5320]

For@+f<sn
. 20,7
P, o= ! Lzs‘mﬁ»gsiné?f Eqn. 9
T ¢ /
/ | \
1 a P
=S| A0 -7 Eqn. 10
B 2( ; O_{} gn
ForO+B>n
. 20’;( a)
P =2~ isi Eqn. 11
= [/smﬁ qn
P
;A § T X Eqn. 12
-4 1 o,

where all the terms are shown in Figure 9 and o; shall be taken as
the average of yield and ultimate stress, or 2.4 S,,, when these values
are not available.

7.2.5.2 The above formulas are valid for Py/P,, 2 1.0 and P, < 0.5 S,, for normal operating
(including upset and test) conditions or P,, < 1.0 S,, for emergency and faulted
conditions.

7.2.5.3 The allowabie bending stress 3. is given as:

2

S d P fl : } Egn. 13
S Ty T | T o 1.
Ton M e ‘
where:
SF = safety factor
= 2.77 for normal operating condition
(including upset at test) conditions
= 1.39 for emergency and faulted
conditions
7.2.5.4 The maximum allowable flaw depth is limited to 75% of pipe wall thickness.
For axial flaws [ A.37: H-5420]
o, ! tfa-1 i .
o, =—L| | Eqgn. 14
- SF i tla=-11 M, |
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where:
My = [1+1617 /(41‘@:}}“2
gy = 2.4Sm

o, = nominal hoop stress = PD/2¢

D = nominal outside diameter of the pipe

I = total flaw length
a = flaw depth
R = mean radius of the pipe

¢ = nominal thickness

SF = Safety Factor; 3.0 for Level A and B
Service Loadings, 1.5 for Level C and D

Service Loadings

Eqn. 15

7.2.5.5 Furthermore I < |y, where loy is determined by the condition for the stability of

through-wall flaws o, = 6,/ M,.

7.2.5.6 Note flaw depths a, and a,, determined from eqn. 14 shall be used in the
acceptance criteria of IWB 3652(a) [A.37] to determine the acceptability of the

flawed pipe for continued service.

7.3 0.2 < SC<1.8, elastic-plastic fracture mechanics (EPFM) techniques should be used in
determining the allowable flaw size. Flow chart for materials meeting the EPFM criteria is
provided in Section XI, Appendix H Article H-6000 and shown in Figure 10. Tables are
provided in Appendix H for the determination of allowable flaw size. These tables are based
on limit load analyses, but stress multipliers are provided 1o convert the EPFM analyses to
equivalent imit load analyses using Z-factors provided in the Code.,

7.3.1 Table H-5310-1 (Modified) - Circ. Flaws - Normal/Upset/Test Conditions

7.3.2 Table H-5310-2 (Modified) - Circ. Flaws - Emergency/Faulted Conditions

7.3.3 Table H-6410-1 - Axial Flaws - Normal/Upset/Test Conditions

7.3.4 Table H-6410-2 - Axial Flaws - Emergency/Faulted Conditions
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7.3.5 Circumferential Flaws:

In using Tables H-5310-1 and H-5310-2 for circumferentially flawed welds, the
primary membrane stress Py, primary bending stress Py, and expansion stress P,
are considered in the load combination. The Stress Ratio {SR) for normal
operating/upset/test conditions is calculated as:

I % Eqgn. 16

7.3.6 The stress ratio for emergency/faulted condition is calculated as:
SR=Z(P, +P +P [139)/S Egn. 17

where Z is the Z-factor provided in Tables H-6310-1 or Table 6310-2 of
ASME Section X1, Appendix H.

7.3.7 Inlieu of using these tables, an analytical solution based on modified limit load analysis
may be used. The limit load equations provided in Section 7.2.5 are used. The aliowable
bending stress S, is determined as:

1| P 1

B rryen Bkl S B N B B “gn. 18
t (SF) ; Z € ))?L Z{Sﬁ“)} Eqn

SF = safety factor
= 2.77 for normal operating/upset/test
conditions
= 1.39 for emergency and faulted conditions.

P," = Bending stresses at limit load for primary and
expansion loads

Z = Load multiplier for ductile flaw extension

7.3.8 If more margin in the allowable flaw size is desired for ferritic pipe material exhibiting
EPFM characteristics (0.2sSC<1.8), actual J-integral/T earing Modulus instability analysis
can be performed. Models for performing such analyses are discussed in Attachment XV
and provided in software programs which address these applications, see attachment
Xiv.

7.4 1t SC 1.8, linear elastic fracture mechanics (LEFM) techniques should be used in determining
the allowable Haw size. A flow chart for materials meeting the LEFM criteria is provided in
Section X1, Appendix H, Article 7000 and shown in Figure 11. This invoives the evaluation of
the applied stress intensity factor (K;) and comparing it to allowable stress intensity factor (K,).

7.4.1 For circumferential flaws, [A.37, H-7300, H-4221}
K =K +K, +K, <K Egn. 19




8/ = ratio of crack length to pipe
circumference

(SF) = Safety Factor
= 2.77 for normal operating/upset
= 1.39 for emergency/faulted

Note: K from transients are not considered per Code, [A.37].

7.4.2 Foraxial flaws, [A.37, H-7400, H-4221%:
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where: 4
Kie = [J,E/1000" ksi Vin Eqn. 3
Jie = Measure of material toughness due to
crack extension at upper shelf, transition,
and lower shelf temperatures. J integral at
first flaw extension, in-1b/in”
B" = [E/(1-v)] ksi Eqgn. 4
Kim = (SF)[o)(m)"* F, ksiVin Eqn. 20
where,
=P = ksi Eqn. 21
27Rt
where
P = Total axial load on pipe including
pressure, kips
K, =[SF) M/ (nk’¢)) + P |(ma) " F,
os Eqn. 22
=[SFio,}+ 0, |(m)"'F, ksiin
Ky = stress intensity factor due to residual stress
with a safety factor of 1.0, ksi Vin
Ki = total applied stress intensity factor, ksi Vin
Fin = 110 +x[0.15241 + 16.722 (x0/m)"% -
14.944 (x6/m)] Egn. 23
Fo = 110 +x[-0.09967 + 5.0057 (x0/m)"** -
2.8329 («8/m)] Egn. 24
x = alt Egn. 25
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K =K, +K, <K, Eqgn. 26
where:
Kim = (S‘F)B;g{iz’a 10} F ksiVin Eqgn. 27
where
(SF) = Safety Factor

i

3.0 for normal operating (including upset
and test) conditions

L5 for emergency and faulted conditions

i

~a 165
O=1+ 4.593(}—) Eqn. 28
F = L12+0.053a+0.00550° + (1.0 + 0.020,
+0.01910 ) (20 - R/} /7 1400 Egn. 29
o = {alt)all) Egn. 30
Ki = stress intensity factor due to residual stress
with a safety factor of 1.0, ksi Vin
Kie = (Jic E71000)™ ksi Vin Egn. 3

e 4 4 w8 e 0 L
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H-4000

|

Y @8- Is J,, available? l—No
Use actual Obtain J,, from
Jie Article H-4210
Use o, = 27.1 ksi
and
S,, = 18.1 ksi
y
Screening Criterion
(8C) = K78,
f
(8Cy< 0.2 0.2 <=(5C)<1.8 (S8C)»=1.8
limit load EPFM LEFM
WL*._} y
H-5000 H-6000 f H-7000

§
|
L

Figure 2: ASME Code Section X} Appendix H Flow Chart for
Screening Criteria to Establish the Analysis Method

[A.37]
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Through-Wall Residual Stress |
Wail Thickness

Axial Circumferential

S S

R@.s —
< 1inch Q S P
\1 o b

D oD iD oD

058
2 1 inch See Note 3

'S= Yield stress
~Considerable variation with weld heat input.

‘o= a[1.0-6.91 (aft) + 8.69 (@t - 0.48 (at)® - 2.03 (a/ty"]
i = stress at inner surface (a = 0)

Figure 3: Recommended Axial and Circumferential
Residual Stress Distributions for
Circumferential Welds in Ferritic Pipe [A.13]



@ Y ENGINEERING STANDARD EN-CS-S-008-MULT!  Revision 0
s ﬁ b7, [f}fgy - o
. PIPE WALL THINNING STRUCTURAL EvaLuamion Page 115 of 132

Attachment 7.9: Informational Attachment
Page 760f 93

90

80 6

5
70 4
4
60

50

40 Ramberg-Os good Fit

TRUE STRESS, ksi

30 4]
2 1 1,2,4.5, and 7: SA106GrB, Different
Heats 3and 6 SA333-6, Different Heats
10 -
D T T T ¥ ¥ IR §
0 1 2 3 4 5 6
TRUE STRAIN, PERCENT

Figure 4: True Stress-Strain Curves for SA106 Gr. B and

SA333 Gr. 6 at 550° F [A.13]
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Figure 5: J-Resistance Behavior for A106 Gr. B {L-C
Orientation) and A516 Gr. 70 (T-L. Orientation)

at550°F [A.13]
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Figure 7: J-R Curve for Category 2 Materials [A.13]
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Attachment XIV: CLFE: Fracture Mechanics Software

1.0 Several personal computer-based software programs for performing fracture mechanics ana

a wide variety of structural components and materials are available. The programs usually have

many features and capabilities which are directly applicable to piping flaw and wall thinning

evaluations addressed by this standard, These programs can be covered under vendor's nuclear
quality assurance programs’ safety related applications. Software programs can be used to perform

fracture mechanics-based pipe flaw and wall-thinning evaluations described in this standard.
2.0 Typically the capabilities of these programs include:

2.1 Codes and Standards Evaiuation

2.2 Linear Elastic Fracture Mechanics (LEFM)

2.3 Elastic Plastic Fracture Mechanics (EPFM)

3.0 Generally these software packages have major modules listed above which contain numerous sub-
modules and options. These allow the user to input specific problem parameters, to perform the
necessary analyses, to save all relevant data from the analyses for future use, and to obtain tabular
and graphical output of results. They also contain detailed program description, including sample

problems and a program verification manual in the program users manual,

4.0 Two of such software programs are mentioned in the list of references asB6and B.7
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Attachment XV: CLFE: Alternate Fracture Mechanics Solutions

1.0 INTRODUCTION

1.1 The evaluation procedures provided in Attachments X1 and Xl are based on ASME Code

Section X1, Appendices C and H. respectively. it should be recognized that these appendices

are non-mandatory, hence, alternate solutions can be obtained elsewhere in the literature.

However, the acceptance criteria of IWB-3640 and IWB-3650 must be satisfied. The

acceptance criteria can be satisfied by ensuring that the Code safety margins presented in
Attachments XII and Xlil are maintained at all times if alternate methods are used. In this
attachment, alternate solutions are provided for linear elastic fracture mechanics (LEFM),

elastic-plastic fracture mechanics (EPFM) and limit load analysis.

2.0 LINEAR ELASTIC FRACTURE MECHANICS

2.1 Linear elastic fracture mechanics (LEFM) is used for the determination of aliowable flaw size

for ferritic steels for which the screening criteria discussed in Attachment Xlif is greater than or

equal to 1.8. LEFM is also used to perform crack growth evaluations for both ferritic and

austenitic stainless steel pipe.

2.2 LEFM assumes elastic behavior of the stresses in the pipe, including the region around the
crack tip. The stress distribution near the crack tip depends on a single quantity termed “the

stress intensity,” generally designated as K. For loadings which produce an opening mode of
displacement between the crack surfaces, the stress intensity factor is further designated as

K. Expressions have been developed in the literature for the calculation of the value of K in

terms of the applied load and the crack size for various combinations and shapes, and types

of applied loading. Al of these equations have an identical format:
K, =Covm

where:
@ = nominal applied stress

a = characteristic crack dimension such as crack depth
for surface cracks

C = non-dimensional constant whose value depends on
crack geometry, the ratio of the crack size to the
size of the structural member and type of loading
(tension, bending, etc.)

N L
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2.3 Formulations for K; for various surface, subsurface and throughwall geometries have been
presented in several sources [A.231t0 A.27]. Some of these references have K. solutions for
cases where the stress varies through the thickness of pipe. One of the most widely used
solutions for K, are the form ulations developed by Baju and Newman [A16 and A17]. The
formulations assume an elliptical surface flaw in a cylinder in tension and bending. The
advantage of Raju-Newman solution is that K can be determined at various locations on the
crack front, There are also several software programs to soive for K (see Attachment Xy In
fact, solutions for K versus crack size found in References A.23 through A.27 can be imported
directly to the calculation procedure in Reference A.37 to perform fracture mechanics
evaluations such as crack growth.

2.4 The basic principle of LEFM is that unstable propagation of an existing flaw will accur when
the value of K, attains a critical value designated as Kie- The K, generally called the fracture
toughness of the material, is a temperature-dependent material property. The value of K,
recommended for use by ASME Section X for ferritic materials in the LEFM regime is
presented in Attachment XHi}. Recommendations for Ki; values for ferritic steels in the LEFM
regime are provided in ASME Section X1, Appendix H, Article H-4000 [A.37]. Other values for
Kic are provided in Reference A.27. In some cases, the value of Kic for a material is not readity
available, However, in LEFM regime only, another parameter called J,; (the elastic-plastic
fracture toughness) when available can be converted to Ky, using the relationship

K, = f(IEJ'Z) ksiv/in Eqn. 2
-

o . 2 -
where, Ji is in in-1b/in® units

ra
ta

In summary, the implementation of alternate LEFM fracture mechanics concept for evaluation
of flawed piping consists of two steps:

2.5.1 Determine Ki. properties of the material from the Code or from other references such as
Reference A.27.

2.5.2 Determine the anticipated flaw size in the pipe and calculate the value of K; from the
References A.23 through A .27, Safety factors shall be applied to the stresses to maintain
Code safety margins. Compare K, to K to ensure K, is less than K.

3.0 ELASTIC-PLASTIC FRACTURE MECHANICS
3.1 Background

3.1.1 Elastic-plastic fracture mechanics principles are used for determination of allowable flaw
sizes for austenitic stainiess stee! piping flux weldments and ferritic piping for which the
screening criterion discussed in Attachment X1l is between 0.2 and 1.8. These materials
are ductile such that there is significant plastic deformation around the crack tip while the
rest of the structure exhibits elastic behavior.
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3.1.2 In the presence of the crack, the stress and strain at the tip can be characterized by a
parameter called J, where J is a path independent integral which is a measure of the
work done around the vicinity of the crack under the applied loading. For loadings which
produce an opening mode of displacement between the crack surfaces, the J-integral is

further designated as J,.

3.1.3 Forlinear elastic cases,

K.: ,
J, :N}fr(h— V) Eqn.3

3.1.4 Similar to the LEFM case, there is a parameter designated as J;, which measures the
fracture toughness of the material. The values of Kic can be converted to Jie using the
above expression. However, unlike the linear efastic case, unstable crack growth does
not occur when the value of J,, is reached. Figure 1 shows the crack growth behavior of a
typical ductile material. Upon reaching J., there is a region of stable crack growth before
unstable growth occurs.

3.2 Engineering Approach for Calculating J

3.2.1 Inlieu of determining the value of J using very sophisticated finite element analyses,
several simple expressions have been enveloped for various cracked pipe configurations
in References A.15, A.26, A.27 and A.42. The formulations in ail these references
assume that the material stress-strain behavior can be represented by the Ramberg-
Osgood power law equation of the form:

H
£ o o
—— e (X(W—J Eqn. 4
EU o-{) o Jl!
where:

€and o = strain and stress, respectively
&and 0, = yield strain and yield stress, respectively

@and n = Ramberg-Osgood material coefficients

3.2.2 Values of wrand n for typical piping materials used in the nuclear industry have been
provided in Reference A.27.

3.2.3 For materials that can be represented by the Ramberg-Osgood stress-strain relationship,
J is generally represented as {A42]:

S=J +J, Egn. §
where:
J. = the elastic contribution

Jp = the plastic contribution

R N S 7
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324 The expressions for J, and Jp have been provided in References A.15, A28, A.27 and
A.42 for various cracked pipe and loading configurations as listed below:

360° part-wali crack in a cylinder under remote tension [A.27, A.42]
3.24.1 Through-wall flaws in a cylinder under remote tension, [A.15];
3242 Through-wall flaws in a eylinder under remote bending, [A.15]:
3.2.4.3 Through-wall flaws in a cylinder subjected to combined, tension and bending, [A.26];
3244 Internally pressurized cylinder with an internaj axial crack, [A.42],

3.2.5 Some of the J expressions have been incorporated into Computer programs and are
readily available for use. As a first step in the EPFM evaluation, the J calculated from the
above references can be compared to Jie. 1t should be emphasized though that the Code
safety factors should be apptied to the piping loads to maintain Code margins. Values of
Jic for typical piping materials have been provided in Reference A27.

3.3 Tearing Modulus Concept

3.3.1 Referring to Figure 1, it can be seen that even i the applied J from the piping loads is
greater than J,, there is region of stable crack growth that can be sustained by the
cracked piping before instability occurs. The three regions shown in Figure 1 can be
summarized as follows:

3.3.2 For Equilibrium:

Applied = JM[szf»mu = (NO CFaCk PrOpagaﬂOn) Eqn 8
3.3.3 For Stability:
JA,DPM'{;' > ‘/_‘!"!:‘){f‘f,‘ﬂf = craCk PrOpagaﬁon Eq“ 9
d‘] Applic (1“/ <&l
Applicd < il Stability Eagn. 10
da da
d‘! Applive (j‘] iers
Applivd > Mareriul - meablmy Eqﬂ 11
da da
3.3.4 For convenience, a parameter called the Tearing Modulus (T) is defined as (see figure 2):
- df F Egn. 12
e n 1
da o’ )

3.3.5 Hence, if the relationship between J and a has heen computed for the applied loading
using the handbook solutions from References A15, A26, A.27 and A.42, the
relationship between J and T for the applied loading can be determined.

3.3.6 The relationship between J and the crack extension Aa such as that shown in Figure 1 for
a material is known as the J-R Curve. The J-R curve is a material property that describes
the resistance of 3 given material to continued ductile, stable crack extension under
monotonic foading. From the J-R curve, a J-T curve can be constructed for the material
using the above expression as shown in F igure 2. The J-T curve is applied o determine

the instability point as shown in Figure 2. The J-R Curve is generally represented as:

& A N s o
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J = Claa)® Eqn. 13

where C and N are Power Law material coefficients dependent on the type of
material. The typical values of C and N used for austenitic piping flux welds and
ferritic piping are provided in Reference A.27. it should be cautioned again that in
perdorming a J-T analysis in lieu of using the acceptance criteria of IWB-3640 or IWB-
3650, the Code safety factors must be applied to the piping loads. J-T analyses can
be performed using computer programs,

4.0 LIMIT LOAD ANALYSIS

4.1 Limit load analysis is used for the determination of aflowable flaw size for base metal and non-
flux weldments in austenitic stainless steel piping as well as ferritic piping for which the
screening criterion, discussed in Attachment X1li, is less than 0.2. These materials are very
tough, and therefore there is no crack extension until the flawed pipe fails by collapse of the
net section. The allowable flaw sizes for austenitic stainless steel piping in Attachment X1 and
ferritic piping in Attachment XIli are based on the procedures of ASME Section XI, Appendices
Cand H. In the development of the allowable flaw sizes in these appendices, it is assumed
that the flaw geometry can be represented by a single flaw with constant depth (rectangular
flaw) along the entire length. In the case where the actual shape of the flaw is not rectangular,
the flaw shape conservatism in the Code procedures can be reduced. Some studies have
shown that some relief in the allowable flaw size can be obtained if the flaw shape is assumed
to be elliptical or parabolic [A.30]. An example of the comparison of allowable flaw size with
various flaw shapes is shown in Figure 3. When multiple flaws are encountered during
inspection, the conservative way to treat them is to assume a 360° flaw with the maximum
depth associated with the flaws. However, it can also be shown that this conservatism can be
reduced by treating these flaws as individual flaws [A.30]. The evaluation methodalogy
presented in Reference A.30 is only applicable to flaws with symmetrical shapes,

4.2 For non-symmetric Haws and also for cases involving multiple flaws, development of the fimit
load equations becomes slightly complicated because a closed form solution is not possible.
Hence, in these cases, an iterative process is used to determine the allowable plastic collapse
bending moment on the cross section for a given axial load. For any arbitrary angle, the
tension-to-compression axis can be determined and the two orthogonal moments can be
calculated by integrating over the cross section. The resultant moment can be calculated as
the square of the sum of these two moments. This process can be repeated at various
discrete angles around the circumference of the pipe. The collapse moment is the minimum of
all the resultant moments. This can be compared with the applied bending load to determ ine
the safety margin which should be equal to or greater than the Code allowable for acceptance.

5.0 FINITE ELEMENT ANALYSIS

5.1 The methods presented in this section as well as in Attachment X1 through XV can be used to
solve almost all flawed pipe configurations that are encountered in nuclear power plant piping.
Most of the solutions presented in this attachment were developed as a result of very
sophisticated finite element analyses. In a very extreme case, finite element analysis can be

used to add margins beyond the solutions presented in this attachment. In such analyses

5.2 special slements with very fine mesh refinements are required around the crack tip to
determine K, or J,.

Pty s s e
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XV Figures
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Standards (A, XD
(See Fig. 3)
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(Figure 2) (Figure 3)
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Figure 1: Overall Flow Chart For Evaluations
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L Localized Pipe wal Thinning Evaluation ¢ Attachments [11 - X) 7

t<or= (k)(t,} for conditions
as noted below

No

Satisfy Licensing Code Equations
using t_in Global Pipe Section
roperties (Att. Vi B

Accept "As-IS®

Yes

No

v

Evaluation Using Localized Reduced Section Properties ;

Methods): For Class 2,3.B31.7 and B31.} (AL IX)

NP 591 1-8P (Local Membrane, B31.G and Branch Reinforcement I

GL 90-05 Methads (For Class 3 Mod. Energy Piping Only):
Operable until NRC Appoval (Attachment Vi

Use of Alternate Methads: Attachment IX Section 3.0 for ASME

Class 2, 3 and B31.1 Piping

Finite Element Analysis with Licensing Code Safety Margins
{(Attachment X

* Notes:

k =0.3forClass 1 and 2 Piping (ref. A.32 of At D) or

k =0.2forClass 3 High Energy Piping (ref. A.14 of Att. Hor

kt = lesser of 0.3t ,and 0.5 t_for Class 3 Low Energy and B31.1 Piping
(non»safety} {ref. A.28 of At. b

Figure 2: Flow Chart for Evaluation o Localized Pipe Wall Thinning
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} Crack-Like Flaw Evaluation { Attachments XI - XVi J

Class 1 Piping:
Sec. XI IWB 3500
Operable | Report to
NRC: At X1 (Ref,
2.11: GL 9118y

Class 2 Piping:
Sec. XIIWC 3500,
Operabie , Report to
NRC: An, XT (Ref,
2L GLYLIR)

B3L.1/B317
Piping:
Same as ASME
Class 2 Piping

Class 3 Piping:
Same as ASME
Class 2 Piping

Determine Evaluation Period

} Determine Fracture Toughness (K applie)

EPRI Handbook

! It Crack-Like Fiaw Size Unacceptable by Sec. XITWB/IWC/IWE 3500, above:

Other Fracture Mechanics Finite Flement Use of

Solutions Formulations Analysis Sofrware
(Att. XV) (At XV (Att. XV) ( (Att. XIv)

:

{jerform Flaw Growth Analysis to Determine Final Flaw Size z ¢ for Ferritic and Austenitic

Stainless Steel Piping As Shown Below;

Is & < Code Allowable Maximum Value (see below for FS and §8)

( Determine Operability and Operate until NRC Approval (Ref. 2.11: GL 9. t8) )

| ,
For AUS. STAINLESS STEEL PIPING:

T —

For FERRITIC STEEL PIPING:

Class 1 Piping Att. X1 {ASME Sec. XI Class 1 Piping At X - ASME Sec. X1
IWB 3840 & App, 93]

IWB 3650 & App. H) [
Class 2 Piping Att. Xii (ASME Sec. x| }

|

|

i Class 2 Piping Att. X1 (ASME Sec. x|
WC 3640 & App. C)

WC 3650 & App. H)
Class 3 Piping: (Same as Class 2 & Class 3 Piping Att.XH (ASME Sec. X1
i 1WD 3840 & App. C}

i Mod. Energy Piping GL 90.05)
B31.1/B31.7 Piping: Att. Xl {Same as B81.1/B31.7 Piping Att, X1t - (Same as

ASME Class 3 wio Gl 90.05) | ASME Class3) J

Figure 3: Flow Chart for Evaluation of Crack-like Flaws






