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Dear Sir or Madam: ,

» Please find enclosed for filing in the above-stated matter New England Coalition, Inc.’s
Rebuttal Statement of Position, Testimony and Exhibits. One document that Entergy has designated
proprretary is discussed in the rebuttal testimony of Dr. Joram Hopenfeld, Exhibit NEC-JH 63

This document is: Letter to James Fitzpatrick from EPRI (February 28 2000). Itis a letter to an
Entergy staff person at the Vermont Yankee (VY) plant, stating EPRI’s evaluation of the VY FAC
program, and recommending certain changes to that program.
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(Sincerely,

Karen Tyler W ’ \ g
SHEMS DUNKIEL KASSEL & SAUNDERS PLLC

Cc: attached service list

“TEMPL»G—TE:- Segy -055 rDS-ré-S

91 COLLEGE STREET » BURLINGTON, VERMONT 0540 |
TEL BO2 / 860 1003 + FAX 802 / 860 | 208 » www:sdkslaw .com

*Also admitted in the State of Maine
“*Also admitted in the District of Columbia



NEW ENGLAND COALITION, INC.’S REBUTTAL EXHIBIT LIST

Exhibit Number

NEC-JH_63

NEC-JH_64

NEC-JH_65

NEC-JH_66

\
NEC-JH_67
NEC-JH_68
NEC-JH_69

NEC-JH_70

NEC-JH_71

NEC-JH_72

NEC-RH_04

NEC-RH_05

Name of Exhibit
Prefiled Rebuttal Testimony of Joram Hopenfeld

Electric Power Research Institute (“EPRI”) “Materials Reliability
Program: Guidelines for Addressing Fatigue Environmental Effects

in a License Renewal Application (MRP -47, Revision 1) (September,
2005). ‘

EPRI, “R&D Status Report: Nuclear Power Diviston,” EPRI Journal

(January/February 1983): 52-54.
\

Wire, Gary L. and William J. Mills, “Fatigue Crack Propagation Rates

for Notched 304 Stainless Steel Specimens in Elevated Temperature

Water,” Journal of Pressure Vessel Technology 126 (August 2004): 318-326.

US NRC Docket Numbers 50-247-LR and 50-286-LR, “New York
State’s Supplemental Citation in Support of Admuission of: Contentlon’
26A” (May 22, 2008).

Entergy, “Condition Report: Steam Dryer Ihspection Indications,”
CR-VTY-2007-02133 (May 28, 2007).

Simonen, Fredric A. and Stephen R. Gosselin, “Life Prediction and
Monitoring of Nuclear Power Plant Components for Service-Related
Degradation,” Journal of Preere Ve;ye/ Technology 123 (February 2001):
58-64.

Tennessee Valley Authority, “Memorandum: Sequoyah Nuclear Plan
Units 1 ahd 2 — Preliminary Report on the Condensate-Feedwater

Piping Inspectlon Suspected Erosion-Corrosion Areas” ” (January
27, 1987).

Bignold, G.J. et al, “Paper 1,” Water Chemistry II, BNES (1980): 5-18.

Woolsey, LS. et al, “Paper 96: The Infulence of Oxygen and
Hydrazine on the Erosion-Corrosion Behaviour and Electrochemical
Potentials of Carbon Steel under Boiler Feedwater Conditions,”
Water Chemistry of Nuclear Reactor Systems 4 (1986): 337-44.

Prefiled Rebuttal Teétimony of Rudolf Hausler
Hauslet, Rudolf H., “Flow Assisted Corrosion (FAC) and Flow
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, UNITED STATES ,
NUCLEAR REGULATORY COMMISSION )

ATOM\IC SAFETY AND LICENSING BOARD
Before Administrative Judges:
Alex S. Karlin, Chairman
Dr. Richard E. Wardwell
Dr. William H. Reed

In the Matter of ' .

Docket No. 50-271-LR
ASLBP No. 06-849-03-LR

ENTERGY NUCLEAR VERMONT YANKEE, LLC
and ENTERGY NUCLEAR OPERATIONS, INC.

(Vermont Yankee Nuclear Power Station)

NEW ENGLAND COALITION, INC.
'‘REBUTTAL STATEMENT OF POSITION

In accordance with 10 C.F.R. § 2.1207(a)(2) and the Atomic Safety and Liceflsing
Board’s (“Board”) November 17, 2006 Order,' New Eﬁgland Coalition, Inc. (“NEC”) hereby
Submits its Rebut‘tal Statemént of Position (“Statemént”) on NEC’s Contentions 2A and 2B
(environmentally-assisted metal fatigue aﬁalysis), 3 (steam dryer), and 4 (flow-accelerated

- c

corrosion). In support of this Statement, NEC submits the attached rebuttal test'imony of Dr.
Joram Hopenfeld® and Dr. Rudolf Hausler,® and the Exhibits listed on the attached Rebuttal
Exhibit List. | o

I.  NEC CONTENTIONS 2A AND 2B

! Licensing Board Order (Initial Scheduling Order) (Nov. 17, 2006) at 10(D) (unpublished).
2 Exhibit NEC-JH_63. ’

? Exhibit NEC-RH_04.



(Environmentall&-Assisted Metal Fa(tigue Analysis)

The evidence contained in Entergy’s and the NRC Staffs direct test1mony and
exhibits fails to prove the Vahdlty of Entergy’s CUFen Reanalyses Indeed NRC Staff
witness Dr. Chang has testified that the NRC Staff cannot detemnne the conservatism of
Entergy’s analysis, and must therefore rely on Entergy’s proposed fatigue monitoring
program to demonstrate its coneervatism duﬁng the period of extended 'oheration. See,
Chang Rebuttal Testimony at A10. The Board should therefore decide Contentions 2A
and 2B in NEC’s favor. The Board should find that Entergy has failed to satisfy-§
54.21(c)(1)(ii) by projecting its ,environmentally-assisted metal fatigue TLAA to the end
of the period of extended operation, and therefore must now rely, pursuant to §
54.21(e)(1)(iii), on an agi'n'g management program to provide reasonable assurance of "\ |
public health and saifefy. NEC should then .be permitted to litigate its 'Conten{ion 2, now
held in abeyance, which addresses the sufﬁeiency of Entergy’s aging management plan
for environmentallyj—a.ssisted metal lfatigue.

NEC’s rebuttal evidence concerning Contentions 2A and 2B iscontained in the

("
-prefiled rebuttal testimony of Dr. Joram Hopenfeld, Exhibit NEC-JH, 63 at 2-19 and

J

additional rebutta! EXhibits. NEC-JH 64 —NEC:JH _67.- N

Al The.NRC Staff Misconstrues the Reqmrements of 10 CFR §
o 54.21(c)(1). A

The NRC Staff’s (“the Staff ) Inltlal Statement of Posmon misconstrues 10 CFR

1§ 54. 21(0)(1) By the Staff’s construct1on of this rule, Entergy could resolve any of

NEC’s Contention 2A and 2B crmclsms of the CUFen reanalyses through a commitment

~

to continued © reﬁnement of these analyses after the close of the ASLB proceedlng The

Staff’s position is inconsistent with standard rules of statutory and regulatory

~ i

\



construction, as v.vell‘ as with this Board’s treatment of NEC’s Contention 2, 2A and 2B in
this proceeding to date. Most importantly, it would defeat the ability of any license
renewal intervenor to litigate an applicant’s Time Limited Aging Analysis (“TLAA”)

methodology.

Section 54.21(c)(1) allows a license renewal applicant three options to address .';m
aging—related health and safety issue that if has evaluated under its current license
through analysis that involves time-limited assemptions. It rea&s as follows: |

(c)- An evaluation of time-limited aging analyses.

(1) Alistof time-limited aging analyses, as defined in § 54'3;’ must be provided.

The applicant shall demenstrate that — \

(1) The analyses remain valid for the period of extended operatlori

(i) The analyses have been Jprojected to the end of the perlod of extended
operation; or

(ii1) The effects of aging on the intended function(s) will be adequately
- managed for the period of extended operation.
10 CFR § 54.21(c). Under § 54.2i(c)(1)(i), the applicent may demonstrate that the
enalysis performed under its current license is valid for the period of extended operation,
If the applican't is unable to satisfy § 54.21(c)(1)(1), it may project the analysis to the end
of the period of extended operat;on under § 54.21(c)(1)(ii). Finally, if the app]icent is
unable to deﬁonstrate reasonable assurance of public health and safety through a TLAA
analysis under § 54.21(05(i) or § 54.21(c)(ii), it must then develop an aging management
_plan ender § 54.21(c)(1)(i11). |
fEntergy’s CUFen reanalyses are properly subject to 10 CFR § 54.21(c)(1)(ii) —

Entergy has performed these reanalyses in an attempt to demonstrate that its CUFen

TLAA has been projected to the end of the period of extended operation. This was the
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. NRC Staff’s view iI'] August, 2007. Then, the Staff rejected Entergy’s/licenée renewal
commitment to complete its CUFen reanalyses prior to entering the period of extended
operatioﬁuon grounds that “in order to meet the requirements of 10 CFR § 54.21%0)( 1), an
‘applicant for license renewal must demonstrate in the LRA that the evaluation of the

time-limited aging analyses (TLAA) has been completed.” See, Exhibit NEC-JH 62 at

Enclosure 2.

Now, however, the NRC Staff takes the position that _Entergy\’s CUFen -
Reanalyses constitute a “corrective action” to “manage the effects of aging” that falls
under 10 CFR 54.21 (c)(1)(iii). The Staff has thus reversed its view of when Entergy
must complete its CUFen reanalyses. It is now the Staff’s opinion that Entergy may
perform the CUFen Reanaiysis as part of its aging management program after its license
renewal application is granted, possibly even during the period of extended operation.
The Staff explains: . )

If a licensee chooses to satisfy § 54.21(c)(1)(1) or (1i), the ‘demon:stration’ ‘

must be in the LRA, and a commitment to perform analyses projecting 60-

year CUFs prior to the period of extended operation is inconsistent with

the regulatory language. However, if the licensee chooses to satisfy §
54.21(c)(1)(iii), the licensee must instead demonstrate that effects of aging
will be adequately managed and a commitment to perform refined CUF

analyses in the future as part of an aging management program is
acceptable.

NR'C Staff Initial Statement of Pos&tion at | 1;12 (emphasis'in originél).-

The Staff’s interpretation of § 54.21(c)(1) is inconsistent with its plain language, '
and with standard rules of construction. Part 54.21(c)(1)(iii) is properly interpreted as a
requiremeﬁt to maﬁage aging in thé event the TLAA ca@ot be projeéted to ihe end of the
license renewal period. In other words, an applicant may avoid the ob\liga;tion to develop

-

an aging management plan under § 54.21(c)(1)(uii) if it satisfies § 54.21(c)(1)(@) or
\- ’ .



54.21(c)(1)(i1) By including a demonstration that the TLAA is either valid or can be
projected for the period of extended operation in the LRA. Under the NRC Staff’s
construction, parts 54.21(c)(1)(1) and 54.21(c)(1)(11) collaps\é into part 54.21(c)(1)(iii):
that is, the TLAA demo_nstfation becomes a component of the aging maﬁagement plan,

instead of a means to avoid the obligation to develop an aging management plan. The

Staff’s construction is therefore invalid. Cf, Dunn v. CFIC, 519 U.S. 465,472, 473, 117

S.Ct. 913,137 L.Ed.2d 93 ( 1997) (rejecting an interpretation of a statute that would have
left part of it_“withou.t any significant effect at all,” because “legjslative énacfments
should ﬁot bé construed to render their proviéions mere surplusage.”).

The Staff’s interpretation is algo inconsistent with the Board’s interpret‘ationvof
NEC’s Conténti‘ons 2, 2A and 2B in this proceeding to’date, which treats Entergy’s
CUFen réanalyses as distinct from its metal fatigue aging manag'ement. plan, and as! an
alternative to a management plan. The‘Board ruled that NEC’s Coﬁtention 2 addresses
the sufficiency of the metal fatigue! management program. It held Contention 2 in
abeyanbé, to be litigated only if NEC prevails on Contentions 2A and 2B, and Entergy

then reverts to reliance on fatigue rrianagement. The Board’s Order of November 7, 2007

reads in relevant part as follows: !

J .
When this litigation began, Entergy’s application showed certain CUFs to
be greater than unity, and Entergy indicated that it would manage such
metal fatigue over the 20-year renewal period. NEC’s original Contention
2 challenged the adequacy of Entergy’s demonstration of its metal fatigue

- management program. Now Entergy says it-has recalculated the CUFs to

show that they are all less than 1, thus eliminating the need to manage
metal fatigue over the renewal period. NEC Contention 2A challenges
Entergy’s recalculation of the CUFs. If NEC Contention 2 is successful
and Entergy’s revised CUF analyses are not shown to be sufficient, then
Entergy might return to relying on a fatigue management program as a
wdy of satisfying the Part 54 regulations.
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Thus, we conclude that NEC Contention 2A will be litigated now,
and NEC Contention 2 will be held in abeyance. The proviso is that the
- parties are not to litigate Contention 2 unless and until Entergy returns to
reliance on a metal fatigue management program (as would likely happen
if NEC prevails on NEC Contention 2A). ‘

- Memorandum and Order\(Rgling on NEC Motions to File and Admit New Contention), -
November 7, 2007 at 12. ’ \

Finally, the Staff’s position that Entergy’s environmentally-assisted metal fatigﬁe
TLAA analysis should be treated as a component of its metal fatigue aging management
plan under § 54.21(0)(1)(iii) has signiﬁc/ant cg)nseqﬁ'ences for the rightsbof NEC and other

license renewal intervenors to obtain information about and contest the validity of

TLAAs. Per the Staff’s view, the applicant may comply with § 54.21 through a
)

co’mmitment to perform the TLAA analysis after the application is graﬁted, an approach
that Will obviously frustrate publ’ic scrutiny of the TLAA mcthodology.

These cohsequences are already playing out in the ASLB proceeding concerning
. Entergy’s lkicense renewal application for the Indian Point plant, in which both the State
of New Yorkand Riverkeeper, Inc. have pétitioned er'admissiS)n of a contention similar
to NEC’s Contention 2. Entergy has-taken th\e positions that it should not be,‘re:quired to
ﬁrovide any information about its ‘éUFen analyses for the NUREG/CR-6260 locations
until after the close of the ASLB proceeding, and the Staff should accept a commitment
to perform CUFen analyses as part of the Fatigue Monitoring Program per 10 CFR§
54.21(c)(1)(iii): See, Exhibit NEC-JH-67 at Attachment 1, Enclosure 2, (see discussion
of D-RAI4.3.1.8-1 and D-RAI 4.3.1 .8-2)’. The NRC Staff has apparently acquiesced in

-Entergy’s effort to avoid public scrutiny of its CUFen methodology, and withdrew

requests for this information. Id.



\

.The Board should rejeét(the S\taff’ s interpretation of 10 CFR § 54.21(9)( 1). It should
find that Entergy’s CUFen Reanalyses fall under § 54.21 (c)(i)(ii),-and must be completed
as part of Entergy’s L—icense Renewal Applicaﬁon. The Board should further find that.
En{efgy cannot satisfy § 54.21(c)(1) with a license renewal commitment to fix any
problems in its CUFen Reanalyses, demonstrate the conservatism of those analyses, or
finish those analyses after the close of the ASLB proceeding.

B. Entergy’s Evidence Does Not Include Information Necessary to

Validate its CUFen Reanalyses; Entergy Therefore Fails to Satisfy its
Burden of Proof.

o ‘ _ . :
Dr. Hopenfeld testifies that Entergy has not provided to NEC or filed in the
evidentiary record before the Board the following information necessary to validate its

CUFen Reanalyses:

1. Drawings of the VY plant piping from which it would be possible
to validate Entergy’s assumptions of uniform heat transfer distribution,
including orientation angles, weld locations and internal diameters,
Hopenfeld Rebuttal at A18, Exhibit NEC-JH_03 at 8;

2. A complete description of the methods or models used to
determine velocities and temperatures during transients, Hopenfeld
Rebuttal at A19, Exhibit NEC-JH 03-at 9; and

3.,  Information regarding exactly how the number of plant transient
cycles was determined for purposes of the 60-year CUF calculations, from
which it would be possible to evaluate the conservatism of the cycle count,
Hopenfeld Rebuttal at A21.
Regarding the first two issues, Entergy represents that some information was
provided: 36 drawings, a copy of the Design Information Record, and some information
f
regarding the calculation of flow velocity in response to Counsel’s inquiry.( Entergy

- Initial Statement of Position at 14. Dr. Hopenfeld testifies that the information Entergy

. provided is insufficient. Hopenfeld Rebuttal at A18 and A19.
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, Entergy further faults NEC for failing to request any additional information it
considered necessary to a complete evaluation of the CUFen analyses in “discovery.” Id.

This argument of course ignores the fact that, to its tremendous disadvantage, NEC has

- no right to formal discovery in this Subpart L proceeding. See, 10 CFR § 1.1203,

Hearing file; prohibition on discovery; In the Matter of Entergy Nuclear Vefmont Yankee,
LLC, and Entergy Nuclear Operations, jnc. (Vermont Yankee Nuclear Powér Station), 64
NRC 131,202, ASLBP O6—849-O3-LR,'(Septemb;f 22,\2006)(“under the ‘informal’
adjudicatory procedures of Subpart L, discovery is prohibited except for certain
mandatory/aisc]osures.”). | | | /
More impo?tant’ly? Entergy’s argument that NEC should have requested
informatipn in fictitious “discovery” misses the point. Entergy has the ‘burden of proof

. . . { . .
regarding whether its CUFen reanalyses satisfy 10 CFR § 54.21(c)(1)(ii), and provide

. _
reasonable assurance of public health and safety. Entergy does not even attempt to .

cexplain why its record evidence concerning the VY pipe configuration and the methods

or models it used to determine velocities and temperatures during transients is sufficient
. ‘ {

- to validate its CUFen reanalyses. Entergy therefore fails to meet its burden.

With respeét to the third issue above, the transient cycle count, Dr. Hopenfeld
téstiﬁes that the explanation stated in Entergy’s direct testifnony of its means of
determining the number of plant transients for purposes of its CUF calculations'is
inconsistent with information Eﬁtergy provided in-its LRA and in the reports of the
CUFen analyses produced to NEC. HQpéﬁfeld Rebuftal at A21. Entergy’s direct
testimony on this subject is vague, and does not indicate that an allowance wés made for

the likely increase in plant transients resulting from the 20 percent power uprate or the

/

N



fact that the ﬁumber of plant transients is likely to increase as a plant ages. I1d. Dr.
Hopenfeld ié unable t(; determine whether Entergy’s transient cycle count is conservative.
Id.

The NRC Staff’s Ini;[ial Statement of Position misrepresrénts the testimony’ of
NRC Staff witness Dr. Chang v;/ith respect to the fransient cycle couﬁt. “The Statement of
Position représents that the Staff “disagrees withz\IEC’s assertion .thzié Entergy’s

assumptions about the number of transients in its analyses are not conservative,” and

N

states that “[t]he Staff’s position is that Entergy’s assumptions are appropriate.” NRC
Staff Initial Statement of Position at 18. In fact and to the contrary, Dr. Chang testifies

that the staff, like Dr. Hopenfeld, “cannot determine the level of conservatism regarding

{
the number of transient cycles at this time,” and therefore relies on Entergy’s Fatigue

‘ Monitoring Program to “ensure that the cycle projection is valid and that the fatigue

analysis results are conservative.” Chang Rebuttal at A10 (emphasis added).

~ Thus, pef the testimony of NRC Staff witness Dr. Chang, Entergy has not

-

provided information to the NRC, or filed evidence before the Board, from which it is
possible to determine whether its CUFen analysis results are conservative. Again,

Entergy has not satisfied its burden of proof, and the Board must decide Contentions 2A

.~ /
and 2B in NEC’s favor. /

(

C. Calculation of the Fen Multiplier

1. The\NRC Staff and Entergy are Incorrect that the ASME Code Doés

Not Require the Fen Correction.
N

Both Entergy and the NRC Staff contend that the ASME Code does not reQuire ‘

{

any accounting for the effects of coolant environment on component fatigue life. This is

incorrect. The Code requires that the code user must account for conditions in which



the environment is more aggressive than air. Rebuttal Téstirriony of Joram Hopenfeld at
AS, citing, ASME Code, Appendix B at B-2131.

2. NRC Staff guidance that sanctions use of the equations and
procedure described in NUREG/CR-6583 and NUREG/CR-5704 to
calculate Fen multipliers is not dispositive. The Staff must prove the
validity of this guidance, but has not done so.

In response to Dr. Hop.enfeld’s argument that Entergy used outdatved statiétical
equations pubiished in NUREG/CR-6583 and NUREGVCR—5704 to calculate Fen values,
when it should have instead coﬁsidered daté much more recently published in
NUREG/CR-6909 (Februéry 2007), both '\the NRC Staff and Eﬁtergy cite NRC guidance
stated in Section X.M1 of the GALL Report, NUREGfl 801, Vol. 1, which sanctidné use
of the NUREG/CR-65 85 and NUREG/CR-5704 equations to calculate Fen multipliers.
Engergy and the Staff also note that Regulatory Guide 1.207 recommends reference to
NUREG/CR-6909 only for fatigue analyses in new reactors. \l
These guidance dbcuments are by no means dispositive of NEC’s criticisms of
" Entergy’s method of calcﬁlating Fen values. “Agency interpretations and policies are not
‘carved in stone’ but must rather be subject to re-evaluation of their wisdom on a
continuing basis.” Kansas Gas and Electric Co. (Wolf Creek Generating Station, Un1;t 1),
49 NRC 441, 460 (1999), citing, Chevron USA, Inc. v. Natural Resources Defense
Clouncil, Inc., 46; U.S. 837, 863-64 (1984)). '/

The _GALL report and Regulatory Guide 1.207 do not contain legally binding
regulator{'requirements. The Summary apd Introductiqn to NUREG-/] 801, Vol. 1

, : ?
includes the following explanation of its legal status: |, °

? \

10



Legally binding regulatory requirements are stated 6nly in laws; NRC
“regulations; licenses, including technical specifications; or orders, not in
NUREG series publications.

® . *

The GALL report is a technical basis document to the SRP-LR, which
provides the Staff with Guidance in reviewing a license renewal

application . . . . The Staff should also review information that is not
addressed in the GALL report or is otherwise different from that in'the
GALL report. '

NUREG-1801, Vol. 1, Summary, Introduction, Application of the GALL Report

. ) ! .
(emphasis added). Likewise, the face page to Regulatory Guide 1.207 states the
following: “Regulatory Guides are not substitutes for regulations; and compliance with
them is not required.” Regulatory Guide 1.207; See also, In the Matte]: of International

’ .

Uranium (USA) Corporation, 51 NRC 9, 19 (2000) (“[NRC NUREGS, Regulatory
‘Guides, and Guidance documénts] are routine agency policy pronouncements that do not
carry the binding effect of regulations. . . .”).

NUREG-1801, Vol. 1 and Regulatory Guide 1.207 do not preclude this Board
from considering the question at the heart of NEC’s Contentions 2A and 2B: What is the
most appropriate method of calculating the effects of the environment on fatigue?

[NUREGs] do not rise to the level of regulatory requirements. Neither do.

they constitute the only means of meeting applicable regulatory

" requirements. . . . Generally speaking, . . . such guidance is treated

simply as evidence of legitimate means for complying with regulatory

requirements, and the staff is required to demonstrate the validity of its

guidance if it is called into question during the course of litigation.
In the Matter of Carolina Power & Light Company and North Carolina Eastern .
Municipal Power Agency (Shearon Harris Nuclear Power Plant), 23 NRC 294 (1 986),
citing, Metropblitan Edison Co. (Three Mile Island Nuclear Station, Unit 1), 16 NRC

1290, 1298-99 (1982) (emphasis added); See also, In the Matter of Connecticut Yankee

1



Atomic Power Compa;zy (Haddam Neck Point), 54 NRC 177, 184 (2001), citing, Long
Island Lighting Co. (Shoreham Nuclear Power Staﬁon, Unit 1), 28 NRC 288, 290
(1988)(“NUREGs and similar documents are akin to ‘regulatory guides.” That isl,'they
provide guidaﬁée for'the Staff’s review, but set neither minimum ﬁofmaximum
re‘gula'tc/)ry requirements.”); ]ﬁ thﬁe‘ Matter of Private Fuel Sto;’age, LLC, 5;/' NRC 69, 92
(2003)(“[A]n inter\;enor, though not allowed to challenge duly promulgated Commission
regula:cions in the hearing process. . . is free to take issue with .. .NRC Staff guidance

N

and thinking . . ..”).

~

The Staff is required in this ﬁroceediﬁg to prove the current validity of its |

-

guidance conperning the calculétion of Fen multipliers, but has produced little if any
evidence of this./ Erftergy and the NRC Staff offer-only oné substantive reason” for use ‘of
the NUREG/CR-6583 and NUREG/CR-5704 equations over information éontained in
NUREG/CR-6909: both contend that the NUREG/CR-6909 “procedure” is less
conservative and wvivll genérally pfoducellower ‘lFe‘n mﬁltipliers for operating reactors. -
See, Fair Rebuttal at A5 and A6, Stevens Rebuttal at A50. Dr. Hopenfeld explains that
the overall NUREG/CR—6909 “pro@:edure’f (;ould be considered less conservative because
NUREG/CR-6909 contains. new air fatigue curves that are less conservatiﬂle that the |
current ASME Code fétigue curves. Hopenfeld Rebuttai at A6. He further testifies,
howéver, that“he has nevér recommended use vof these new air fatigue curves. Until the

current fatigue curves in the Code are officially modified, these curves rhust be

considered the “best representation of fatigue life in air.” Id. :

/

* The Staff also offers a nonsubstantive reason: i.e., that it would be inconvenient to change its guidance
while a number of license renewal applications are pending or anticipated.

{



Dr. Hopenfeld explains that the alleged greater conservatism of the NUREG/CR-
65;&3 and NUREG/CR-5704 “procédure;’ is irrelevant to his main point about how
Enfergy should have used information contained in NUREG/CR-6909 in its CUFen b
énélyses. Hopenfe;ld Rebuttal at A6, A7. As Dr. Hopenfeld has previously te'stiﬁed,. \ ?
NUREG/CR-6909 describes many factors known to affect fatigue life that are not
_accounted for in the ANL 1998 Equations contained in NUREG/CR-6583 and

o) ' )
NUREG/CR-5704. Dr. Hopenfeld’s rebuttal testir%ony provides a summary of these
fabtors at AS, Tgble T, aﬁd observes that Entergy’s direct testimony addresses only one of
them, surface finish. quenfeld Rébuttal at AS. This is the relevant information Entergy .
should have taken from NUREG/CR-6909. Hopenfeld Rebutltal at A7. Er;t.ergy ar£d
NRC staff witnesses fail to explain why this information' contaiﬁed in NUREG/CR—6909,
puBlished after the GALL report, should be\ignored’ in the liéense renewal process. _

Dr. ﬁopenfe/ld testifies that, given the current state of the technc?logy/, it simply is
not possible to calculate Fen multipliefs that are precision—adjusted to plant coﬁditions, as
Entergy purpdrts to have done. Hopenfeld Rebuttal at A7. Given the many uncertainties
in the calculation of Fen, he reépmmends use of bounding val\ues contained in

NUREG/CR-6909 — 12 for austenitic stainless steel and 17 for carbon and low alloy steel.

- 1d

,

3. NEC’s Rebuttal Evidence Concerning Calculation of Fen Multipliers (

~

NEC witness Dr. Joram Hopenfeld’s rebuttal testimony addresses the following
N N k

additional technic‘al issues regarding the calculatio\n the Fen multipliers raised by Entergy

and the NRC Staff.

13
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m Dr. Hopenfeld disagrees with NRC witness Dr. Chang that Fen values of
-~ . ) \‘ i ‘
12 for austenitic stainless 17 for carbon and low alloy steel represent a “worst case

scenario,” or that application of these values is unreasonably conservative. Hopenfeld
Rebuttal at A9. -

= D Hopenfeld disagrees with Entergy witness Mr.. Stevens that Fen=17
applies only to high oxygen and temperaturé environments that do ﬁot exist at VYNPS.
Hopenfeld Rebuttal at A10. - \

] Dr. Hopenfeld does not agree with Entergy and NRC Staff witnesses that
any lack of conservétism in Fen values calculated by the ANL 1998 Equations is
counterbalanced by excess conservatism in the ASME Code design fatigue curves. He

N ] N
observes that there is no general agreement among researchers that the current Code is

conservative. Hopenfeld Rebuttal at A12.

[ Dr. Hopenfeld disagrees with Entergy witness Mr. Fitzpatrick that Entergy
properly accounted for surface roughnesé effects through use of ASME Code désign
fatigué curves that include a “safety factor” to account for these effects. Hopentfeld \

Rebuttal at A13. A

i
\

[ Dr. Hopenfeld disagrees with Entergy witness Mr. Fitzpétrick that Entergy

(
{

has demonstrated its use of bounding values for oxygen as an input to the ANL equationls
in all ifs CUFen analyses. Hopenfeld Rebuttal at A14. Mr. Fitzpatrick refers to steady |
state values as determi}led by a computer Code called BWRVIA tl;ét Entergy has neither

described nor provided to N]SC Id. Mr. Fitzpatrick does not address the impact’on Fen

- of oxygen concentrations that occur during transients at higher levels than at steady state.

Id.

14
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= Dr. Hopenfeld testifies that it was inappropriate for Entergy to exclude d

correction factor for cracking in the cladding and base metal of the feedwater nozzles,

based on results of its 2007 inspection of these nozzles for cracks in the base metal.

Hopenfeld Rebuttal at A15.

D. Calculation of 60-Year CUFs g

NEC witness Dr. Joram Hopenfeld’s rebuttal testimony addresses th\e following
. \

issues, in addition to the above-discussed potentiél lack of conservatism in projecting

transient cycles, regarding the calculation the 60-year CUF's raised by Entergy and th?,
NRC Staff. ) | o

] Dr. Hopenfeld disagregs that Entergy’s CUEF en analyses proper]y'applied a
heat trané_fer equation that applies only\to a fully developed turbﬁlent flow ‘to the VYNPS
nozzles. Specifically, he disagrees with Ente;gy witness Mr. Stevens that flow iﬁ the

feedwater nozzle is fully ”developed because the upstream horizontal pipe is 48 inches

long. Hopenfeld Rebuttal at A16. Dr. Hopenfeld further observes that Mr. Stevens did

s
-

not explain why, in tfansiénts where the flow stops.and heat transfer occurs by natural
convection, a correction was not made for circumferential variation of thé heat trénsferf
both during single phase flow and during condensation. Id.

= Dr. Hopenfe‘ld disaérees with Entergy witness Mr.  Stevens tha;t it is
unnecessary to éorrect a heat transfer equaﬁbn used in the CUFen Reanalyses by the ratio
of the vis\cosities evaluated at the bulk and wall temperatures during each transient |
because there are minimal differences in temperature between the pipe wall and the bulk ‘

of the fluid. Hopenfeld Rebuttal at A17. Mr. Stevens did not quantify actual temperature



\
(

differences, which could only be determined from data on wall and bulAk fluid

temperature histories for sample transients. Id. Such information was not provided. Id. -

= Dr. Hobe\nfeld disagrees thét Entergy’s use of thé simplified Green’s
Functioh methodology in its Initial CUFen Reanalysis introduced only a small error.
Hopenfeld Rebuttal at A20. Entergyh/és neithqr explained nor investigated the physical
reasons for discrepangjes between fesults obtained by the Green’é function methodology
“and the moré ex(/act methodology, classic NB-3200 énalysis. Id. Results obtained by the

/ .
Green’s Function methodology therefore incorporate unquantified uncertainties. Id.

E. Error Analysis | N
)NEC witness Dr. Joram HOpenfeld’s rebuttal ‘testimony addresses the following
issues regarding the need for error analysis raiseci by Entergy and the NRC Staff.

= Dr. Hopenfeld disagrees with Entergy’s witness thélt it Wasl not necessary
to perform an error analysis to validate its‘analytical techniques because the stress:
analysis is baéed on bou{nding values. /Hopenfeld rebuttal at A23.

L | Dr Hopenfeld disagrées with NRC witness Dr. Chang that an error
analysis was unnecessary.becauéé of éonsérvat(ism built into the ASME Code and the
ANL 1998 Equations. Hopenfeld Rebuttal at A24'1.

‘ ) .
II.  NEC CONTENTION 3 (Steam Dryer/)‘

NEC’s rebuttal evidence concéming Contention 3 is contained in the prefiled
rebuttal testimony of Dr. J éram Hopenfeld, Exhibit NEC-JH_63 at 20-24, and additional
rebuttal Exhibits NEC-JH_68 and NEC-JH_ 69. - o

A. The Issue Before the Board is Wh_ether a Steam Dryer Aging
Management Plan Uninformed by Knowledge of Stress Loads on the
’ v )
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Dryer for Comparisoh to Fatigue Limits is Adequate to Provide
Reasonable Assurance of Public Safety.

AN

The validity of the steam dryer stress load modeling Entergy condycted during
'implem(.antaticjn of the VY power uprate as a basis for Entergy’s steam dryé'r aging
management plan during the period of extended opé}ations\has not been litigated in this

‘ proceeding or otherwise established. The Boérd has ruled that the assessment of this

modeling conducted during the EPU proceeding was not dispositive for purposes of life

4

extension:

y‘ Entergy’s apparent assertion that the history of the steam dryer issue in the
separate EPU proceeding should resolve the issue in this proceeding is . . .
s~ without fouridation. As demonstrated by Entergy’s own pleadings, steam
dryer issues were addressed in the EPU proceeding primarily in regard to
the power ascension toward EPU levels and the first few operating cycles

thereafter.

In the Matter of Entergy Nuclear Vermont Yankee, LLE, and Entergy Nuclear

, , : _
Operations, Inc.(Vermont Yankee Nuclear Power Station), 64 NRC 131, 189

;

© (September 22, 2006). ' (
Moreover, Entergy represented in its Motion for Summary Disposition of NEC’S
Contention 3 that its steam dryer aging management program will consist exclusively of

periodic visual inspection and monitoring of plant parameters as described in General
\ '

Electric Service Information Letter 644 (GE-SIL-644), will not involve the use of any

analytical tool to estimate stress loads on the steam dryer, and will not rely on the finite

i

element modeling conducted prior to implementation of the extended power uprate

\
(EPU) in 2006 for knowledge of steam dryer stress loads.
In partially granting Entergy’s Motion for Summéry Disposition, the Board

accepted Entergy’s representaticin that its steam dryer aging management plan would not

17
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rely on the pre-EPU steam dryer modeling. Memorandum and Order (Ruling on Motion

for Summary Di\sposition of NEC Contention 3), September 11, 2007 at 10 (“Entergy’s

expert confirms that this program does not require the use of the CFD and ACM

computer codes or the finite element modeling conducted during the EPU.”). In doing

so, the Board rejected NEC’s argument that it should be permitted to litigate the validity

of the EPU steam dryer modeling as the basis for aging management. NEC’s pleéding in

opposition to Entergy’s Motion for Summary Disposition stated the following regérding

this issue:

As stated in the attached Third Declaration of Dr. Joram Hopenfeld,
Entergy’s claim that its steam dryer aging management program will not
involve any means of estimating and predicting stress loads on the dryer
simply is not credible. Exhibit 1, Third Declaration of Dr. Joram
Hopenfeld (“Hopenfeld Declaration 3”) § 6. A valid steam dryer aging
management program must include some means of estimating and
predicting stress loads on the steam dryer, and determining that peak loads
will fall below ASME fatigue limits. Hopenfeld Declaration q 5.

Entergy represents that it did conduct this analysis as part of the Vermont
Yankee EPU power ascension testing using the ACM and CFD models.
Hoffman Declaration 99 11-13. Entergy now proposes sole reliance on
visual inspection and plant parameter monitoring. during the renewed
license period. Such reliance must be based on Entergy’s previous
ACM/CFD-based predictions that stress loads on the dryer will not cause
fatigue failures. Hopenfeld Declaration § 7. NEC’s concerns regarding
the validity of the ACM and CFD models and the stress and fatigue
analysis Entergy conducted using these models therefore remain current

" and relevant.

New England Coalition, Inc.’s Opbosivtion to Entergy’s Motion for Summary Disposition

of NEC’s Contention 3 (Steam Dryer) (May 9, 2007) at 4.

~o

Both Entergy and the NRC Staff now contend that Entergy’s steam dryer aging

management progfém does n fact rely on the steam dryer modeling conducted during EPU

implementation for knowledge of dryer stress loads. See, Entergy Initial Statement of

18



Position at 32 (“[T]he loadings on ‘the dryer derive from plant geometries . . . that haveAnot

changed siﬁce the uprate was implemented, so there has been no clhange to the loadihgs on

the dryer and the resulting stresses. Therefore, there is no reason to provicje continued !
instrumentation to measure loadings or further analytical efforts.”); NRC Staff Initiai
Statement of Positiron at19 (The Staft’ s. position is that stress analysis as a means of |
estimating and predicting stress loads during operations “is not necessary because the results
of the EPU power ascension program demonstrated that the pressuré loads during thé EPU
operations do not result in s—tress on the steam dryer that exceed ASME fatigue stress
limits.”).” ’

In light of the above-discussed procedural history, and Entergy’s prior
representations, the Board must disregard these current contehtions thét the modeling of the
dryer during the EPU power ascension program is a proper basis for aging maﬁagement;
This issue has not been determined, and the Board took it off }he table in its decision of
Entergy’s Motion for Summary Disposition. The issue now properly before the Board is
whether an aging rhanagement plan that corisists solely of plant parameter monitorir?g, and

partial visual inspection, uninformed by knbwledge of dryer loadiﬁg, can providef reasonable

assurance of public safety.

B. Hopenfeld Rebuttal

Dr. J o’ranll Hopenfeld pro'vides the following rebuttal testimony regarding the
above-stated issue propérly before the Board.

[ Dr. Hopenfeld testifies that the ability to estimate the probability of

formation of loose parts requires knowledge of the cyclic loads on the dryer to ensure that
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the dryer is not subjected to cyclic stress that would cxgeed' the endurance limit.

- Hopenfeld Rébuttal at A28.‘ )

| n ‘\ Dr. Hopelnfeld observes that Mr. Hoffman and Mr. Lukens do not provide

a single quantitative assessment in ‘éuppo;T of this position, discussed iﬁ A56—62 of their .
V\t4estimony, that the inspection prograrﬁs at VY ensure that the dryer wiil not fail. 1d.

» Dr. Hopenfeld disaérees with Entergy witness Mr. Lukens that “operating
experience after the EPU (exemplified by the data collected during the 2007 iﬁépection
and the sﬁbsequent year of monitoring of plant g;perating parameters) demonstrates tflat
the stresses experienced by the dryer are insufficient to initiate and propagate fatigue
éracks.” Hoperffeld Rebuttal at A29.

] Dr. Ho.penfel‘d provides a section of the Entergy Condition Report
previously filed as Exhibit NEC-JH_59 that includes General Electric’s statement that
“continued [steam dryer erackj growth by fatigue cannot be ruied out.” This section of
the Condition Report was prgviously inadvertently excluded due to a clerical error.
Hopenfeld Rebuttal at A29. Dr.\ﬁopenfeld also disagrees with Entergy witness Mr.

. Lukens that the-inspection photographs pro{/ided in Entergy’s Condition Report, ExhiBif_
" NEC-JHS59 at 2-8, show that the cracks are inéctive.‘ Méteillogréphic examinations would
be required to demonétrate this, r%ot remote camera photos. Hopenfeld Rebuttal at A31.

i Dr. Hopenfeld observes that IIGS.CC cracks that now exist in the VY steam
dryer can provide sites for corrdsion attack which would in turn accelerate crack growth

under cycling loading. The rate of crack propagation‘ would depend on load intensities

| and durati_on. Id.
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L] Dr. Hopéﬁfeld disagrees with Entergy witness Mr. Hoffman that design
basis loads (“DBA™) cannot cause dryer faiiure. Hopenfeld Rebuttal at A32.

m  Dr. Hopenfeld disagrees with Entergy witness Mr. Hoffman that it is not
necessary to estimate and .predict dryer stresses because “[c]onfirmation that stresses on
the VY steam dryer remain within fatigue limits is prévided'daily by thé fact that the,
ciryer has been able to withstand without damage the increased loads imparted on it
during power asceﬁsion and for the two years of operation since EPU was implemented.” |
| Hopenfeld I\{ebuttél at A33. Vibration fatigue is a ti‘me-related‘ phénomenon; the fact that
the dryer has r\10t failed to.‘date is not at all an indication that it will ﬁot fail in the future.
ld. \ | : ‘ , | S

- JDr. Hopenfeld testifies that Entergy has not provided a quahtitative

estimate of the probability of crack detection, but should have done so, since the entire

dryer is not accessible to visual inspection. Hopenfeld Rebuttal at A35.

IV. NEC CONTENTION4 .
(Flow-Accelerated Corrosion)

NEC’s rebuttal evidence concerning Contentionl4 is contained i‘n the prefiled
rebuttal testimony of Dr. Joram Hopenfeld, Exhibit NEC-JH_63 at 24-41; ad\ditional
rebuttal Exhibits NEC-JH_70—- NEC-JH_72; the pre;ﬁled rebuttal te’sti?noriy of Dr. Rudolf
Hausler, Exhibit NEC-RH_04; and Dr. Hausler’s report titled “Flow Assisted Corrosion
(FAC) and Flow Induced Localized Corrosion: Comparison and Discussion,” Exhibit
NEC-RH_05.

Entergy witness Dr. Horowitz) has testified that it 1s not necessary to recalibrate or

“benchmark"’ the CHECWORKS model with plant inspection data following a twenty.
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percent power uprate. Joint Declaration of Jeffrey § Horowitz and James C. Fitzpatrick
on NEC Contention 4 - F low-Accelergtéd Corrosion at A33, 34. Rather, Dr. Horowitz
contends that the only update to the CHECWORKS model that is necessary following a
twenty percent power upfate is the input of new values fpr flow rate and temperature into
the model. Horowitz at A33, 34. Dr. Horowitz bases these assertions on his view fhat
“[flow-accelerated corrosion (FA’C)] wear rates vary roughly with velocity and do not |
: increase with velocity in [a] non-linear (exponential) manner. . . .”, Horowitz at A49, and
his beliefs that FAC is not fundamentally a local phenomena, and the éHECWORKS
model can accurately predict any variations in FAC rates related to geometric features.
Dr. Horowitz contends that the CHECWORKé model accounts for any localized

199

variations in FAC associated with geometric features through the use of “‘geometric
factors’ to relate the maximum degradation occurri‘ng in a component, such as an elbow,
to theAdegradation predicted to occur in’a straight pipe.” Horowitz at A47, 648.
- Dr. Hopenfeld and Dr. Hausler disagree with Dr. Horowitz that recalibration of
“the CHECWORKS m-odel‘is unnecessary following substantial ’changes in ﬂow velocity
and changes in te"mp)erature, and respond regardiné Dr. Horowitz’s grounds for this
opinion as follows. |
; Dr. Hausler testifies that the linear relationship between FAC rates and v
\‘flui/ctl velocity tran_sitions/t/o an exponential one as the iocal turbulence becomes such that
erssional features bechme manifest. Whether such transition actually occurs when flow

velocity increases following a power uprate must be determined experimentally. Hausler -

Rebuttal at A5, Exhibit NEC-RH_05.



n I?r. Hopenfeld stresses that “FAC is fundamentally a local phenomenon
due to variations of local turbuleﬁc_é in curved pipe, nozzles, tees, or\iﬁces, etc,” and that
corrosion rates can be expected to “vary with location depending on the intensity of the
local turbulence.” Hopenfeld Rebuttal at A42, A52, A53, A54 He also disagrees with
Dr. Horowitz that the rate of FAC Qorresponds weakly with the velocity, and varies less
than linearly with time, and disbutes the relevance of the data Dr. Horowitz cites in '.
support of his position. Hopenfeld Rebuttal at A41, A46, A53, ASS.

= Dr. Hausler does not agree that the CHECWORKS model, or any model,
can fully account for variations in the rate of FAC due to geometric features and
discontinuities. Hausler Rebuttal at A6; Exhibit NEé—RH_OS. Some things cannot be
sp;ciﬁed. For example, the internal residual weld bead from the root pass may be 1/8
iﬁch high in one case, and % inch high in another case. Id. The upstream and
downstream turbulence surrounding the weld bead 'will’be more severe in the latter case,
and a power uprate:may diSproportionatély affeci the ﬂ'é)w over the larger bead.\ Id.

[ ]?r H?)penfeld observes that, while Dr. HOrowit; denies the need to
recalibrate CHECWORKS, he recogni’zes the need to increase the FAC inspection scope
by 50% to account for the power uprate. VHopenfe.ld Rébuttal at A48. eqergy does not-

disclose what fractidn of the total FAC susceptible area in the VY plant the proposed

increased monitoring would represent, and its significance is therefore entirely unclear.

<

- Id. : E ”
a
Both Dr. Hopenfeld and Dr. Hausler take issue with Dr. Horowitz’s definition of
'FAC as corrosion in proportion to the flow rate, Horowitz at A46, and observe that this
definition excludes the more severe forms of localized corrosion — erosion-corrosion,

)
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impingement and cavitation. Hausler Rebuttal at A6; Exhibit NEC-RH_05; Hopenfeld
Rebuttal at A45. Both Hopenfeld and Hausl.er obserye that this definition of FAC is
entirely arbitrary. Erosion—co;'rosion, impingement and cavitation are extgnsions .of FAC
as the local ﬂ0§v intensity due to turbulence increases. The transition from oﬁe to the
others is cc:ntinu;us and difficult to identify. Id. If CHECWORKS is unable to predict
these more severe forms of lbcalized corrosion rélated to high ﬂ|ow rates, which can
particularly occur after a power uprate, then this is a serious shortcoming of the model’
and its application. Id.

Dr. Hausler and Dr. Hopenfeld also address the following additidnal issues:

" Dr. Hausler observes that the‘accur‘acy of CHECWORKS has been said to

be within +/- 50%, but this statement is based on an erroneous interpretation of the

yl t

graphic repfesentation of predicted vs. measured wear. Hausler Rebuttal at A6; Exhibit
- NEC-RH_05. Actua\lly, the accuracy is wi_thin a factor of 2 — the measuresl wear rates
range from twice the prediction to half the prediction. 1d. A factor of two difference
between measuredi and predicted corrosion [or corrosion rate] can be quite sig'niﬁcaint
withr‘espect to selecting a pérticular ite;m (line) for inspecfion during a refueling outagé.
Id. .

= Dr». Hopenfeld disagrees with Dr. Horowitz’s evaluation on industry FAC
experience, and his contention that this experience demonstrates the efficacy of
CHECWORKS. Hopenfeld Rebuttal at A39, A40, A49, A52, A53. Dr. Hopenfeld
specifically disagrees that, in assessing industry FAC experience, a distinction should be

drawn between pipe failures due to leaks and failures due to ruptures. Hopenfeld

Rebuttal at A44, AS3.
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[ Dr. Hépenfeld faults Entergy for its failure to sbecify the total FAC- .
sﬁ’sceptible area that is inspected during a typical dutage. Hopenfeld Rebuttal at A43.
m  Dr Hépenfeld disputefs Dr. Horowitz’s suggestion that the oxyg‘.en
concentration at VY didAr‘lot change in 2003. Hopenfeld Rebuttal at AS1.
| V. CONCLUSIONS
Extended operation of VYNPS as Entergy has proposed in its LRA will
jeopardize public health and safety. The LRA should be denied unless the important -

. )
issues addressed by NEC’s Contentions 2A, 2B, 3 and 4 are resol/vec\l.

June 2,2008 - New England Coalition, Inc.

Andrew Raubvo ge

Karen Tyler :
SHEMS DUNKIEL KASSEL & SAUNDERS PLLC
For the firm

Attorneys for NEC N
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UNITED STATES OF AMERICA
NUCLEARY REGULATORY COMMISSION
ATOMIC SAFETY AND LICENSING BOARD .
Before Administrative Judges:

Alex S. Karlin, Chairman

- Dr. Richard E. Wardwell
Dr. William H. Reed
In the Matter of ) '

\ : Docket No. 50-271-LR '
ENTERGY NUCLEAR VERMONT :
YANKEE, LLC, and ASLBP No. 06-849-03-LR i
ENTERGY NUCLEAR OPERATIONS, INC. ’

N : ' June 20, 2006

(Vermont Yankee Nuclear Power Station)

V'Ql.’ Please state your name.

~

PRE-FILED REBUTTAL TESTIMONY OF Dr. JORAM HOPENFELD
REGARDING NEC CONTENTIONS 2A, 2B,3 AND 4

’

Al. 'My name is Joram Hopehfeld. |

Q2. Have you previously provided testimony in this proceeding?

A2.  Yes. I provided diréct testimony in support.of New England Coalition, Inc.’s (NEC)

Initial Statement of Position, filed April 28, 2008.

. 2 N
Q3. Have you reviewed the initial statements of position, direct testimony and exhibits
filed by Entergy and the NRC Staff? '

A3.  Yes. Ihave reviewed Entergy’s Initial Statement of Position on New England Coalition

Contentions (May 13, 2008) and all exhibits thereto, the Joint Declaration of James C. .

Fitzpatrick and Gary L. Stevens on NEC Contention 2A/2B — Environmentally-Assisted Fatigue

(May 12, 2008), the Joint Declaration of John R. Hoffman and Larry D. Lukens on NEC

3
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Contention 3 — Steam Dryer (May 12, 2008), and thé Joint Declaration of/Jeffrey S. Horowitz
and James C. Fitzpatrick on NEC (Eont,ention 4 — Flow-Accelerated Corrosion (May 12,2008). 1
have also reviewed the NRC Staff Initial Statement of Position oﬁ NEC Contentions 2A, 2B, 3,
and 4 and all exhibits theretvo, the Afﬁdavit of John R. F air Concerning NEC Coﬁtentions 2A &
2B (Metal Fatigue) (May 13, 2008), the Afﬁdavit of Kenneth Chang Concéming NEC
Conténtions 2A & 2B (Metal Fatigue) (May 12, 2008), the Chang Correction Letter with
Enclosures (May 22, 2008), the Affidavit of Kaihwa R. Hsu, Jonathan G. Rowley, andr Thérﬁas
G. Scérborough Concerning NEC Contention 3 (Steam Dryer) (May 13, 2008), and th.e Affidavit
of Kathwa R. Hsu and Jonathan G. Rowley Concerning NEC Contention 4 (Flow-Accelerated |
- Corrosion) (May ]3‘, 2008). |

Q4. Entergy contends that you have no experience or expertise relevant to the testimony
you have provided concerning NEC’s Contentions 2A, 2B, 3 and 4. How do you respond?

A4.  Thave a Ph.D in mechanical engineering, concentrating in Heat Transfer, Applied
Electrochemistry, and Fluid Dynamics. 1 havev46 years o.f experience in the area of
material/environment interaction (cotrosion, erosion; fatigue) and related instrumentation. I haYe
designed and conducted /corrosion tes‘;s, I have reviewed and approved mgterial fatigue—relatéd
issues for the FF'TF and the CRBR reactor\s, and I have participated in the development of related
codes and standards. I have participated in the evaluation of numerous material/enviroriment
related issues, including stress corrosion cracking in BWRs. I have managed experimental
programs relatéd to fatigue and corrosion in nuclear and fossil plants. I worked on PWR steam

generator material-related issues for eight years at the NRC. I have published many papers in

related areas in peer-reviewed scientific journals. I hold two patents relating to the detection of
(



1

erosion/corrosion piping damage. I personally funded erosion-corrosion research studies at the

University of Virginia.

* To address the issues NEC raises in its Contentions 2A, 2B, 3 and 4 requires a broad
/ knowledge of heat transfef, corrosion and material fatigué. I believe that I have the expertise
necessary, to provide the Board with a competent assessment of the fatigue and F/gC issues
relevéﬁt to the determination of the)effe;cts of the BWR environment on FAC and fatigue life. |

The FAC and fatigue issues that I am addressing are not unique to the BWR environment, but

-
{

' o .
rather are common to many environments.

: \ : ,
I. NEC CONTENTIONS 2A AND 2B 3
(environmentally-assisted metal fatigue analyses)

A. Entergy’s Calculation of Environmental Correction Factor, Fen

QS5." Does the fact that NRC guidance stated in Section X.M1 of the GALL Report
sanctions use of the NUREG/CR-6583 and NUREG/CR-5704 equations to compute Fen
multipliers demonstrate that this methodology satisfies ASME Code specifications?

AS.  No. Section 111 of the ASME Code prescri'bes a set of curves for calculating fatigue life
for different materials. These design curves, also known as S-N curves, are presented in terms of
stress and the number of cycles to failure and are strictly based on laborator;I tests in air. These
tests incorporate correction factors for the effects of surface roughness, data scafter, and
component size. See, Exhibit NEC-JH-26 at 3. These factors ’arev not “safety margins,” as
Entergy witness Mr. Fi“[zpa'trick suggests in his direct testimony at AS8; they are correction
factors. Exhibit NEC-JH-26 at 3. The Code requires that in situations where the envifonment is
more aggressiv; than air the owner must account for such conditions. ASME Code,. Appendix

B at B-2131 (emphasis added). The LWR environment is known to reduce fatigue life

significantly compared to air. Exhibits NEC-JH-26 at 3 and NEC-JH-03 at 1.



The Fen methodology desciibed in NUREG/CR-6583 and NUREG/CR-5704\ is a
developing technology still unfinished. It is a work in progress; it contains mény loose ends that
allow the analyst to a large degree to select a desired .out.come. This has not gone unnoticed by
- EPR], ’Whléh cautioned that “the current state of the technology with respect to the Fen
methodology is incomplele or lacking in detail and s‘pecificity.” Exhibit NEC-JId_64 at 4-25
(emphasis a/dded).

Entergy and the NRC Staff are wrong in arguing thai Entergy must strictly follow the
provisions of Section XM.1 of the GALL report and use the NUREG/CR-65 83 and NUREG/CR- |
5704 methodology (“ANL 1998 Equations”) to calculate Fen i\n spite of the fact that nevi/

1nformation in NUREG/CR 6909, Exhibit NEC JH_26, conclusively demonstrates that the ANL

1998 Equations only partially account for the effect of LWR environments.
v

NUREG/CR-6909 describes in detail the many factors known to affect fatigue life that

(
are not included in either the ANL 1998 Equations or the ANL 2007 Equations included in

NUREG/CR-6909. A summary of the most significant of these factors is contained in the
following Table 1. In my opinion, to comply with the ASME Code, Entergy must account for

r\
these known effects. As further discussed below, I believe it should do so by using bounding

Fen values contained in NUREG/CR- 6909

'l(“able 1- Uncertainties in the ANL 1998 and 2007 Fen equations

No. Factor : NUREG/CR | Addressed/ Not Addressed Comments
-6909 Page # | by Entergy in Reply to NEC

1 Data scatter 13,59 Not addressed Included only in the ASME Code design
' fatigue curves (in air only)

2 Surface Finish' | 14 &34 &35 | Addressed (JCF) A52 JCF, A 52, is wrong that the surface
finish is accounted in the ASME Code




No. Factor NUREG/CR | Addressed/ Not Addressed Comments
-6909 Page # | by Entergy in Reply to NEC |
"design fatigue curves. The Code
accounts only for surface finish in air.
The Fen as calculated by the ANL
equations does not account for.the
effects of roughness in water which may
not be the same as in air. ‘
3 Size, 62 Not addressed Included in the ASME code design
' fatigue curves ( in air only)
4 Flow Rate 33 Not addressed Not included in the ASME "Code design
' fatigue curves
5 Strain rate 12,38-40, 57 | Not addressed Not included in the ASME Code design
' fatigue curves
6 Heat to Heat 36 Not addressed Not included in the ASME Code design
Variation- fatigue curves
7 loading 62 Not addressed These effects are also discussed by Dr.
history, mean Chopra at the ACRS hearing of Dec. 6,
streéss 2006, Exhibit NEC-JH-27 at 22.
8 Cyclic strain 113 Not addressed Not included in the ASME Code design
hardening fatigue curves.
9 Temperature- 28 Not addressed At the December 6, 2006 ACRS hearing,
below 150 C Dr. Chopra stated that a decrease by a
factor of two on life is possible. Exhibit
‘ NEC-JH-27at 25.
| . f
10 Oxygen Not addressed During reactor startups and shut downs
the oxygen concentration increases by

below 250 C

more than an order of magnitude in
comparison to normal operating .
conditions as shown by EPRI. Exhibit
NEC—JH_65 at 53. Entergy calculations
,are based on concentrations during
normal operating conditions, which at
VY varied between 123 and 31 ppm
depending on period‘of operation and
reactor location. Exhibit NEC-JH_06 at
A2. Allowing for data scatter in the
above oxygen concentrations, an
increase by a factor of four in oxygen
would increase the Fen by a factor of 55




No. | Factor NUREG/CR | Addressed/ Not Addressed Comments
' '-6909 Page # | by Entergy in Reply to NEC
in comparison to the steady state values.
o ’ ,
11 Trace 30-31 Not addressed
impurities in S
- water . e ’
12 ‘Sulfide 13 Not addressed . At low strain fate, variation morphology
Morphology ’ could result in an order of magnitude
variation on life.
13. ‘Exist'ing Not addressed Existing fatigue cracks in the cladding or
Surface cracks base metal can provide sites for
' accelerated corrosion and thereby
- accelerate fatigue failure under cycling
loads.

(

NRC witness Mr. Fair testifies at AS that the NRC does not require license renewal

applicants to use the results of NUREG/CR:6909, Exhit;it NEC-JH_26, because those results

were not completed when the GALL guidelines were issued. The fact that the 8-year-old Section |

i

\

' XM.1 specifications are silent about most of the required adjustments to the Fen equations

because the NUREG/CR-6909 data was not available when the GALL rebort was published does.

N

not excuse Entergy from properly accounting for environmental effects. Mr. Fair does not

/

_ - :
exXplain how a methodology that ignores the factors that are not included in the ANL 1998

Equations but discussed in NUREG/CR-6909 can be in agreement with the ASME qué.

compliance with the ASME code. Tt

)
{

¢

The NRC’s acceptance of Entergy’s CUFen values is not proof that Entergy is in

is also not proof that Entergy complies with 10 CFR

54.21(C), which fequires a demonstration that components will operate safely in the reactor

o

environment.

N

)

~
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Q6. Do you agreethat the ANL 1998 Equations contained ih NUREG/CR-6583 and
NUREG/CR-5704 are more conservative and will generally yi¢ld higher Fen multipliers for
currently operating plants than the ANL 2007 Equations contained in NUREG/CR-6909?

A6. No —the ANL 2007 Equatior;s will yield higher Fen multipliers in some cases, and lower
Fen multipliers in other cases.\Sele, Exhibit NEC —-JH_26 at 338. NRC witness Mr. Fair (
incorrectlyvt'old the ACRS that the ANL 1998 equations re;sult in higher Fens than.the. ANL 2007
equations. See, Exhibit NEC-JH_28 at 97. In the light of such blatant distortion by the NR&Z

staff, one cannot expect decision makers suchas the ACRS to hnderstaﬁd the degreé of

<

uncertaint'};' in Entergy’s methodology.

When both the Entergy and NRC Staff witnesses allege that the NUREG/CR-6583 anci
NUREG/CR—5704 “procedure” is more conservative kFair AS and A6, Stevens A50), I believe
they are refe;ring to the fact that NUREG/CR-6909 contains new air fatigue curves that are less
conservative than the current ASME Cocie fatigué curves. I have never recommended use of

these new air fatigue curves. Until the current fatigue curves in the Code are officially modified,

these curves must be considered the “best representation of fatigue life in air” and must be

adhered to. ' o .

Most importantly, and I want to make this very clear, Entergy’s and the NRC’s Staff’s

discussion of the alleged greater conservatism of the NUREG/CR-6583 and NUREG/CR-5704
) o ¢

equations and “procedure” are totally irrelevant to my main point about how Entergy should

have used ihformation contained in NUREG/CR-6909 in its CUFen analyses. ,

Q7. Whatis your.main point regarding the significance of NUREG/CR-6909? What -
information contained in this document should Entergy have used in its CUFen Analyses?



A7.  AsThave discussed in A5, above, NUREG/CR-6909 describes in detail the many factors

known toraffect fati‘gue life that are not included in either the ANL 1998 Equations or the ANL

2007 Equations. These factors do not exist in the laboratory environment but are imporfant and
. . ., ! - . ‘
known to be present in the reactor environment. This is the relevant information Entergy should

" have taken fromr NUREG/CR-6909.

“
. !

My main point is that, given the current state of the technoldgy, it simply is not possible

: . |
to calculate Fen multipliers that are precision-adjusted to plant conditions, as Entergy purports to

have done. Given the many uncertainties in the calculation of Fen, I recommend use of
bounding values contained in NUREG/CR-6909 — 12 for austenitic stainless steel and 17 for

carbon and low alloy steel.

Q8.  Please further explain why you used a Fen of 12 for austenitic stainless steel and a
Fen of 17 for carbon and low alloy steel in the CUFen recalculation stated in your report,
Exhibit NEC-JH_03 at 19-20.

A8.  Asdiscussed in NUREG/CR-6909, these values are based on a review of laboratory data
from 41 sources. The reason for favoring the bounding numbers over the use of the ANL
equations is that the bounding values factor in a much wider range of parameters than the ANL

equations, such as fatigue loadings’ data acquisition and material variability.

7,

Q9. Do you agree with NRC witness Mr. Chang that Fen values of 12 for austenitic
stainless 17 for carbon and low alloy steel represent a “worst case scenario,” or that .
application of these values is unreasonably conservative?

A9. No. The factors 12 and 17 may in fact repreéent the best-case scenario after all the

uncertainties outlined in Table 1 are considered. In addition, application of Fen values of 12 and
J

17 in the VY environment is not overly conservative because these values do not account for the



presence of cracks in the cladding and base metal of the feedwater nozzles, or for high oxygen

)

/ " . ‘ . .
concentrations during transients. J

I also note that if the ASME Code desjgn fatigue curves Jare consve/rvative as some believe,
“including ANL, any lack of conservatism in the above Fen values may be cbmpeneatediby t};e
ASME curves. If on the other hand the ASME Code curves are not conservative, as other
résearchers Belieye, See, Exhibit NEC-JH 26 at 71, ‘then the Fen factors 12 and 17 will have -to. 4

be adjusted upwards.

RN .
Q10. Do you agree with Entergy witness Mr. Stevens that Fen=17 applies only to high
oxygen and temperature environments that do not exist at VYNPS, in part because the :
plant has operated using hydrogen water chemlstry since 2003?

A10. No I do not agree that the factor 17 is restricted to high temperature and h;gh oxygen
environments. This factor is specified in NUREG/CR- 6909 at 3 as applicable to “certain reactor
- operating conditions.” NUREG/CR-6909 does not indicate that the factor of 17 is restricted only‘
to high oxygen and high temperatures. Mr. Stevens provided no reference for hlS assertion that
Fen=17 applies only to high oxygen and te‘mperature environments for carbon and low-alloy
steels. ‘ | | .

© "Idonot agfee that either Fen=12 for austenitic stainless or Fen=17 for carbon and low.
alloy steel ‘would apply only in extreme environments. For example, my referenee 3 to this
"testimony isa paper by Ga;ry Wire and-William Mill;, reporting a factor of 12 for 304 stainless
.'steel 1n 288 degrees C and 20ppb oxygen concentrations. Exhibit NEC-JH 66 at 318. This
temperature is typical of BWR operati.ons.a/ngl the 20 ppb is considerabl-y below the VY oxygen -

concentrations. It is definitely not an ‘extreme environment as claimed by Entergy. Wire and

Mills report that “[c]rack growth rates of 304 SS in water were about 12 times the air rate.” Id. I



did not research the literature to find the exact conditions that correspond to t(he factor 17. 1
believe that this factor was provided by ANL‘ as a general bounding number.

Even if Fen=17 did apply only to high oxygen environments, I would not agree that thié
factor should not be used at VY due to the 2003 switch to Hydrogen water chemistry. F irst,
becaﬁse Entergy switched to Hydrogen c_hérhis_try relatively recently, calculations must still be
conducted for the higher oxygen conc\entr.ations. Second, as discussed belov‘v,‘ Entergy does not
know what the actual oxygén concentration is dur_ing transients at the surface of a given
component and therefore an adequately conservativé analysi; must assume that this

concentration is high.

Q11. Entergy ahd the NRC Staff argue that NUREG/CR-6909 does not recommend use of
the bounding Fen values you used in your CUFen recalculation. How do you respond?

)

All. Dr. Chopra, author of NUREG/CR-6909, understands the limitations of the Fen
: \

methodology very well, but he can only describe the “state of the art.” He is not in a position to
) A

recommend or not recommend use of bounding Fen values. It is up to the user to assess his
specific conditions and make the appropriate corrections to the ANL equations. Entergy has not

done so. It selected a procedure that would produce CUFens less than unity.
' \

s

Q12. Do you agree that any lack of conservatism in Fen values calculated by the ANL .
1998 Equations is counterbalanced by excess conservatism in the ASME Code design
fatigue curves?

A12. No. The Fen issue must be kept séparate 'fr(‘)m_the ASME Code design fatigue curve

issue. One is not justified to use an arbitrary number for the Fen because one believes that the

Code is C(\)n'servative. There is no éeneral agreeinent among researchers that the currént «

Code is conservative. Until the current fatigue curves in the Code are officially modified, these

curves must be co_nsideréd the “best representation of fatigué life in air” and must be adhered to.
10
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Entergy’s and the NRC;s opinions regarding the ASME code are irrelevant. Entergy and the
NRC should'not be allowed to create their own rules concerning how to adjust the ASME code,
which in essence is exactly what they are dbjng by using a non-conservative Fen iﬁ the hope that
this will be compensated by a perceived conservatism in thé exisﬁng ASME Ifatigue curves. If all
the users of the ASME gode §vere to follow Entergy’s example it would render the ASME Code

useless. ' o )

-

Q13. Do you agree with Entergy witness Mr. Fitzpatrick that Entergy’s CUFen analyses
properly accounted for surface roughness effects through use of ASME Code design fatigue
curves that include a “safety factor” to account for these effects?

Al3. N(z The ASME Code incorporates a factor-of about four on surface ﬁnish~tq account for
different fabriéation processes (on the order of 0.5 mils). Shrfaces exposed to the LWR
environment are subject to corrosioh, erosion and pitting, exhibiting a combination of smooth
surfaces, ridges and holes of various sizes, making it difficult to compare sﬁch surfacés to
machined surfaces. Until data show that the corroded surfaces and machined surfaces equally
affect fatigue, possible differences cannot be ignored because surface holes and grooves may
provide sites for accelerated corrosion attack; the corrosion reactions could then accelerate crack

growth under cyclic loads. Mr. Fitzpatrick did not provide any support for his statement that the

ASME Code design fatigue curves already incorporate the relevant surface roughness.

Mr Fitzpatrick is also wrong in representing at several points in his testimony that the
ASME Code includes safety factors for environmental effects. As discussed in NUREG/CR-

6909 at 3, surface finish, size and scatter are adjustments, not safety margins.

Q14.. Do you agree with Entergy witness Mr. Fitzpatrick that Entergy used bounding
values for oxygen as an input to the ANL equations in all its CUFen analyses?

\

11
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\
\ : _ B
Al4. No. First, Mr. Fitzpatrick is referring to steady state value as determined by.a computer

code called BWéVIA that Entergy has neither described nér prkoided ,tO NEC. ASeccl)rid, Mr.
_Fitzpatrich:k\c\:ompvletely ignores the high oxygen cc;nceptrations that occur during transients. S'ee,/
Exhibit NEC-JH_65 at 52-53. To the best of my knowledge, there is no technology that can
{ predict the oxygen concentration at a given surface during reactor transients. Furthermore, no

{

analysis has been presented to show how such temporary high oxygen concentrations affect the
( , . .

Fen. Mr. Fitzpatrick also stated that the BWRVIA has been calibrated-in steam under

" unspecified conditions that he'did npf describe. Such calibration does not address the oxygen

. . . . N
concentrations in water during transients.,

¢ »

o )
-+ Q15. Was it appropriate for Entergy’s Fen calculations to exclude any correction for

cracking in the cladding and base metal of the feedwater nozzles based on results of
Entergy’s 2007 inspection of these nozzles for cracks in the base metal? -

15;15. }\Io.‘ Entergy stated in RAI 4.3-H-02 that the feedwater nozzle claddi'ng may contain
cracks and that such cracks could grow into the base metal. NRC Staff Exhibit 1 at 4-26 —4-27.
Entergy’s ,2007 inspection report stated that “No felévant informatioh was recorded”. Exhibit 2-
33 at ‘4' Without stating the probability 6f detecting cracks at the clad metal interfage and
defining “relevant,” the inspection result; are useless. Even if the clad cracks hqve npt yet
penetrateci the base metal, the interface between the clad and the basg metal is a site for crack
initiation where corrésion prodﬁcts can aécumulate. Such surface cracks when discovered in
pressure systéms are usually ground out to prevent fast crack growth under cycling loads. The

ANL equations were not corrected for the presence of known surface cracks even if they did not

yet penetrate the base metal. , {
P ( . .
B. Entergy’s Calculation of 60-Year CUFs in Air

(
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Q16. You have testified that Entergy’s CUFen analyses improperly applied a heat
transfer equation that applies only to a fully developed turbulent flow to the VYNPS
nozzles where flow most likely is not fully developed. Entergy witness Mr. Stevens has
testified (A 54) that flow in the feedwater nozzle is fully developed because the upstream .
horizontal pipe is 48 inches long. How do you respond? ' :

Al6. Both the local distribution aﬁd the absolute rate of the heat transfer to or from the walls of

P

{ : : ' o
the pipes affect fatigue loading. The CUF results are very sensitive to the heat transfer

coefficients. See, Exhibit NEC-JH 15. ,\

Mr. Stevens is wrong in stating (A 54) that the flow in the feedwater nozzle is fully,\
\ t

developed because the upstream horizo\ntal pipe is 48 inches long.;Since the inside diameter of
the nozzle is 9.7 inches; the L/D is approximately 5, which is ﬁot sufficient to establish a fully -
dév_eloped flow. See, Exhibit NEC- JH_29. About 30 to 60 diameters, dependiﬁg on the

’ Reynold’s)number, are required (tyo‘ establish a/ fully developed flow through the nozzle. Mr.

Stevens did not provide the straight section lengths upstream of the recirculation and spray

nozzles. If that length is also on the order of 48 inches the flow in these nozzles will not be fully

developed because the diameter of these nozzles is larger than the diameter of the feedwater
nozzle. Because the flow in the nozzles is not fully developed, variation in the heat transfer

/

coefficient both axially and circumferentially can be expected. Data on wall thinning in the

upstream sections of the straight pipe where the flow is not fully developed is also required

because it may affect the velocity distribution in the nozzle.

. :
In transients where the flow stops and heat transfer occurs by natural convection, Mr.

\

Stevens did not answer the question why a correction was not made for circumferential variation
[ : ’ :

-~ ~

SN ~ _
of the heat transfer both during single phase flow and during condensation. It appears that Mr.

4 N

~
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A {

Stevens does not understand the issue because he refers to axial variations and not variations in

the vertical direction that is inherent in natural convection flows.

Mr. Stevens’ statement that Equation ( 3 ) is “bounding” is meaningless without any

further explanation.

Q17. You have testified that Entergy improperly failed to correct a heat transfer equation
used in its CUFen Reanalyses by the ratio of the viscosities evaluated at the bulk and wall
temperatures during each transient. Entergy witness Mr. Stevens states that this
correction is unnecessary when there are minimal differences in temperature between the
pipe wall and the bulk of the fluid. How do you respond?

+ Al7. Mr. Stevens is correct that when there are minimal differences in temperature between
: . .

the pipe wall and the bulk of the fluid, variations in viscosity can be neglected. However, Mr.

Stevens did not quantify actual temperature differences. A difference of 100 degrees F would

affect the heat transfer coefficient by about 4%. The actual effect can only be determined from
’ (
data on wall and bulk fluid temperature histories for sample transients. Such information was not

provided. .

~Q18." You have testified that Ente’rgy’s reports of its CUFen Reanalyses do not include,
and Entergy did not produce to NEC, drawings of plant piping from which you could
obtain information necessary to validate Entergy’s assumption of uniform heat transfer
distribution. Entergy notes that it supplied NEC with 36 drawings. How do you respond?

Al18. Exhibit NEC-JH-25 is illustrative of the “piping diagrams”. Entergy produced. It would
be virtually impossible to extract information necessary to determine the flow conditions from
such sketches — for instance, orientation angles, weld location and internal diameters as they
exist today.

Q19. " You have testified that Enfergy’s reports of its CUFen Reanalyses do not include,

and Entergy did not produce to NEC, a complete description of the methods or models

used to determine velocities and temperatures during transients. Entergy represents that
\ 14 . :

\

(
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this information was conveyed to NEC through counsel on April 14,2008. How do you
respond?

A19. - Idonot agree that information sufficient to validate Entergy’s analysis either appears in
Entergy’s reports of its analyses or was conveyed on April 14, 2008. To calculate flow velocity,
Entergy advissd on April 14, 2008 that I should take the flow rates (of gnknown accuracy) and
divide them by flow area. It failed to ind‘icate.how one does this when the flow is zero. At the
January 2008 public meeting between Entergy and the NRC Staff, Entergy’s Counsel
specifically instructed Enterg)l/ rei)résentatives not to answer any of my questiops regarding the
abové issues. NEC requested'information about the methods that were used to calculate -
temperatures during the transients, but Entergy did not supply that information, .contrary to what
( : .
is claimed in Entergy’s Initial Statement of Position eit 36.

I believe that Entergy’s strat-egy in this and*dther.proceedings has been to withhold the
inform‘ation necessary to support a thorough assessment of i{t‘s analyses by interv_enors. Notably,
Entergy has now taken the position in the ASLB proceeding concerning Entergy’s License
Renewal Application for the Indian Point plant that it is not required to ;)rovide any information
about its CUFen analyées for the NUREG/CR-626O locations until after the close of the ASLB
proceeding. Exhibit NEC-JH_67 at Attachment 1, Enclosure 2, (see discussion of D-RAI
43.1.8-1 ‘and_ D-RAI 4.3.1.8-2). The NRC Staff has apparently acquieéced‘in Entergy’s effort to
avoid~pub1ic scrutiny of it§ CUFen methodology, and withdrew requests for this information. Id.

Q20. Entergy claims that its use of the simplified Green’s Function method in its mltlal
CUFen Reanalysis introduced only a small error. Do you agree?

A20. No. Unless the analyst can explain the physical reasons for discrepancies between results

obtained by the Green’s Function methodology and the more exact methodology, classic NB--

15



3200 analysis, the results of the Green’s Function methodology will incorporate unquantified
uncertainties. At the'January 2008 meeting between Entergy and the NRC Staff, Illntergy was not
able to. explain such differences,_’and Entergy witness Mr. Stevens has now testified at A58 that

“[t]he reason for this difference was not specifically investigated.”

After arguing for anthé that the analysis with Green’s Function produces conservative
- results, i.e. large CUFen values, Entergy agreed to prové this by hsing the classical NB-3200

analysis without Green’s Function. The demonstration showed that the CUFen was 0.3531,

f

seemingly confirming that the use of Green’s Function produpes'conservative results because
/ t = , . .
" this value is smaller than 0.6392 (the value Entergy calculated with the Green’s Function). See,

EXhibit NEC-JH_03 at 6.v Thisaresul"[, however, was obtained by lowering \the Fen to 3.97 instead
01; keeping it at the 10.05 level for a valid coniparison. When the correct value qf Fen was used,
10.03, Enterg}:/‘ obtaiped a CUFen of 0.8930, which is substantially greatér ;[han 0.6392 (obtained
with the Green’s F unctioﬁ). Thus the use of the Green’s Function may generate non-conservative
results. My report, Exhibit NEC-JH_O3 at 6, includes a table of the four different CUFen values

Entergy has calculated for the feedwater nozzle. It is interesting to note that Entergy does not

‘

/ : .
explain why an internal Entergy audit did not discover that the analyst was using incorrect Fen

numbers before the NRC audit discovered that this was the case.

L
Q21. Has Entergy fully explained how it determined the number of plant transients, or
provided information from which you could conclude that Entergy assumed a conservative
number of transient cycles? :

.~ A21. No. Entergy has provided inconsistent and vague information regarding how it

‘ »détermin,ed the number of transient cycles, and has not indicated that it made any allowance for

—

the likely increase in plant tra;isients resulting from the 20 percent power uprate or the fact that

t
5
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the number of plant trah_sients is likely to-increase as a plant ages. NRC Staff witness Mr. Chang
has testified at A10 that “the staff cannot determine the level of conservatism regarding the

number of transient cycles at this time.”

Based on the documentation provided to NEC, Entergy determined-the number of
. , 7 } }
transients, N, for the total 60-year reactor life by counting the number of transients that the plant

has experienced up to a'certain date, n, and adjusting this number proportionally i.e. N=n x 60/t,

-

where t is the number of years as of the above date. This procedure is described in License
Renewal Application Table 4.3-2, Note 2; and Exhibit NEC-JH_18 at 3-18, Table 3-10, Note 2.
Both of these documents state that CUF results are based on “actual cycles to date and projected

to 60 years.” Table 4.3-2 defines the projection as a linear extrapolation.

Entergy witness Mr. Fitzpatrick has testiﬁig_d at AS55 that the procedure described in the
License Renewal Application and in Exhibit NEC-JH_18 actually was not followed; instead the
foliowing was done:

VY projections for 60 years were made based on all -available
sources, including the numbers of cycles for 40 years in the VY
‘reactor pressure vessel Design Specification, the numbers of cycles
actually analyzed in the VY Design Stress Report, and the numbers
of cycles experienced by VY after approximately 35 years of.
operation (July 2007).

The above method of determining the number of éycles appears to be different from what was
described in Tables 3-10 and 4.3.2, which are referenced above. In any event, the above
description is t§o vague to allow one to determiné how the number of transients was actually
célculated. M/r. Fitzpatrick did not provide a reference that would explain how the above

procedure was implemented.
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Q22. You used the CUF values Entergy originally provided in its License Renewal .,
‘Application in the CUFen recalculation stated in your report, Exhibit NEC-JH_03 at 19-20.
Why did you use these values? : '

A22. Due to the many uncertainties and errors in Entergy’s calculation of plant-specific 60-
year CUF's discussed in this rebuttal testimony and in my direct testimony and report, Exhibit
NEC-JH_03, I used the more conservative design basis CUFs which were produced by Entefgy

in Table 4.3-3 of the LRA.

C. Error Analysis . o

Q23. Entergy contends that it was not necessary to perform an error analysis to validate
its analytical techniques because the stress analysis is based on bounding values. How do
{ .

b

you respond?

A23. Because the lé;/el of uncertainty in E;ltergy’s" analysis is very high and the amount of
veﬂid déta is meager, préperly identified assumptions and a competent assessment of their
relative effects on Ithe CUFens is paramount. Entergy considered such an approach unﬁecessary
_ahd apparently found it sufficient to label their asgumptions “boqn&ing.” Without quantifying by,

~ how much the various parameters are “bounding,” Entergy’s statement is meaningless. It has

o~

already been demonstrated that the heat transfer coefficients and the Fen factors are not bounding

the results conservatively.

B

Q24. NRC Staff witness Mr. Chang contends that an error anquéis w?s uhnecessary
because of conservatism built into the ASME Code and the ANL 1998 Equations, which he
claims “have been adjusted for uncertainties in life.” How do you respond?

A24, As I have discussed'in A12 of this testirr;ony, there is no agreemént among researchers
that the ASME Code design fatigue curves are conservative. With respect to_the ANL 1998

| Equations, Mr. Chang does not explain hOW adjustments weré made for the factors listed in the
Table 1 included ‘in A5 of this testimoyny.' Ten years of data and research have been accumulated

18



since the ANL 1998 Equations we,re published; Mr. Chang does not explain why the license

renewal process should ignore this data.
)

Q25 You have stated that Entergy’s CUFen Reanalyses should be/reViewed by an .
independent third party. Why do you make this recommendation? L

A25. In addition to the uncertainties in heat transfer coefficients, Green’s Funetlon and the
number of transients used in the analysis, there are many other uncertainties that are not possible
to assess? The results of the stress analysis largely depend on the judgment ofwfthe analyst
because he alone decides where the maximum stress points{ are and how to link transient pairs.

; The changes that were macte 1n the Fen, discussed in A20 of this testimony, which resulted in an
erreneouslil low CUFen is an example of how the analyst can affect the results. In the absence
of an independent review by an unbiased tlﬁtd' party without financial ties to Entergy, Entergy’s

60-year CUF calculations are of questionable Vali/dity. _ ;-
D. \- References

Q26. Please lis‘t/a‘ny references to this testimony that were not filed as Exhibits to your
direct testimony.

A26.

1. Materials Reliability Program: Guidelines For Addressing Environmental Fatigue
~ License Effects in License Renewal Applications, EPRI- MPR-47 Rev. 1, September-
2005. Exhibit NEC-JH_64. '

{

2. R&D Status Report, EPRI Journal, Jan/Feb 1983. Exhibit NEC—JH_65. o

. - N \ . .
3. Gary L. Wire and William J. Mills, “Fatigue Crack Propagation Rates for Notched 304
“Stainless Steel Specimen in Elevate Temperature,” Journal of Vessel Pressure
Technology. Exhibit NEC-JH_66.

4. New York State’s Supplemental Citation In Support of Admission of Contention 26A,
Docket Nos. 50-247-LR and 50-286-LR (May 22, 2008), and the attached NRC May 8,
2008 Summary of an April 3, 2008 Telephone Conference Between Entergy and NRC
Staff. Exhibit NEC-JH_ 67

19



B V X N
) /

Q27. Does this conclude your rebuttal testimony regarding NEC’s Contentions 2A and
2B? ' "

A27. Yes. o ; | .
‘ . : - L
< \ II. NEC CONTENTION 3

( (steam dryer aging management program) \

N .

Q28. Please summarize your disagreement with Entergy regarding the validity of its
steam dryer aging management program.

b -
N !
A28. My position regarding the steam dryer at VY is simple: I disagree with Entergy that an _
aging management plan that consists solely of plant parameter monitoring and partial visual
inspection, uninformed by knowledge of dryer loading,/comf)lies with the General Desigﬁ

Criteria insofar as they require that protection must be provided against the dynamic effects of

loss of coolant accidents (“LOCASs”).

Entergy’s strategy is based on monitoring moisture carryover, steam, flow, water level

- and domé pressure and periodic visual inspections. Entérgy witness Mr. Hoffman was asked in’
Q33 Whethér these activities “enable Entefltgy to determine whether a dryer crack is about to
form?” He responded in A33 tha} they do not. pf C(;uyse no one can predict t};e exact time for
transition from crack initiation to crack propaga‘tion. The question that was asked of Mr. |
Hoffman is almost irrelevant.\'Theb questions that should havg been asked are as follows: (a) are
all of the above precautionary measlnes‘ §ufﬁcient to ensure that the brobability of the formation
of rloo§e parts under DBA loads will be very low?; and (b) is Entergy taking all practical

measures to fn_inimize the probability of such failures? As discussed in my report submitted to

the ASLB on April 28, 2008, Exhibit NEC-J H_54ﬁ the answer to both of these questions is no.
)

/
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Entergy’s wifné:sses, Mr. Hoffman and Mr. Lukens, described in detail various
procedures of /steam dryer inspection and the operational experience with the dryer, but they
either dismissed or did not address properly the above two issues. The ability to estimate the
probability of formation of loose parts requires knowledge of the cyclic loads on the dryer to
ensure that the drye;r is not subjected to cyclic stress that would exceed the endurance limit. In
‘A56-62 of their testimony, Mr Hoffman and Mr. Lukens discués_this key issue and state that the
prediction of cyclic stresses on the dryer is not required because there are no specific régulatory
requirerﬁents to do so, and the inspection programs at VY ensure that the dryer will not fail. Mr.
 Hoffman and Mr. Lukens did not provide even a single quantitative assessment in support of

- \
these opinions.

) I agree that there is no regulatory requirement to estimate dryer stfesses. However, the
fact that dryers at other plants have faiied following power uprates, the fact that this was a |
surprise to General Electric (“GE”), the fact that even small pressure ﬂuctuétions can give rise to
stresses that exéeed the endurance limit and the fact that the formation of loose parts can lead to
major safety problems are all factors that must be considered even though there are no specific
NRC requirements to calculate. stresses on fhé dryer.

Q29. Entergy witness Mr. Lukens testified at AS6 that “operating experience after the
EPU (exemplified by the data collected during the 2007 inspection and the subsequent year
of monitoring of plant operating parameters) demonstrates that the stresses experienced by
the dryer are insufficient to initiate and propagate fatigue cracks.” How do you respond?
A29. Mr. Lukens is wrong that thé inspection data he mentions is a measure of cyclic stresses.
The only way (;f determining stresses on the dr}:ér_ is to actually ﬁleasure them. Fatigue cracking
is a time-dependent phenomenon; the fact that cracks have not developed after a short period of

time proves nothing. General Electric (“GE”), which conducted both the RFO26 and the 2007

steam dryer inspections at VY, did not exclude the possibility of crack growth By fatigue. GE
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RF026 inspection. Due to a clerical error, Exhibit NEC-JH_59 included only patrt of the GE

stated: “The dryer unit end plates are located in the dryer‘interi()r and are not subjected to any

-

direct main steam line acoustic loading. However, continued growth by fatighe cannot be

ruled out.” Exhibit NEC-J H_68 at “Evaluation of Steam Dryer Indications” attachment

J

(emphasis added).

Q30. Mr. Lukens at A57 denied that GE made the statement thatv “continued growth by
fatigue cannot be ruled out,” and testified that the reference you cited for this statement,
Exhibit NEC-JH_59, did not contain it. How do you respond?

J

'A30. Mr. Lukens misread my statement, which referred to GE’s observations folloWing the

report; the full GE report is now provided as an Exhibit to this testimorry. See, Exhibit NEC- \

JH_68. In any event, Mr. Lukens is the engineer responsible for the inspection of the dryer at

VY; he should have been of aware of GE’s conclusions, which are very material to the results of
] N ' ,

the inspectionL ' /

\
Q31. Mr. Lukens testified at A58 that all IGSCC cracks identified in the VY steam dryer '
to date are inactive. How do you respond? '

A3l. \In stating that the IGSCC cracks are not active, Mr. Lukerrs essentially dismissed the
possibility of continued growth of cracks by fatigue. He apparerltly did not recognize that
IGSCC can provide sites fdr corrosion -attack which would in turn accelerate crack growth under
cycling loading. The rate of crack propagation would depend on:loa’d intensities and duration.
Moreover, I cannot agree with Mr. Lukens that the inspection photographs provided in Entergy’s
Condition Report Exhibit NEC- JH 59 at 2-8, show that the cracks are inactive. Metallographrc
examinations would be required to demonstrate this, not remote camera photos.

Y

Q32. Mr. Hoffman testifies at A59 that de51gn basis loads (“DBA”) cannot cause dryer
failure. How do you respond? _ ) p
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A32. [Idisagree. If the dryer has been sufficiently weakened by cracks, there is no reason to
believe that DBA loads could not fracture the dryer; Instead of making speculative statements,
Mr. Hoffman should have provided calculations showing that even.if some parts of the dryer had
long and deep cracks, those parts would withstand DBA loads.
Q33. Mr. Hoffman testifies at A61 and A62 that it is not necessary to estimate and predict
dryer stresses because “[c]onfirmation that stresses on the VY steam dryer remain within
fatigue limits is provided daily by the fact that the dryer has been able to withstand without
damage the increased loads imparted on it during power ascension and for the two years of
operation since EPU was implemented.” Do you agree?
A33. No, I do not agree that it is not necessary to estimate stresses because the dryer has thus
far withstood the increase in steam velocities followed the uprate. Vibration fatigue is a time-
related phenomenon; the fact that the dryer has not failed to date is not at all an indication that it
will not fail in the future. Mr. Hoffman is speculating that the loads on the dryer cannot change.
Even a small increase in steam velocity can bring vortex shedding frequency closer to the natural

frequency of the dryer, thereby inducing resonance vibrations and incréasing the loads on the

~dryer.

~

Q34. Mr. Hoffman testified at A63 that the analytical tools used to estimate stress loads
on the steam dryer during the power ascension phase of EPU implementation
demonstrated that loads on the dryer would be below the endurance limit. Do you agree?

A34. No. Mrf Hoffman stated at A63 that the analytical tools demonstrated that the loads on -
. the dryer would be acceptable. The analytical tools were based on small-scél’e experiments,
sfnall—soale tests (AC}M) and questibnable scaling laws, as was poiﬁte_d out by the ACRS. See,

" Transcript of Proceedings, NRC Advisory C_'omrﬁitiee on Reactor Safeguards, 528" Meeting

. (December 7, 2005) at 9, 12-14, 25, 29, 60.

Q35. Has Entergy provided information sufficient to demonstrate the validity of its steam
dryer aging management program?
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A35. No. Mr. Hoffman and Mr. Lukens’ at A21-A53 i)rovidegl a very lengthy and detailed
description of the inspection techniques and parameter monitoring at VY. Even though the
entire dryer is not accessible to Visuai inspection, Mr. Hoffman and Mr. Lukens did not provide a
quantitative estimate of the probability of crack detection, POD. They should have provided this

information.

/
N\

Q36. Do you have any further comments regarding NEC’s Contention 3?

A36. Yes. Entergy provided an opinion that the dryer will not be the source of loose parts that

could present a safety risk during normal operations and during design basis accidents. Entergy ’

-

believes that the formation of cracks from flow-induced vibrations can be detected in time by
periodic visual inspections and plant parameter monitoring; I do not share this opinion. Rather I -

am more inclined to agree with the researchers from the Pacific Northwest National Laboratory:

/ v

“Unlike the previously discussed mechanisms (corresion).vibration fatigue does not lend
itself to periodic in-service examinations (volumetric, surface, etc) as a means of managing
this degradation mechanism.” The main reason for this is: “Once a crack initiates failure

quickly follows.” Fredric A. Simonen and Stephen R. Gosselin, “Life Prediction and

Monitoring of Nuclear Power Plant"‘Components for Service-Related Degradation” J. of Pressure

AN

Vessel Technology V. 123, Feb. 2001, P, 62., Exhibit NEC-JH;69 at 62. )

{

(
'

: - ¢
‘Q37. Please list any references to this testimony that were not filed as Exhibits to your
direct testimony. ~ A

A37.. . |
1. Entergy Condition Report, CR-VTY-2007-02133, including all éttachments.
Exhibit NEC-JH_68. ‘ ‘

/
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2. Fredric A. Simonen and Stephen R. Gosselin, “Life Prediction and Monitoring of
Nuclear Power Plant Components for Service-Related Degradation”, J. of
Pressure Vessel Technology V. 123, Feb. 2001. Exhibit NEC-JH_69.

- Q37. Does this conclude your rebuttal testimony regarding NEC’s Contention 3?

A37. Yes.

\

III. NEC CONTENTION 4

/
(flow-accelerated corrosion management plan)

Q38. Inresponse to Entergy’s Prefiled Testimony on NEC Conhtention 4, please

summarize your view of Entergy’s proposed Aging Management Program (AMP) for Flow

Accelerated Corrosion at Vermont Yankee Nuclear Power Station

A38. The NEC position on Flow Accelerated Corrosion, FAC, is that Entergy does not have a
. \

reliable plan to monitor FAC and therefore the public has no assurance that susceptible reactor

components will be repaired and replaced in time to prevent pipe rupture or major leaks. Such

damage to piping must be prevented not only during normal plant, operation but also during

. \ '
design basic accidents (DBAs) i accordance with 10 CFR 50.49 (b) (2). The LRA must include

-an adequate plan to monitor FAC pursuant to 10 CFR 54.21 (a) (3).

The reason Entergy’s FAC plan ;15 described in the LRA is inadequate is because it is
based on EPRI guidelines NSA/C-202 L, which largely rely on an unplrovén computer code called
CHECWORKS to predict corrosion rates and therefore the scope of the inspection. | evaluatod\ ‘
the NSAC/CHECWORKS methodology and provided the results to the ASLB on\April 28, 2008..
Exhibit NEC-JH_36. 1 concludod that 12-15 years would oe required to benchmark
CHECWORKS at VY at the upfate conditions and with a smaller inspection grid size. [ also
recommended a methodology that would more adequately inspect pipes for ootential failures
from FAC. |
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I pointed out that several factors contribute to the inability of the NSAC/ CHECWORKS
methodology to prevent pipe rupturesAfrom unpredicted §vall thinning: (a) incorrect local -
inspection procedures, i.€ selection of grid sizé, (b) unscientific sampling of components, (c)

| inability to reliably predict corrosion fates betweeﬁ inspections, (d) no online instrumentation to

monitor the potential for corrosion, and (¢) lack of independent assessment by competent

experts.

Q39. In your opinion, does Entergy’s prefiled testimony appropl/'iately address the issues
raised in your assessment of Entergy’s aging management program for FAC?

A39. - No. Rather than provide a reply to the NEC and describe scientifically why NEC and

| Entergy differ regarding the various uncertainties in predicting wall-thinning rates, Entergy

produced several documents that stated that CHECWORKS is a reliable predictive tool:

. ( ,
For instance, Entergy submitted an EPRI document (E4-09), which is no more than a

sales brochure; it provided the sale price of CHECWORKS and informed the reader that no plant
\

that ac_:quired CHECWORKS has experienced FAC failures in pipes lafger than 2 inches. No

corhparison was made with the plaﬁts and components that were not included in the R

o \

CHECWORKS program since it was introduced in 1987 and also noyexplanatioh'was given as to
why the pipe size was that éigniﬁcant‘ This broéhure also {did not tell the reader that FAC was
defined in a manner that would exclude pipe failures from erosion/corrosion, droplet

impingement and cavitations erosion.

Entergy’s statement that no one was killed in plants that used CHECWORKS, and the

fact that pipes larger than 2 inches did not rupture in such plants is certainly not a credible
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demonstration that the use of CHECWORKS would satisfy 10 CFR 50.'494 (b) (2) and 10 CFR

5421 (2) 3). | | / | o

Q.40 Entergy witness Dr. Horowitz testifies that unanticipated piping failures that haVe
occurred despite the widespread use of CHECWORKS are not an mdlcator of the relative
efficacy of CHECWORKS. Do you agree?

A40. No, [ do not. CHECWORKS is a proprietary product of EPRI and Dr. Horowitz is
EPRYT’s contractor; thus, it is understandable that Dr. Horowitz would zealouély defend
CHECWORKS. He fails, however, to credibly explain away CHECWORKS’ failure.fo predict
. the hundreds of qnanticipated FAC-related faiiures that occurred in PWRs and BWRs. Dr.
Horowitz testified (A52) that the problem was not with CHECWORKS and its predecessor |
programs, but rather the unpredicted failures occurred because ef (a) improper use of
CHECWORKS, (b) exclusiqr} of eomponehts from the iorogram, (c) modeling errors, (d)
improperllinspection, (e) poor communication, and (f) failures from erosion rather thaﬁ FAC
(A46). The fact that many cemponents were not included in the CHECWORKS programs and
that Dr. Hborewitz selected a Very narrow deﬁnition of FAC, or that CHECWORKS is susceptible
. to impropervus'e provides no aésurance to the public that pipe failures frem wall thinning will be
prevented and people and property will not be gt risk. Even i%, for the sake of argument,
CHECWORKSI hés the potential to predic£ wall thinning with extreme accuracy but, as Dr.
Horowitz saYs, many co.mponents may be exckluded from the program, and CHECWORKS is
.p’rone to user’s errors, then ;ZHECWORKS cannot be considered a reliable predictive FAC tool
for purposes of aseﬁring public health and safety. Dr Horowitz failed to state what percentage of
_.the to"tai susceptible area in a given plant is included in the CHECWORKS program during a

¢

typical outage.
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Q41 Do you agree with Entergy’s position regarding the effect of flow veloclty on: FAC"
Ad41. No, Ido not. NEC s presentation of how FAC rates vary with ﬂow velocity is
signiﬁcantly different from Entergy’s. NEC’s position is based on data from tests that were
conducted by the Central Electricity Researeh Laboratories at L.eatherhead. The data was
discussed and presented on pages 4 and 20 of Exhibit NEC-JH~36, showing the dependence of
measured corrosion rates on the mass transfer coefficient for carbon and miid steel. The

| dependence of the mdss transfer coefficient ion velocity was discussed in NEC-JH_36 at 4. Also,
the relation between corrosion and mate;ial eomposition was discussed on}pages 4 and 21.

Copper was not included in this discussion since it is not a common piping material in nuclear

plants. , a Ve

According }o Entergy’s witness Dr. Horowitz, the data in CHECWORKS is based on
references given _in E-4-22 and E-4-23. The first paper presented data on the local varia}tion of
the mass transfer with velocity and the second paper presented data on the dependence of the
codosion rate of copper with the velocity in flowing hydroiluor.iclacid. These papers hardly
éupport Entergy’s position that the corrosion rate corresponds very weakly witld the Yelocity and
therefore the velocity change due to ‘the power uprate is of no significance. Dr. Horowitz did not
demonstrate that the mechanism of copper dissolution in ae\ids is the (sar.ne as.the dissolution of

iron in the LWR environment.

.

/4

It is beyond NEC’s scope to conduct an uncertainty study on the impact of the various

assumptions that were incorporated.in CHECWORKS. -

As discussed in my assessment of Entergy s FAC program, Exhibit NEC JH 36 the

NRC has developed specific guidelines for how computer codes that are used for licensing bases
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should be qualified. There is no indication that CHECWORKS has been thoroughly revie‘_wed by

N

" the NRC or by a third party with no financial interest in the outcome of the review.

Dr. Horowitz provided no de%ta that shows a combarison between CHECWORKS

predictions and VY plant data prior to the power uprate. He stated-that 4.5 years will be

i

sufficient to assure that CHECWORKS will predict FAC reliably at the 20% power uprate. Dr.

Horowitz provided no support whatsoever to this statement. .
\ , : -

Q42. In your opinion, has Entergy satisfactorily addressed the major variables affecting
the rates at which pipe thinning may occur?

P

. J
A42. No, Entergy has failed to either take into account numerous physical phenomena

X !

affecting FAC, or to credibly explain why these well-known physical phenomena should not be

considered in aging management of plant piping. ' | I

" For example, despite overwhelming evidence to the contrary, Dr Horowitz denies that

FAC is fundamentally a local phenomenon due to the variations of local turbulence in curved

\) pipes, nozzles, tees, orifices, etc. See, Exhibits NEC —JH 53 at 48, 65 and NEC-JH_40 (Itis

common knowledge, for example, that the wall thinning on the extrac\los of elbows is

considerably higher than on the intfados).

Further, Entergy’s witness also denied (A47) that FAC varies with time and supported his

, claim with inadequate laboratory data because the test period was relatively very short. Data

from longer tests, but still relatively short compared to plant life, show that corrosion rates

- generally vary with time. See, Exhibit NEC-JH_53 at 58.

These factors are important because they determine the scope of the FAC inspection

program. Dr. Horowitz found it sufficient to dismiss these issues by summarily stating without ’
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supporting documentation (A42) that analytical work done by the industry and

NSAC/CHECWORKS guidelines are adequate and sufficient and therefore a more thoroﬁgh E

inspection with denser grids as discussed in my report, NEC-JH_36 at 15, is not required.

Q43. 1In your opinion, are there other factors affecting the prediction of pipe thlnmng that
Entergy should have considered and yet failed to discuss?

A43. Yes, Entergy witness Dr. Horowitz did not address in a meaningful manner any of the

following factors:

] How the effects of flow disturbances duelto discontinuities, including those that

were created by local corrosion, are accounted for in CHECWORKS

[ How variation in local velocities in elbows, tees, orifices and nozzles are

accounted for in grid size selection.

i

] How an empirical code such eis‘CHECWORKS, which is based on data scatter of

+60% and - 70%, can be considered a reliable predictive tool for corrosion rates.

. ) . ’ ,
] What is the scientific basis for component-selection for the CHECWORKS

program? ‘ .

] What fraction of the total FAC-susceptible area is inspected duﬁng a typical

plant outage?
. L

-
= Why was there no significant reduction in total pipe failures from FAC following
the release of CHECWORKS to the industry in mid 19872

" Q44. 1In considfiring aging management of piping; should a distinction be drawn between
piping failures due to leaks and piping failures due to ruptures?
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Ad44. Notreally. Apparently to diminish the significance of failures from local gorrosion, Dr.
Horowitz makes a distinction (A47) between pjpe failures due to leaks and failures from
ruptures: It is absurd to make such a d_i\stinc\ltion witﬁout relating the “rupture” and the “leak” to a
particular accident scenario. As an extreme example, uﬁder certain accident scenarios the
aggregate flow from many small-leaks in a pipe can exceed the choked flow from a single
ruptﬁred pipe. in aﬁy event, the NRC has not yet adopted the “leak before break” scenario. If
Dr. Horowitz is trying to justify the use of CHECWORKS because leaks from local corrosion
and failures in piping under 2 iﬁches in diameter are less important than ruptures frorﬁ larger
diameter pipes, he should cite the appropriate authorities that reached such conclusions, dr he
should present the differences between leaks and ruptures in terms of their contribution to the

c"(")re damage frequency.

\

Q45. Do you agree with Entei'gy’s witness at AS that FAC ii‘xl;ay be defined by excluding
corrosion where there is m® abrasion of the protective oxide layer at A5? = ,

A45.  1do not think that this is a practical definition of FAC. This is a very narrow deﬁniti‘on
of FAC that has been introduced in the last 15 years or so. Prior to that time, FAC was
conimdnly referred to as erosion/corrosion.’According to Dr. Horowitz’s definition, FAC is
defined as a process where there is no abrasion of the protective oxide layer. As discussed in
Exhibit NEC-RH_03 at 8 and 9, the shéar at the wall as a résult of the velocity gradient can, if
not destroy, definitely damage the protectiv.e oxide film. Therefore_, there is no theoretical
justification for such a narrowing of deﬁnitions.‘rMoreover, there is no pracﬁcal way tb .
determine whether a given failuré was caused'by pure metal dissolution or in combination with

oxide layer damage by shear- or cavitations-induced stresses. In areas where there is a large

pressure drop, such as in discharge piping from pumps, both cavitations and FAC may cause
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wall thinning. Since, according to Dr. Horowitz, CHECWORKS 1s limited to predicting wall

’

thinning by dissolution, only that type of potential pipe failure will be detected.

Dr. Horowitz also implies at A5 that small leaks result from erosi&m, not from FAC. 1
don’t believe that this has bee/n shown to be the case. The need to prevent wall thinning and
piping ]‘eaks is dicta;ted by safety considerations and not by selective and narrow definitions.
ther causes of wall thinning (droplet impingement, cavitation, erosion, pitting) should not be
excluded from inspection prografns because CHECWORKS predictio(ns of wall thinning do not

account for such mechanisms.

Q46. At A34, Entergy’s witness asserts that there is no need to calibrate CHECWORKS
following the power uprate at VY. Did he provide support for this assertion?

‘Ad6. No. Dr. Horowitz provides no support for his assertion that there is no need to calibrate
- CHECWORKS following the power uprate at VY. As I have discussed in my report, Exhibit

NEC-JH_36 at 4, the corrosion rate can vary by as much as the velocity to the 6th power .

Q47. At A38, Dr. Horowitz states that NEC is only concerned with CHECWORKS and
not with the FAC program at VY. Is that a correct interpretation of NEC’s position?

A47.  No, itis not. NEC is conceined with the FAC program becaﬁse its validity 1s based in
large part on the use of CHECWORKS, which NEC considers unréliable.{ The scope of the FAC
program, mainly how many componeﬁts are inspected,\what is the grid size, and how often t,o
inspect a éiven cofnponent depend on the ability to pfedict corrosion rates. Since Entergy

: )
identified CHECKWORKS as the only tool fhat predicts and selects components for inspection,
ob\}iously CHECKWORKS is a focus of attention. En;[ergy never provided any specific

information about other tools that are used to detect wall thinning.
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Q48. At A39,40 and 41, Dr. Horowitz denies that 10-15 years would be required to
calibrate CHECWORKS. Does he provide supporting data? And do you now agree with
his position? '

Ad48. Entergy’s witngss provides absolutelyi no data to support his position. Paraphrasing the
EPRI guidelines NSAC 202L and pointing out that VY has been collecting FAC 'data,since 1989
does not explain how an empiricél code, which presumably was calibrated under one set of
operating conditions, can reliably predict FAC under diff;:ren; conditions without recalibration.
Dr. Horowitz does not discuss how CHECWORKS meets the NRC requirements for using
analytical codes in power plants. Such codes must be assessed and benchmarked against
measured plant data. The ber\whmarkihg must be valid within the range in which th? data was \

provided. Exhibit NEC-JH_35 at 190

\‘ \

I absolutely disagree with Entergy’s witness. FAC in most cases is a slow process; the
fact that some selected components have as yet shown no measurable wall thinning as a result of
the uprat‘e proves nothing. As pointed out in NEC —JH 36 at 15 and 16, this is the reason why 12

to 15 years would be required to monitor all the susceptible components to establish confidence

in the ability of predicting the scope of FAC inspection during refueling outages.

Contrary to commonly accepted engineering principles, Entergy’s witness insists that
( .
there is no need to calibrate the code even though plant conditions have changed. Further, even
though he does not characterize it as calibration, Dr. Horowitz recogn{izéd the need to increase
* the inspection scope by 50% tb_ account for the power uprate. He did not disclose, however,

what fraction of the total FAC-susceptible area in the VY plant the proposed increased _

monitoring would represent.
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Q49. At A42 Mr. Fitzpatrick and Dr. Horowitz claim that CHECWORKS and EPRI
; guidelines and 30 years of research have eliminated the need to increase the scope of FAC
~ inspection as recommended by NEC. Are they correct?

A49. No. Entergy’s witnesses failed to point out the hundreds of pipe failures both small and
~ large in the last 30 year13, including the Sﬁrry accidents. Thcy dismiss many as not,fglevant
because CHECWORIéS was either not available or was not properly used. They failed to |
mention that EPRI guidelines were published before the Surry and-the Trojan accidents. See,

Erosion/Corrosion in Nuclear Steam Plant Piping: Causes and Inspection Program Guidelines,

EPRI 3944s, April 1985.

Q50. Dr. Horowitz has complained at A39, A40 and A41 of his testimony that failures at
San Onofre Unit 3, Millstone and Sequoyah were not included in the 16 years average
described in Exhibit NEC-JH_36 at Table 2. How do you respond?
A50.  Table 2 was not interided to cover all reactor accidents. It was focused primarily on

. o \ N .
major and risk-significant components and included both short exposure time and long exposure
time failures. Contrary to Dr. Horowitz’s statement, Sequoyah was included in Table 2. [ agree
with him that many more components could have been included in Table 2, however, I doubt that
. expanding the list would affect the conclusion that more than 15 years can pass before a major

\

FAC-related failure would occur.

Q51 At A44, Dr. Horowitz appears to suggest that the oxygen concentration at VY did
not change in 2003 Is he wrong? /

A51.  Yes, as shown below he is wrong, and his statements are misleading. See, Exhibit NEC-
. S

JH 36 at 15. VY did reduce the oxygen content in the plant in 2003. Exhibit NEC-JH_18 at 3.2

states the date when the switch from NWC to HWC was made. Entergy’s CUFen calculations at

lower oxygen conéentrations, which NEC’s Contentions 2A and 2B address, were based.on that
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date. Plant data on oxygen concentrations show that, with the'exc‘eption of the feedwater line,

there was a significant reduction in oxygen in the plant. See, Exhibit NEC-JH_06 at A2.

Furthermore, [

-~
-
.
-

If Dr. Horowitz restricts his comment to the feedwater line only, he is misrepresenting

NEC’s position, which clearly indicated that discussion was not restricted to the feedwater line.
- | .

_Q52. At A45, Dr. Horowitz stated that he does not agree to !the following statement you
made in your report, Exhib\it NEC-JH_36 at 15: “The observation that CHECWORKS can
bound plant data between 100-200 mils/year . . . without specifying how each variable

- separately effects corrosion, does not address the issue of how the corrosion rate at a given

location would be affected when the velocity Pchanges by 20% at a giVen plant.” How do

you respond? \ 3

Even though the above is a key issue in NEC Contention 4, Dr. Horowitz finds it

A

sufficient to provide a non-specific and non-quantitative reply. He completely ignores the

lengthy discussion in my repor’i, Exhibit NEC-JH_36.at 2-6.

Dr: Horowitz merely states at A45:

As discussed above, the correlations built into CHECWORKS are based on
laboratory experiments . on modeled geometries, published correlations, and
operating data from many nuclear units. ,

\\ -

Dr. Horowitz did not provide any correlations that are used in CHECWORKS. And the data that

was published (See, Exhibit NEC-JH_36 at 24) shows clearly that CHECWORKS predictions

J

are not consistent with plant observations. Moreover, the predictions vary between + 60% and -

4
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70%. Further, the predictions do not indicate how the local corrosion for a given component

would be affected by changes in velocity.

-

< N ’ . .
Dr. Horowitz’s reference E4-09 provides only a list of several plants with recejnt uprates

\

above 15% and a statement that there were no major piping failures in the above plants. I

emphatically do not agree with Entergy’s witﬁess that tl}ié somehow constitutes a scientific proof
| that CHECWORKS can predict FAC rates following qhanges in pl‘aﬁt operating conditions.

Again, he has neglécteﬁ to indicate what fraction of the total -piping would be included in the

- CHECWORKS program.

. QS53. At A47, Dr. Horowitz states that you are incorrect tH\at FAC is a non-linear }
phenomenon. Please respond. ' B
AS3.  Inmy report, Exhibit NEC-JH_36 at 4 and 19, I provided an-explanation as to why FAC
varies locally and may not be linear. It should also be noted that the time\sc‘ale for the

nonlinearity was not specified in the model. Since FAC represents a slow process, the time scale

(

may be on the order of years, not hours.

\

Dr. Horowitz cites Exhibit E4-19, Figures 7-6, and E-4-08 Figures 3-6 and 3-7. These

)

figures do not support his statement by any stret/ch of the imzfginatiogl. As diécuss,ed in Exhibit
’NEC—JH_3‘6 at 5,’1aboratory'daté introduce s;:aling issues and the test ;iurati(/)p is limited. T/he
testé in E4-19 are short duration tests (500-2000 hrs). Even if one accepts Dr. Horowitz’s
argﬁmént that 4.5 years/,wbuld be sufficient to benchmark CHECWORKS, the cited t;sts

represent a time period which is only 1-5 % of the total time of interest. The tests were

N N / s :
conducted on small mild steel specimens of unknown initial surface finish.

J
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. The extrapolation of the above results to real components (including plain carbon steel)

that have been exposed to the reactor environment for 35 years under a range of operating

conditions is ludicrous.

The tests in Figures E4-08, Figures 3-6 and 3-7, were conducted for an even shorter
period of time (400-650 hrs ). They were conducted to test the effect of copper ions on

corrosion, and provide no information whatsoever on the linearity of FAC. Furthermore the

\‘ i N
corrosion rates were determined by measuring very small changes in activity of the specimen.
3 . /

They represent only the average corrosion rate at the surface of the entire specimen. This has
nothing to do with the time-dependent phenomena discussed in my\repon, Exhibit NEC —JH_36

at 4 and 19.

. At A47, Dr. Horowitz makes the following statement:

With respect to the allegedly local nature of FAC wear, although local FAC wear
is occasionally seen — normally near a geometric discontinuity — such local wear
usually results in only minor effects (e.g., leaks), The normal feature of FAC
‘wear — widespread wear over an extended area— is what causes significant
problems (e.g. the need for pipe replacements or the occurrence of pipe .
ruptures). ' ‘

Welds,‘entrance and exits to and from nozzles, elbows, and surface roughness, as discussed in
\

Exhibit NEC —JH_36 at 4 and 19, are all discontinuities. I cannot fathom how Dr. Horowitz can

1
o

imply that these are not important.
~ CoN

Dr. Horowitz also misinterprets the use of the word local. In the context of this
discussion, “local” refers to pipe segments which can vary from a square inch or so to hundreds

of square inches. It also can refer to surface discontinuities.. Surfaces will exhibit a combination

!

of uniform, smooth and rough areas. As already mentioned above, the corrosion in elbows is

A
t
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normally found on the extrados, whether or not it is uniform. The wall thinning is local with
respect to the elbow and it can be approximately uniform within a given section of the

P . K
component. When the corrosion is not linear with time and the corrosion attack can be highly

local, it makes prediction of future rates and wall thickness measurements very difficult.

Dr. Horowitz is disfrqcting from this issue by focusing on making distinctions between
pipe ruptures and pipe leaks. His characterization of the failure at Surry is completely wrong,
Dr. Horowitz ‘s;ated at A47: “By contrast, at ‘Surry, tilere was\ not localized wail th\inning,’i and
“The gldbal nature of the FAC damage is \consistent with experiér}ce of FAC induced rupture.”
Dr Horowitz is contradicted by a TVA document authored by D. W. Wilson, Project Engineer at
Sequoyah. Referring to the Surry accident, Mr. Wilson stated: “The rupture waé caused by
localized wz‘ﬂl thinning at a pipe to elbow weld. The thinning was 'ic.lentiﬁed as erosion-

7/

corrosion.” Exhibit NEC-JH 70 at 2.

I personally have not conducted a detailed failure analysis, but I did notice the
combination of uniform and non-uniform appearance of the elbow surfaces while visiting the

Surry plant shortly after the accident in December 1986.

A

Dvr. Horowitz appeaf\s to be confusing the nature of wall thinning with pipe rupture or a
pipe leak. Whether a pipe ruptures orI develops a small leak would depend ;)n the degree of wall
thinning and the nature and intensity \of the applied loads. Making a distinction between é pipe
rupture vor a large leak is n‘ojc important unless one can demonstrate that a given leak will not lead
to a catastrophic core melt. The NRC has not yet accepted the concept of “leak before break.”

The three ruptures that Dr. Horowitz described at A47 occurred at normal operating conditions.

A valid FAC program must also brotect the pipes from design basis loads. It is apparent to me

38



that Dr. Horowitz, though he is undeniably very zealous.about CHECWORKS, has not
considered the many different safety issues which are associated with wall thinning.

Q54. At A48, Dr. Horowitz disputes your view that it is the local velocity and not the
. calculated average velocity that controls local turbulence. Please respond.

AS54. Dr. Horowitz misrepresents my view of this issue stated in Exhibit NEC-JH 36 at 3. It is

'

incorrect for Dr. Horowitz to state that  have stated that a pressure dlfop across corriplex
geometries wouldl have fequired CFD type ;:alculatibns bepause of my statement that wall‘ '
thinning varies with the local charééteristics of FAC. .See, Exhibits NEC —JH_53 at 48, 65 and
NEC-JH_40. Inever stated that pressure drop calculations would commonly require CFD type

‘ qnalysis. The analogy with pressure drop is not valid, because here one is interested ~in the
pressure drop across the entire co/mpon.ent, not in the local Vériation of the pressure drop,
experimental Kc values are sufﬁcient to determine pumping requirements. Failures due to FAC
are local and require the local velocity for valid‘assessment. A simple proof of this point is the
fact that surfaces on the outer diameter éf bends wear faster than those on the inner diameter. As
pointed out in Exhibit NEC-JH_36 at 3, the average velocity may rémain the same but the local |

\

corrosion rate may increase due to local geometry changes.

Table 3-1 and Table 7-1 in E4-08 contain average mass transfer coefficients as discussed

in NEC-JH_36(at 2,3 and 4. These coefficients can be obtained in any mass or heat transfer

handbook; they have little to do with the determination of the local variation of corrosion rates in

various components. This only indicates that CHECWORKS can be used as a general screening

\ . .
“tool, i.e. comparing various geometries with respect to their vulnerability to FAC damage, a fact

~ which NEC never denied. Figure 7-2 .only verifies NEC’s contention that corrosion rates vary
with location depending on the intensity of the local turbulence. The factor A in that figure

/ 39 ;
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comes from EDF data and varies by an order of magnitude, depending on the component, with

an RMS of 50%. A represents the total mass transfer coefficient, not the local variation of the
. . : . 7
mass transfer coefficient.  The equation A =A + BxA is not referenced and its validity is not

explained. It is apparently an attempt to account for local variations of »turbule\nce under some
unspecified condition. - The above equation may be used for screening components but not to

predict local corrosion rates as, for example, described in Exhibits NEC-JH_53 at 65 and NEC —
_/ .
JH_36 at 3, where the increase in the local turbulence intensifies the rate of corrosion. If wall

thinning was measured at Unit 1 at the Ohi power station according to an equation of the type
L

shown above, it would not have predicted the intense local thinning at the end of the curved

section of the pipe. See, Exhibit NEC —JH_53 at 65.

\
i

Q55.\ NEC-JH_36 at 3 explained in detail that the local mass transfer coefficients in
curved pipes in turbulent flow are expected to vary as the velocity square because
turbulent mixing is promoted by the éent?ifugal force which varies with the square of the
velocity. Also as indicated in NEC-JH_40 at Eq 22, erosion by droplet impingement varies
with the square of droplet velocity At A49, Dr, Horowitz disputes this observation. How
do you respond? ‘ ‘

A55. Dr. Horowitz provided no re}le-vant data to support his statement in A49. The figures in
E4-22 and 23 do not dispute the dependence of the mass transfer coefficient in fully developed
turbulent flow straight tubgs and curved pipes. They are complétely irrelevant to the issue raised

by Q49. (

~

With regard to my observation that the mass transfer coefficient varies with the 0.8"
power, Dr. Horowitz appears to agree by saying that the mass transfer varies between 0.5 and
1.0. The 0.5 is related to laminar flow and my observation was addressed to turbulent flow.

Without providing any support, Dr. Horowitz makes the bald statement that the corrosion rate is
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directly proportional to the mass transfer coefficient. In NEC-JH 36 at 4 and 20, 1 discussed and
provided a considerable athount of data showing that the corrosion rate may vary as the cube of |

the mass transfer coefficient, and therefore as a pdwer of 2.4 to 6 of the velocity. -

Dr. Horowitz’s unsupported statement that data from all sources shows that erosion rate

varies less than linearly is simply not true.

'

Q56. At A50, Dr. Hbrowitz states that “the successful use of CHECWORKS and it’s [sic]
predecessor programs for more than 20 years provides additional support for the claim
that CHECWORKS is an effective tool for inspection planning.” Please respond.

AS56.  The hundreds of pipe failures during this period, as documented by NEC, certainly do

not support that statement. See, Exhibit NEC-JH_36 at 8, 9 and 10.

Q57. At A56, Dr. Horowitz comments on your statement that Entergy believes that “the
length and the highest velocities control corrosion.” Dr. Horowitz asserts that this quote is
lifted from ACRS transcripts. Is he correct? '

AS57. Dr. Horowitz is wrong. This statement was not taken from ACRS transcripts. It is not
 taken out of context, nor is it misunderstood. The statement was made by Ent/efgy directly in
“reply to NEC3s Petition and not in a reply to the ACRS. See, Entergy’s Answer to New England

Coalition’s Petition for Leave to Intervene, Request for Hearing, and Contentions (June 22,

2006) at 33. /

A

Q58. Please list any references to this testimony that were not filed as Exhibits to your
direct testimony. - p

ASS.

1. Memorandum to H.L. Abercrombie, Site Director, Sequoyah Nuclear Plant from
D.W. Wilson, Project Engineer, Sequoyah Nuclear Plant, “Sequoyah Nuclear -
“Plant Units 1 and 2 — Preliminary Report on the Condensate-Feedwater Piping -
Inspection —  Suspected Erosion-Corrosion Areas (January 27, 1987). Exhibit
NEC-JH_70.

)
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I also now submit two papers cited as references to my FAC report in support of NEC’s

Statement of I[nitial Position, Exhibit JH-NEC_36: -

1. G.J. Bignold, et al Paper 1, Water Chemistry 11, BNES, 1980. Exhibit NEC-
JH 71.

2. 1S. Woolsey. et. al., “Paper 96. The influence of oxygen and hydrazine on the
erosion-corrosion behav10r and electrochemical potentials of carbon steel under
boiler feedwater conditions. Exhibit NEC-JH_72.

"Q59. Does that complete your rebuttal testlmony?

AS9. Yes. S
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I declare under penalty of perjury that the foregoing is true and carrect.

\

, 7'/:/»12, D, KRoadB

At , Maryland, this day of May, 2008 personally .appeared
Joram Hopenfeld, and baving subscribed his name acknowledges his signature to be his
free act and deed. . /
Before me:
\
/ Notary Public '

My Commission Expires
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REPORT SUMMARY

For about the last 15 years, the effects of light water reactor environment on fatigue have been
the subject of research in both the United States and abroad. Based on a risk study reported in
NUREG/CR-6674, the NRC concluded that reactor water environmental effects were not a
safety issue for a 60-year operating life, but that some limited assessment of its effect would be
required for a license renewal extended operatmg period beyond 40 years. This guideline offers
methods for addressing environmental fatigue in a license renewal submittal.

Backgrou nd

Many utilities are currently embarking upon efforts to renew their operatmg licenses. One of the
key areas of uncertainty in this process relates to fatigue of pressure boundary components.
Although the NRC has determined that fatigue is not a significant contributor to core damage
frequency, they believe that the frequency of pipe leakage may increase significantly with
operating time and have requested that license renewal applicants perform an assessment to
determine the effects of reactor water coolant environment on fatigue, and, where appropriate,
manage this effect during the license renewal period. As the license renewal application process
progressed starting in 1998, several utilities addressed this request using different approaches. In
more recent years, a unified approach has emerged that has obtained regulator approval and
allowed utilities to satisfactorily address this issue and obtain a renewed operating license for 60
years of plant operation.

Obijectives
-« To provide guidance for assessment and management of reactor coolant environmental

effects

‘To minimize the amount of plant-specific work necessary to-comply with NRC requirements '
for addressing this issue in a license renewal application

e To provide “details of execution” for applying the environmental fatigue approach currently
accepted by the NRC in the license renewal application process.
s

~ Approach

The project team reviewed previous work by EPRI and utilities related to fatigue environmental
effects and license renewal including reports on this subject created by EPRI, NRC, and NRC
contractors. Recent license renewal applications, NRC Requests for Additional Information, and
the commitments made by the past license renewal applicants provided insight into NRC
expectations. After evaluation of all this information, the project team developed alternatives for
addressing fatigue environmental effects. This revision provides guidelines based on industry
experience, consensus, and insight gained from more than six years of experience with this issue
and the license renewal approval process.



i

Results ‘ \
The report describes a fatigue environmental effect license renewal approach that can be applied
by any license renewal applicant. It provides guidelines for performing environmental fatigue
assessments using fatigue environmental factors from currently accepted F, methodology.
EPRI Perspectlve
Utilities have committed sngmﬁcant resources to license renewal activities related to fatigue.
Based on'input from applicants to-date, NRC requirements for addressing fatigue environmental
effects.continued to change for the first few applicants, but more recently have become more
unified- These guidelines were developed to provide stability, refined guidance, and assurance of
NRC acceptance and include an approach that may be taken to address fatigue environmental
effects in a license renewal application. Use of the approach provided in this document should
limit the amount of effort necessary by individual license renewal applicants in addressing this
requirement and putting activities in place for the extended operatlng period to manage reactor
- water env1ronmental effects on fatigue.

AN . -
Keywords
Fatigue :
License Renewal |
Reactor Water Environmental Fatigue Effects | (
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ABSTRACT | - -

/

For about the last 15 years, the effects of light water reactor environment on fatigue have been
the subject of research in both the United States and abroad. The conclusions from this research
are that the reactor water temperature and chemical composition (particularly oxygen content or
ECP) can have a significant effect on the fatigue life of carbon, low alloy, and austenitic stamless
steels. The degree of fatigue life reduction is a function of the tensile strain rate during a
transient, the specific material, the temperature, and the water chemistry. The effects of other
than moderate environment were not considered in the original development of the ASME Code
Section III fatigue curves. .
This issue has been studied by the Nuclear Regulatory Commission (NRC) for many years. One
of the major efforts was a program to evaluate the effects of reactor water environment for both
early and late vintage plants designed by all U.S. vendors. The results of that study, published in
NUREG/CR-6260, showed that there were a few high usage factor locations in all reactor types,
and that the effects of reactor water environment could cause fatigue usage factors to exceed the.
ASME Code-required fatigue usage limit of 1.0. On the other hand, it was demonstrated that
usage factors at many locations could be shown acceptable by refined analysis and/or fatigue
monitoring of actual plant transients.

Based on a risk study reported in NUREG/CR-6674, the NRC concluded that reactor water
environmental effects were not a safety issue for a 60-year operating life, but that some limited
assessment of its effect would be required for a license renewal extended operating period
beyond 40 years. Thus, for all license renewal submittals to-date, there have been formal
questions raised on the topic of environmental fatigue and, in all cases, utility commitments to
address the environmental effects on fatigue in the extended operating period. Many plants have -
already performed these commitments.

"'This guideline offers methods for addressing environmental fatigue in a license renewal
submittal. It requires that a sampling of the most affected fatigue sensitive locations be
identified for evaluation and tracking in the extended operating period. NUREG/CR-6260
locations are considered an appropriate sample for F, evaluation as long as none exceed the
acceptance criteria with environmental effects considered. If this occurs, the sampling is to be
extended to other locations. For these locations, evaluations similar to those conducted in
NUREG/CR-6260 are required. In the extended operating period, fatigue monitoring is used for
the sample of locations to show that ASME Code limits are not exceeded, If these limits are
exceeded, corrective actions are identified for demonstrating acceptablhty for continued-
operation.

N vil
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X

-Using the guidance provided herein, the amount of effort needed to justify individual license
renewal submittals and respond to NRC questions should be minimized, and a more unified,
consistent approach should be achieved throughout the industry. More importantly, this revision
provides “details of execution” for applying the environmental fatigue approach currently
accepted by the NRC in the license renewal application process.
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INTRODUCTION

1.1 Objectives

/

The nuclear industry has discussed the issue of reactor water environmental fatigue effects with
the U. S. Nuclear Regulatory Commission (NRC) staff for several years. All of the license
renewal applicants to-date have been required to commit to an approach to evaluate the effects of
reactor water environment on specific Class 1, reactor coolant system components for the license

. renewal term in order to obtain approval for a renewed license.

This report provides discussion of an approach that may be used for addressing reactor water
environmental effects on fatigue of reactor coolant system components in the extended operating
period (after 40 years). Specific guidance for calculating environmental fatigue usage factors for
NUREG/CR-6260 [2] locations is provided using the methodology documented in NUREG/CR-
. 6583 [3] and NUREG/CR-5704 [4]. This report does not provide guidance on addressing fatigue
as a Time Limiting Aging Analysis (TLAA) per 10CFR54. The details of monitoring thermal
fatigue for acceptance are contair}ed in Reference [23].

Thus; the objectives of this report are as follows:

1. To provide guidance for evaluating the effects of reactor water environmental effects on
fatigue for license renewal applicants, '

2. To provide specific guidance on the use of NUREG/CR-6583 for carbon and low alloy steels
[3] and in NUREG/CR-5704 for austenitic stainless steels [4] in plant specific evaluations of
the effects of reactor water environmental effects on fatigue, .

3. To provide separate guidance for pressurized water reactors (PWRs) and boiling water
reactors (BWRs) to assist in the development of reasonable estimates for the significant
parameters (e.g., oxygen, temperature, and strain rate) requ1red by the envxronmental fatigue
assessment methodology at evaluated locations, -

4. To provide approaches for removing excess conservatism in existing fatigue analyses to
offset the impact of environmental effects,

5. To provide alternatives for managmg environmental effects using- ﬂaw tolerance evaluation
and inspection,

6. To provide guidance that minimizes the amount of effort needed to justify individual license
renewal submittals and respond to NRC questions, and promote a more unified, consistent
approach throughout the industry, and

7. Incorporate “Lessons Learned” from ASME Code activities supported by the MRP

associated with this topic.
1\
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). - N 1
This iguideline document includes appropriate logic to allow users to efficiently perform
environmental fatigue calculations for a plant pursuing license renewal activities. Thelogic is
provided such that some components can be evaluated using simplified methods, whereas others
can be evaluated using more complex methods.\

. Finally, this document also summarizes the approaches for addressing fatigue environmental
effects in the extended operating period used by those applicants that have already submitted the
license renewal applications.

'
s

-~
1.2 Compliance Responsibilities

The Industry Guidelines contained in this report are considered to be “Good Practice’’.

1-2
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'BACKGROUND

2.1 Research Resdlts

i r

NRC research in the area of reactor water environmental effects on fatigue began in the early
.1990s. Based on testing both in Japan and in the U.S., fatigue life in a light water reactor (LWR)
environment was determined to be adversely affected by certain water chemistries, strain
amplitude, strain rate, temperature and material sulfur content (for ferritic steels). Whereas LWR
pressure boundary components are in contact with the reactor water at elevated temperatures, the
fatigue curves in Section III of the ASME Boiler and Pressure Vessel Code were based on testing
in air, primarily at room temperature, adjusted by a structural factor in-part to compensate for
temperature and “industrial” environments. In 1993, a set of “interim” fatigue curves for carbon,
low alloy, and stainless steels were published in NUREG/CR-5999 [1] based on the results of
research testing at that point in time. )

To détermine the effects of the environment in operating nuclear plants during the current 40-
year licensing term and for an assumed 60-year extended period, Idaho National Engineering
Laboratories (INEL) evaluated fatigue-sensitive component locations, and documented their
results in NUREG/CR-6260 [2]. Using information from existing reactor component stress
reports, supplemented by additional evaluations, cumulative fatigue usage factors (CUFs) were
calculated for plants designed by all four nuclear steam supply system (NSSS) vendors utilizing
the interim fatigue curves provided in NUREG/CR-5999 [1]. The results showed that CUFs
would exceed 1.0 at several-locations, although the CUFs at many of these were shown to be less
than 1.0 if excessive conservatisms were removed from the évaluations. :
( .
Continued research led to chaﬁges to the fatigue curves utilized in deriving the results presented
in NUREG/CR-6260 [2]. The latest proposed environmental fatigiie correlations are presented
in NUREG/CR-6583 [3] for carbon and low alloy steels and in NUREG/CR-5704 [4] for
austenitic stainless steels. These approaches do not use the revised fatigue curve approach
originally defined in NUREG/CR-5999, but instead employ a selective environmental fatigue .
multiplier, or F_, approach that is defined as follows:

en?
Y
\

1
f

‘ F — Nair'

’ . ' en
™ _ ‘ N ater
J
where: . F = environmental fatigue multiplier

: fatigue life (number of cycles) in air, at room temperature
: = fatigue life (number of cycles) in water (environment), at
temperature ‘
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The fatigue usage derived from air curves is multiplied by F_ to obtain the fatigué usage in the
associated environment. , o _

More recently, an evaluation was conducted to assess the implications of LWR environments on
reducing component fatigue for a 60-year plant life. This study, based on the information in
NUREG/CR-6260 [2] and documented in NUREG/CR -6674 [5], concluded that the
“environmental effects of reactor water on fatigue curves had an insignificant contribution to core
damage frequency. However, the frequency of pipe leakage was shown to increase in some cases. -
. ¢
2.2 License Renewal Environmental Fatigue Issue
The environmental fatigue issue for license renewal reached the current disposition via the
closeout of Generic Safety Issue 190 (GSI-190) [6] in December 1999. In a memorandum from
NRC-RES to NRC-NRR [7], it was concluded that environmental effects would have a
_negligible impact on core damage frequency, and as such, no generic regulatory action was .
required. However, since NUREG/CR-6674 [5] indicated that reactor coolant environmental
fatigue effects would result in an increased frequency of pipe leakage, the NRC required that
utilities applying for license renewal must address the effects of reactor water environments on
fatigue usage in selected examples of affected components on a plant specific basis. =

2.3 Industry/EPRI Programs

Following the issuance of NUREG/CR-6260 [2], EPRI performed several studies to
quantitatively address the issue of environmental fatigue during the license renewal period.

The initial efforts were focused on develbping a simplified method for addressing environmental
fatigue effects and evaluating more recent research results. The calculations reported in
NUREG/CR-6260 [2] were based on the interim fatigue design curves given in NUREG/CR-" >
5999 {1]. The conser\}ative approach in NUREG/CR-6260 {2] and NUREG/CR-5999 [1] over-
penalized the component fatigue analysis, since later research identified that a combination of
environmental conditions is required before reactor water environmental effects become
pronounced. The strain rate must be sufficiently low and the strain range must be sufficiently
high to cause repeated rupture of the protective oxide layers that protect the exposed surfaces of
reactor components. Temperature, dissolved oxygen content, metal sulfur content, and water
flow rate are examples of additional variables to be considered.

In order to take these parameters into consideration, EPRI and GE jointly developed a method,
commonly called the F, approach [8], which permits reactor water environmental effects to be
applied selectively, as ]ustlfled by evaluating the combmatxon of effects that contribute to
increased fatigue susceptibility.
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The F,, approach was used in several EPRI projects to evaluate fatigue-sensitive component
locations in four types of nuclear power plants: an early-vintage Combustion Engineering (CE)
PWR [9], an early-vintage Westinghouse PWR [10], and both late-vintage [11] and early-vintage
[12] General Electric (GE) BWRs. Component locations similar to those evaluated in
NUREG/CR-6260 [2] were examined in these generic studies.

The NRC staff has not accepted the studies performed by EPRI [13], primarily because the
environmental fatigue effects were based on data that was developed prior to the issuance of later
reports by Argonne National Laboratory (ANL) [3, 4]. The following issues were raised in a
letter from NRC to the Nuclear Energy Institute [13]:

e The environmental fatigue correction factors developed in the EPRI studies were not based
on the latest ANL test report. '

e The environmental factors developed in the EPRI studies were not based on a comparison of

environmental data at temperature to air data at room temperature.
\

e The NRC did not agree with the use of the reduction factors (Z-factors) of four (for carbon
steel) and two (for stainless steel) to account for moderate environmental effects (i.e., F,, ..
=F_/Z-factor). Instead, the NRC staff believed that the maximum factors that could be used:
were three (for carbon steel) and 1.5 (for stainless steel).

e There was disagreement on the strain thresholds that were used.

o The NRC staff did not agree that credit could be taken for the cladding in omitting
consideration of environmental effects for the underlying carbon steel/low alloy steel
materials, unless fatigue in the cladding was specifically addressed.

o The staff agreed with the use of a weighted average strain rate for computing env1ronmental
effects only if the maximum temperature of the transient was used. A

Based on NRC review of more recent Japanese and ANL data, NRC believes that no credit

should be given for inherent margins with regard to moderate environmental effects [14], i.e., the

- -above factor of 4 (EPRI)/3 (NRC) for carbon and low alloy steels, and 2/1.5 for stainless steels

should not exceed 1.0. '

' AN
The Pressure Vessel Research Council (PVRC) Steering Committee on Cyclic Life and
Environmental Effects (CLEE) has reviewed published environmental fatigue test data and the
F_, methodology. Based. on this review, the most recent findings by ANL have been incorporated
into the equations for the environmental factors. More importantly, it was concluded that the
environmental factors could be reduced, by factors of 3.0 for carbon/low-alloy steel and 1.5 for
stainless steel, to credit moderate environmental effects included in the current ASME Code

- fatigue design curves. The PVRC recommendations have been forwarded to the Board of
Nuclear Codes and Standards (BNCS) [15]. The recommended evaluation procedure is
published in Welding Research- Council (WRC) Bulletin No. 487 [18]. WRC-487 includes
evaluations based on recent data that would support reduction factors of 3.0 for carbon/low-alloy -

“steel and 1.5 for stainless steel.
- J
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. o
In conjunction with the PVRC efforts, the MRP reviewed all published industry fatigue data and
documented their review of the data and recommended assessment methodologies [19]. Based
on those findings, in 2003, the industry pursued a formal response t6 the NRC regarding the
above areas of disagreement for carbon and low alloy steels [20]. The NRC staff ruled against
this response in January 2004 [21] citing that an adequate technical basis was not provided to
support several of the assdmptions used in the industry’s proposal. As a result, EPRI has chosen
~ to work with the license renewal applicants on an industry guideline that defines evaluation
techniques that plants can use to satisfactorily achieve resolutions to the issues. These prototype
resolutions are formulated for use with F_ expressions whether from NRC, NUREG, PVRC or
other sources, with discussion provided for the NUREG methodology since that methodology is
currently accepted for use by license renewal applicants. The industry is pursuing longer-term
application of the PVRC rules through ASME Code changes. '

~



LICENSE RENEWAL APPROACH

3.1 Overview ‘ \

This document describes how the technical issues associated with reactor water fatigue
environmental effects evaluation may be addressed, and guidelines are provided on how to
perform environmental fatigue evaluations using the methodologies documented in NUREG/CR-
- 6583 [3] and NUREG/CR-5704 [4]. To assess the effects of reactor water environment on
fatigue life, a limited number of components (including those in NUREG/CR-6260 [2] for the
appropriate vintage/vendor plant) are to be assessed considering the effects of recent
environmental fatigue data. As explained below, NUREG/CR-6260 locations are considered an
appropriate sample for F, evaluation as long as none exceed the acceptance criteria with
environmental effects consxdered If this occurs, the sampling is to be extended to other
locations. These component locations serve as the leading indicators to assess the significance of
environmental effects. For this limited number of components, the effects of the environment on
fatigue life must be addressed and adequately managed in the extended operating period.

The process chosen to address environmental effects by the first few apphcants for hcense
renewal varied. After a series of requests for additional information, the process that the NRC
accepted for Calvert Cliffs and Oconee involved an analytical approach coupled with future-
planned refinemients in their plant fatigue monitoring. Since that time, there has been acceptance
of the approaches used by other applicants, and some applicants have committed to perform

- evaluation only just before entering into the license renewal period (i.e., prior to. the end of 40
years). Appendix A provides the results of an industry survey of hcense renewal apphcants to-
date describing the varied approaches that have been used

In many cases, the commitment to perform evaluation later by some of the license renewal
applicants has been based on uncertainty and lack of consensus on this topic throughout the
industry, and reflects a “wait-and-see” attitude and an avoidance of expending resources now on
an issue that may change later. Therefore, it is the intent of this report to develop guidelines for
aging management of reactor water fatigue effects for license renewal, so that an acceptable and
more unified approach for addressing this issue will be clearly documented for future license
renewal applicants.

These guidelines provide a process to address environmental effects in the License Renewal
Application, and provide specific guidance on the use of currently accepted environmental
fatigue evaluation methodologies. Where necessary, these guidelines are consistent with the
Thermal Fatigue Licensing Basis Monitoring Guidelines [23], based on today’s knowledge and
industry experience. The elements of this approach may change in the future as more
information becomes available. Attributes of the fatigue management activity are as follows:



License Renewal Approach

SCOPE

The scope is discussed in-detail in Section 2.5.2 of Reference [23]. NUREG/CR-6260
locations will be captured and thus automatically included by the activity steps discussed

therein.

PREVENTIVE ACTIONS

Cracking due to thermal fatigue of locations specifically designed to préclude such cracking
is prevented by assuring that the thermal fatigue licensing basis remains valid for the period
of extended operation. The actions taken in Thermal Fatigue Licensing Basis Monitoring are
based on reliance on the standards established in ASME Section 1II and ASME Section XI.

PARAMETERS MONITORED OR INSPECTED

Monitored parameters are defined and discussed in detail in Sections 2.5.2 and 2.6 of
Reference [23].

DETECTION OF AGING EFFECTS

The only detectable aging effects of fatigue are the presence of cracks. These cracks may
initiate earlier in life and grow to a detectable size sometime after the CUF exceeds 1.0. The

- Inservice Inspection Plan as governed by ASME Section XI administers a set of actions

relative to the inspection for, detection of, and disposition of crack like indications. This
guideline is a sister guideline to the Thermal Fatigue Licensing Basis Monitoring Guideline
but is not a part of it. ’
The Thermal Fatigue Licensing Basis Monitoring Guideline tracks the margin allotted to the
point of CUF =1 (or to a lesser threshold point) as a way of tracking the life expended prior
to the onset of structurally relevant fatigue cracking. Refer to Sections 2.5.2 and 2.6 of

- Reference [23] for a discussion of the parameters monitored for this purpose.

3-2

MONITORING & TRENDING

Sections 2.5.2 and 2.6 of Reference [23] provide a discussion of the parameters monitored
and the trending of those parameters as the component fatigue life is expended.
ACCEPTANCE CRITERIA

Sections 2.5.2 and 2.6 of Reference [23] prSvide a discussion of the para}neters monitored,

the establishment of acceptance criteria for those parameters, and the trending of those
parameters as the component fatigue life is expended.

CORRECTIVE ACTION

Section 2.6.3 of Reference [23] provides a detailed discussion of the application of the
corrective action requirements. -

CONFIRMATION PROCESS

The confirmation process is part of the corrective action program.
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9. ADMINISTRATIVE CONTROLS

The Thermal Fatigue Licensing Basis Momtormg Guideline actions are 1mplemented by
plant work processes.

10. OPERATING EXPERIENCE

Refer to Sections 1 1 and 2.5.2.3 of Reference [23] fora discussion of how operating
experience becomes part of the Thermal Fatigue Licensing Bas1s Monitoring Guideline
implementation.

’ 3.2 Method for Evaluation Qf Environmental Effects

There are several methods.that have been published to assess the effects of reactor water
environment on fatigue for each specific location to be considered. In this document, guidance is
provided for performing evaluations in accordance with NUREG/CR-6583 [3] for carbon and
low alloy steels and NUREG/CR-5704 [4] for austenitic stainless steels, since these are the
currently accepted methodologies for evaluating environmental fatigue effects. Other methods
that have been published, including those currently being used in Japan, are documented in
References [18] and [22].

Figure 3-1 is a flowchart that shows an overview of the assessment approach.

e The first step is to 1dent1fy the locations to be used in the assessment This step is discussed
in Section 3.2.1 .

e The second step is to perform an assessment of the effects of env1ronmental fatigue on the
locations identified in.Step 1. This includes an assessment of the actual expected fatigue
usage factor including the influence of environmental effects. Inherent conservatisms in (
design transients may be removed to arrive at realistic CUFs that include environmental
effects. This approach is most applicablé to locations where the design transients
significantly envelope actual operating conditions in the plant. Further discussion is |
provided in Section 3.2.2. Specific guidance on performmg such evaluatxon is prov1ded in
Section 4.0. : :

e The bottom of Figure 3-1 indicates that fatigue management occurs after the evaluation from

' y Step 2 is performed for each location. This may be as simple as counting the accumulated
cycles and showing that they remain less than or equal to’the number of cycles utilized in the
assessment performed in Step 2. On the other hand, it may not be possible to show continued
acceptance throughout the extended operating period such that additional actions are
required. Such options are discussed in Section 3 3. Refer also to Reference [23] for a
discussion of cycle counting. \

3-3
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Figure 3-1 ' ' - . \
Overview of Fatigue Environmental Effects Assessment and Management |, '

3.2.1 Identification of Locations for Assesément of Environmental Effects

A sampling of locations is chosen for the assessment of environmental effects. The purpose of
identifying this set of locations is to focus the environmental assessment on just a few =
components that will serve as leading indicators of fatigue reactor water environmental effects.
Figure 3-2 shows an overview of the approach identified for selecting and evaluating locations. -

For both PWR and BWR plants, the locations chosen in NUREG/CR-6260 [2] were deemed to

be representative of locations with relatively high usage factors for all plants. Although the

locations may not have been those with the highest values of fatigue usage reported for the plants

evaluated, they were considered representative enough that the effects of LWR environment on
-fatigue could be assessed. '

The locations evaluated in NUREG/CR-6260 [2] for the appropriate vendor/\}intage plant should
be evaluated on a plant-unique basis. For cases where acceptable fatigue results are demonstrated for
these locations for 60 years of plant operation including environmental effects, additional
evaluations or locations need not be considered. However, plant-unique evaluations may show
that some of the NUREG/CR-6260 [2] locations do not remain within allowable limits for 60 /
years of plant operation when environmental effects are considered. In this situation, plant
specific evaluations should expand the sampling of locations accordingly to include other
locations where high usage factors might be a concern. :

3-4
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i

“In original stress reports, usage factors may have been reported in many cases that are’

unrealistically high, but met the ASME Code requirement for allowable CUF. In these cases,
revised analysis may be conducted to derive a more realistic usage factor or to show that the
revised usage factor is significantly less than reported. :

/

If necessary, in identifying the set of locations for the expanded environmental assessment, it is
important that a diverse set of locations be chosen with respect to component loading (including
thermal transients), geometry, materials, and reactor water environment. If high usage factors
are presented for a number of locations that are similar in geometry, material, loading conditions,
and environment, the location with the highest expected CUF, considering typical environmental
fatigue multipliers, should be chosen as the bounding location to use in the environmental fatigue
assessment. Similar to the approach taken in NUREG/CR-6260 [2], the final set of locations
chosen for expanded environmental assessment should include several different types of

" " locations that are eéxpected to have the highest CUFs and should be those most adversely affected
by environmental effects. The basis of location choice should be described in the individual
plant license renewal application. :

A
In conclusion, the following steps should be taken to 1der1t1fy the specific locatlons that are to be
considered in the environmental assessment: :

Identify the locations evaluated in NUREG/CR-6260 [2] for the approprlate vintage/vendor
plant.

Perform a plant-unique environmental fatigue assessment for the NUREG/CR-6260
locations.

AN

If the CUF results for all locations above are less than or equal to the allowable (typically

- 1.0) for the 60-year operating life, the environmental assessment may be considered

complete; additional evaluations or-locations need not be considered.
3

If the CUF resulits for any locations above are greéter than the allowable for the 60-year

operating life, expand the locations evaluated, considering the following:

Identify all Class 1 piping systems and major components. For the reactor pressure
vessel, there may be multiple locations to consider.

For each system or component, identify the highest usage factor locations. By reasons
geometric discontinuities or local transient severity, there will generally be a few
locations that have the highest usage factors when considering environmental effects.

of

- From the list of locations that results from the above steps, choose a set of locations that

are a representative sampling of locations with the highest expected usage factors when

considering environmental effects. Considerations for excluding locations can include:

(1) identification of excess conservatism in the transient grouping or other aspects of the
design fatigue analysis, or (2) locations that have similar loading conditions, geometry,

material, and reactor water environment compared to another selected location.
{

3-5
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-3.2.2 Fatigue Assessment Using Environmental Factors

In performing an assessment of environmental fatigue effects, factors to account for
environmental effects are incorporated into an updated fatigue evaluation for each selected
locatjon using the F_ approach documented in NUREG/CR-6583 [3] for carbon and low alloy
steels and NUREG/CR-5704 [4] for austenitic stainless steels. Excess conservatlsm in the
loading definitions, number of cycles, and the fatigue analyses may be considered. Figure 3-3
shows the approach for performing the assessment and managing fatigue in the extended
operating period.

Determination of Existing Licensing Basis

Existing plant records must be reviewed to determine the cyclic loading specification (transient

definition and number of cycles) and stress analysis for the location in question. Review of the

analysis may or may not show that excess conservatism exists. Reference [23] provides

guidance on reviewing the original design basis, the operating basis, and additions imposed by

the regulatory oversight process, to determine the fatigue licensing basis events for which the
component is required to be evaluated. |

Consideration of Increased Cycles for Extended Period

: o T N
As a part of the license renewal application process, the applicant must update the projected
cycles to account for 60 years of plant operation. The first possible outcome is that the r}umbeﬁ
of expected cycles in the extended operating period will remain at or below those projected for
the initial 40-year plant life. In this case, the governing fatigue analyses will not require
modification to account for the extended period of operation.

The second possibility is that more cycles are projected to occur for 60 years of plant operation
than were postulated for the first 40 years. In this case, an applicant must address the increased
cycle counts. One possible solution is to perform a revised fatigue analysis to confirm that the
increased number of cycles will still result in a CUF less than or equal to the allowable. A
second possibility is to determine the number of cycles at which the CUF would be expected to
reach the allowable. This cycle quantity then becomes the allowable against which the actual
operation is tracked. Section 3.3 discusses options to be employed if this lower allowable is
projected to be exceeded. :

7 .
Fatigue Assessment .

Fatigue assessment includes the determination of CUF considering environmental effects. This
may be accomplished conservatively using information from design documentation and
«boundmg F_, factors from NUREG/CR-6583 [3] and NUREG/CR-5704 [4], or it may requ1re a
more exténsive approach (as discussed in Section 4.0). .

A revised fatigue analysis may or may not be required. Possible reasons for updating the fatigue

analysis could include: N

e Excess conservatism in original fatigue analysis with respect to modeling, transient
definition, transient grouping and/or use of an early edition of the ASME Code.

! 3-7
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e For piping, use of an ASME Code Edition prior to 1979 Summer Addenda, which included
the AT, term in Equation (10) of NB-3650. Use of a later code reduces the need to apply
conservatlve elastic-plastic penalty factors.

e Re-analysis may be needed to determine strain rate time histories possibly not reported in
existing component analyses, such that bounding environmental multipliers (i.e., very low or
“saturated” strain rates) would not have to be used.

A simplified revised fatigue analysis may be performed using results from the existing fatigue
analysis, if sufficient detail is available. Alternatively, a new complete analysis could be
conducted to remove additional conservatisms. Such an’evaluation would not necessarily need
the full pedigree of a certified ASME, Code Section III analysis (i.e., Certified Design
Specification, etc.), but it should utilize all of the characteristic methods from Section I1I for
“computing CUF.- In the environmental fatigue assessment, the environmental fatigue usage may
be calculated using the following steps: !

e - For each load set pair in the fatigue analysis, determine an environmental factor F_. This
factor should be developed using the equations in NUREG/CR-6583 [3] or NUREG/CR-
5704 [4]. (Section 4.0 provides specific guidance on performing an F_ evaluation)

e The environmental partial fatigue usage for each load set pair is then determined by

multiplying the original partial usage factor by F, . In no case shall the F_ be less than 1.0.

e The usage factor is the sum of the partial usage factors calculated with consideration of
environmental effects. ‘ :

Fatigue Management Approach

As shown in Figure 3—3, t}}e primary fatigué management approaches for the extended opérating '
period consist of tracking either the CUF or number of accumulated cycles.

e For cycle counting, an updated allowable number of cycles may be needed if the fatigue
assessment determined the CUF to be larger than allowable. One approach is to derive a
reduced number of cycles that would limit the CUF to less than or equal to the aliowable
value (typically 1.0). On the other hand, if the assessed CUF was shown to be less than or
equal to the allowable, the allowable number of cycles may remain as assumed in the
evaluation, or increased appropriately. As long as the number of cycles in the extended
operating period remains within this allowed number of cycles, no further action is required.

e For CUF tracking, one approach would be to utilize fatigue monitoring that accounts for the
actual cyclic operating conditions for each location. This approach would track the CUF due
to the actual cycle,accumulation, and would take credit for the combined effects of all
transients. Environmental factors would have to be factored into the monitoring approach or
applied to the CUF results of such monitoring. No further action is required as long as the
computed usage factor remains less than or equal to the allowable value.

Prior to such time that the CUF is projected to exceed the allowable value, or the number of -
actual cycles is projected to exceed the allowable number of cycles, action must be taken such
that the allowable limits will not be exceeded. If the cyclic or fatigue limits are expected to be -
exceeded during the license renewal period, further approaches to fatigue management would be
required prior to reaching the limit, as described in Section 3.3. Further details on guidelines for
thermal fatigue monitoring and compliance/mitigation options are provided in Reference [23].

3-8 - g
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’

3.3 Alternate Fatigue Management in the License Renewal Period

~

» 4
* As identified in Section 3.2, and discussed in detail in Reference [23], results from cycle
counting or fatigue monitoring may predict that estabhshed limits are exceeded during the
extended operating period. If this occurs, there are several alternative approaches which may be
‘ised to justify continued operation"with the affected component in service without having to
perform repair or replacement, as follows: A

e Reanalysis
e Partial Cycle Counting y

e Fatigue Monitoring v .

A

-e  Flaw Tolerance Evaluation and Inspection
e Modified Plant Operations ‘ 3

e Evaluation of Similar Components

/ !

In addition, the fatigue management program may need to be expanded if plant-unique or
industry experience shows that fatigue limits are exceeded or if cracking is discovered, due to
either anticipated or unanticipated transients. Refer to Reference [23] for a comprehensive
discussion of these items.

3.4 Guidance for Plants with B31.1 Piping Systems

Many plants that were designed in-the 1960s had piping systems that were deSl gned in
accordance with the rules of the ANSI B31.1 Power Piping Code. This Code did not requlre an
explicit fatigue analysis. However, the effects of thermal expansion cycles were included. If the
number of equlvalent full range thermal expansion cycles was greater than 7,000, the allowable
range of thermal expansion stress was reduced. There was no consideration of stresses due to
through-wall thermal gradients, axial temperature gradients, or bi- metalhc welds.

Although ANSI B31.1 and ASME Code,.Sect'ion I, Class 1 piping rules are fundamentally
different, experience in operating plants has shown that piping systems designed to B31.1 are
adequate. An evaluation of fatigue-sensitive B31.1 piping systems by EPRI [17] showed that
there were only very limited-locations in piping systems that exhibited high usage factors. In
each case, these locations could be easily identified. It was concluded that high usage factors
~occurred only at locations that experienced significant thermal transients such as step
temperature changes. In addition, the locations with high usage factors were always at a
structural or material discontinuity, such as pipe-to-valve or pipe-to-nozzle transition welds. - The -
report also noted that the design features of B31.1 plants are essentially no different than those in
more modern plants de51gned to ASME Code, Section 111, Class 1.

The high usage factor locations evaluated in NUREG/CR-6260 [2] were primarily associated
with piping system discontinuities and occurred due to severe transients, except for PWR surge
lines where a high number of stratification transients contributed to high usage factors.

AN

- 3-10
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{ .
The operation of B31.1 plants is also not different from that of plants designed to ASME Code,
Section III, Class 1. All have limitations on heatup/cooldown rates as required by ASME Code,
Sections III and XI, and 10CFR50 Appendix G. The NSSS vendors have also provided
continued feedback to plant operators to reduce the thermal fatigue challenges to components
~ based on industry experience. Thus; the approach taken by an applicant with ANSI B31.1 piping
systems need not be significantly different than that taken for a more modern plant:

¢ The locations of NUREG/CR-6260 {2] for the appropriate vintage/vendbr plant\are selected.
For systems without specified design transients, a set of transients for tr ackmg in the
extended operating period must be established.

¢ Evaluations shall be undertaken to establish the usage factors at each of the selected
locations. This may be based on similarities in geometry, materials, and transient cycles
relative to other similarly designed plants. In addition, the information provided in
NUREG/CR-6260 {2] may be used. Alternately, an ASME Code, Section III, Class I
analysis can be condicted. Such an evaluation would not necessarily need the full pedigree
of a certified ASME Code, Section III analysis (i.e., Certified Design Specification, etc.), but
it should utilize all of the characteristic methods from Section III for computing CUF. Such
‘an analysis would be used to establish the baseline fatigue usage without environmental
effects for the plant. _ :

e Using this information, the approach previously described for the ASME Code, Section III,
Class 1 plants can be used to evaluate and manage fatigue environmental effects.

3.5 Consideration of Industry Operating Experience

Consistent with current practice, industry experience with fatigue cracking will continue to be
reviewed. The assessment of any fatigue cracking in the extended operating period will consider
the effects of environment as a potential contributor. Monitoring of industry experience must
consider fatigue cracking for both anticipated and unanticipated transients. An MRP integrated
fatigue management guideline is currently under preparation that will consider all aspects of
fatigue management, including consideration of industry -experience. See Reference [24].
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GUIDANCE FOR PERFORMING ENVIRONMENTAL
FATIGUE EVALUATIONS

i

This section provides guidance for performing plant specific environmental fatigue evaluations
for selected locations. The intent is to unify the process used by applicants to address
~ environmental effects in the License Renewal Application, and provide specific guidance on the
use of currently accepted environmental fatigue evaluation methodologies. ~
There are several methods that have been published to assess the effects of reactor. water
environment on fatigue for each specific location to be considered. The currently accepted
methodologies for evaluating environmental fatigue effects are documented in NUREG/CR-6583
[3] for carbon and low alloy steels and NUREG/CR-5704 [4] for austenitic stainless steels.
Although other methods have been developed and published, guidance is only provided for using
NUREG/CR-6583 [3] and NUREG/CR-5704 [4]. However, all methods currently publlshed are
similar in terms of variables and applicability (i.e., they all use an F,, factor approach), so the
guidance'that follows has general applicability to all methods. For reference, the other published
methods, including those currently being used in Japan, are documented in References [18] and
(22].

4.1 ,Environmental Fatigue Factor (Fen) Relationships

An environmental correction factor (F,) is defined as the ratio of fatigue usage with
environmental effects divided by fatigue usage in air, or allowable cycles to fatigue crack
initiation in air divided by allowable cycles with water reactor environmental effects’. F_
equations are provided in the latest ANL reports for carbon and low alloy steel [3] and stamless
steel [4]. .

From NUREG/CR-5704 [4], the F relative to room-temperature air for Types 304 and 316
stainless steel is given by the followmg expression:

F_=exp(0.935-T & 0O

The constants for transformed temperature (T"), transformed strain rate (£ ), and transformed
dissolved oxygen (O) in the above expression are defined as follows:

' “Fatigue crack initiation” is an investigator determined quantity, often related to a 25% load drop in a load-
controlled laboratory fatigue test. ThlS usually corresponds to significant crack depths, typically of the order of
25% of the specimen thickness for the deepest crack.
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T*=0 . (T < 200°C)
T*=1 . (T 2. 200°C)

T = metal service temperature, °C
1]
)

£ =0 , ' (&> 0.4% /sec) -
£ =4n(£/0.4) - (0.0004 < £ < 0.4% /sec)
£ = £n(0.0004/0.4) (£ < 0.0004% /sec)

L

£ = strain rate, %/sec

O =0.260 (DO < 0.05 ppm)
0'=0.172 (DO = 0.05 ppm)

DO = dissolved oxygen

| . 7 !
From NUREG/CR;6583 [3], the environmental correction factors relative to room-temperature
air for carbon steel and alloy steel are given by the following expressions™:

For carbon steel: F_ =exp(0.585-0.00124 T—0.101S' T' 0" &)
Substituting T = 25°C to yield an F , relative to room temperature air, the above equation
becomes: _ |
F, =exp(0.554-0.101S'T'O" &) .
' For low alloy steel: 'F_ =exp(0.929 ~0.00124 T-0.101S" T O &)

Substituting T = 25°C to yield an F_ relative to room temperature air, the above equation

becomes: | |
\ F,= ex13('().898 -0.101S'T°0" &)

The transformed sulfur content (S, transformed temperature (T"), transformed dissolved oxygen
(0", and transformed strain rate (£ *) in the above expressions are defined as follows:

'

* It has been noted that several past license renewal applicants have substituted the maximum operating temperature
for T in the second term of the F, expressions (i.e., the “ 0.00124 T” term) to represent the metal temperature.

Since all ASME Code fatigue applications throughout the industry are based on relating room temperature air data to
service temperature data in water, T = 25°C should be used in the F, expressions for the "- 0.00124 T" term, rather
than service temperature, as shown above.
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4.2 Guidelines for Application of the F., Methodology

This section provides guidelines for performing environmental fatigue evaluations.

Guidance for Performing Environmental Fatigue Evaluations

(0 <S <0.015 wt. %)
(S > 0.015 wt. %)

S = weight percent sulfur

(T < 150°C)
(150 < T< 350°C)

T = metal service temperature, °C

(DO < 0.05 ppm)

(0.05 ppm < DO < 0.5 ppm)

(DO > 0.5 ppm)

DO = dissolved oxygen

S*=
$*=0.015
T =0
T*=T-150
0" =0

= ¢ n (DO/0.04)
0O*= £ n (12.5)
£*=0

=fn(g)

£*= {n(0.001)

(€ > 1%/s)
(0.001 < £ <1%/s)

(€ <0.001 %/s)

£ = strain rate, %/sec

As introduced in Section 2.1, F_s are determined and used to adjust the CUF previously
determined using the ASME Code air curves. Bounding F_ values may be determined or, where
necessary, individual F_ values are computed for each load pair in a detailed fatigue calculation.
The environmental fatigue is then determined as U_, = (U)x(F, ), where U is the original
incremental fatigue usage for each load pair, and U_, is the environmentally assisted incremental

fatigue usage factor. The total environmental CUF is computed as the sum of all U

all load pairs.

, values for

Based on industry practice and recommendations available from some of the published F |

methods, there are three increasingly refined approaches used to compute the F_s:

e Average strain rate

e Detailed strain rate

e Integrated strain rate

(

Common to each of these approaches is that the F,, is computed for the load pair over the

_increasing (tensile) portion of the paired stress range only. In other words, the relevant stress

range is determined first by assuming that the transient with the maximum compressive stress (or
minimum tensile stress) occurs first in time, followed by the transient with the maximum tensile
stress. The relevant stress range for F_ computation is then from the maximum compresswe
stress (or minimum 'tensile stress) to the maximum tensile stress. Further details are given in the
discussions that follow.

\
/
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- A separate section follows for each parameter utilized in the F_| expressions, that is transformed
sulfur content (S°), transformed temperature (T"), transformed dissolved oxygen (O"), and
transformed strain rate (£ *). For the transformed strain rate, temperature, and oxygen .
parameters, the three approaches are discussed. Transformed sulfur does not vary over the three
approaches. A single approach should be utilized for all of the transformed parameters in a
single load-pair F,, determination, although different approaches may be utilized for different
load-pair F_s.

First, the typical content of a fatigue calculation is presented.

4.2.1 Contents of a Typical Fatigue Evaluation

This section p>rovides the content of a typical fatigue calculation. Whereas fatigue calculations
have varied over the years, thelr basic content is the same. With the advent of computer
technology, the calculations have basically maintained the same content, but computations have
become more refined and exhaustive. For example, 30 years ago it was computationally difficult
for a stress analyst to evaluate 100 different transients in a fatigue calculation. Therefore, the
analyst would have grouped the transients into as few as one transient grouping and performed as
few incremental fatigue calculations as possible. With today’s computer technology and desire
to show more margin, it is relatively easy for the modern-day analyst to evaluate all 100
incremental fatigue calculations for this Same problem. Also, older technology would have
likely utilized conservative shell interaction hand solutions for computing stress, whereas today
finite element techniques are commonly deployed. This improvement in technology would not
have changed the basic inputs to the fatigue calculation (i.e., stress), but it would have typically
“yielded significantly more representative input values.

The discussion here is limited to the general content of most typical fatigue calculations.
Discussions of removing excess conservatisms from the input (stress) values of these

~_ calculations are not included, as it is assumed that those techniques are generally well understood
by engineers performing these assessments throughout the industry.

Two typical fatigue calculations are shown in Figures 4-1 through 4-4. Figure 4-1 reflects an
“old” calculation, i.e., one that is typical from a stress report from a plant designed in the 1960s.
Figures 4-2 through 4-4 reflect a “new” calculation, i.e., one that is typical from a 1990s vintage
stress report. A description of the content of these two calculations is provided below.
The same basic content is readily apparent in both CUF calculations shown in Figures 4-1
through 4-4. However, it is also apparent that much more detail is present in Figures 4-2 through
4-4 for the “new” calculation compared to Figure 4-1 for the “old” calculation. Therefore, with
respect to applying F, methodology to a CUF calculation, the guidance provided in the following
sections equally applies to both vintages of calculations. The main difference is in assumptions
that need to be made for the F_ transformed variables due to a lack of detail backing up the
calculations in the stress report. Guidance for these assumptions is described in Sections 4.2.2
through 4.2.5, with appropriate reference to the calculations shown in Figures 4-1 through 4-4.
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4.2.1.1 “Old” Calculation (Figure 4-1)

The following describes the basic contents of the CUF calculation shown in Figure 4-1. Note
that this calculation is an NB-3200-style (vessel) CUF calculation. Reference is made to the
heading and the first line i in the table shown at the bottom of Figure 4-1.

SMAX

MIN

SALT

u

U

OVERALL

maximum stress intensity for transient pair (ksi). For this example, it is seen that
it represents the tensile stress for Transient “h” in the stress histogram above the
CUF calculation table.

minimum stress intensity for transient pair (k31) For this example, it is seen that
it represents the compressxve stress for Transient “m” in the stress histogram
above the CUF calculation table.

alternating stress intensity (ksi). This is computed as 0.5(S,;, - Sy,)- It is
noteworthy that K_and Young’s Modulus corrections are not included in this

"calculation due to the early ASME Code edition used for the evaluation.

number of applied cycles for transient pair. For this example, it is seen that this
value represents the limiting number of occurrences for the paired transients (i.e.,
Transients “h” and “m’), which is 5 cycles from the stress histogram above the
CUF calculation table. The occurrences of Transient “m” are now exhausted, and
5 cycles of Transient “h” remain for use in the remaining CUF calculation.
allowable number of cycles from the applicable ASME Code fatigue curve for the
material under consideration for S,.;- From the “*” note, ASME Code Figure N-
415(a) applies (1960s ASME Code edition).

incremental CUF for the load pair, computed as n/N.

total CUF for this location for the design life of the component, computed as Zu.

P
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4.2.1.2 “New” Calculation (Figures 4-2 through 4-4)

The following describes the basic contents of the CUF calculation shown in Figure 4-2. Note
that this calculation is an NB-3600-style (piping) CUF calculation. References are also made to
Figures 4-3 and 4-4 where necessary. :

X

(Note: Near the top of the table shown in Figure 4-2, the maximum load case information is
reported, i.e., the two lines beginning with “GELBOW” and “0.512” — the descriptions that
follow apply to the information below these lines.) .

Load Range = paired load cases, as defined in Load Case definitions (see Figure 4-3).

1l

moment (ft-1bf), computed in accordance with Equation (10) of

Equation 10 Moment )
‘ ASME Code, Section III, NB-3600.

AN

stress inténsity (psi), computed in accordance with Equation (10) of
ASME Code, Section III, NB-3600.

Equation 10 Stress

| moment (ft-1bf), computed in accordance, with Equation (11) of
ASME Code, Section III, NB-3600.

Equation 11 Moment

Equation 11 Stress = stress intensity (psi), computed in accordance with Equation (11} of
ASME Code, Section III, NB-3600. '

moment (ft-Ibf), computed in accordance with Equatior; (12) of
ASME Code, Section I1I, NB-3600.

Equation 12 Moment |

i

Equation 12 Stress stress intensity (psi), computed in accordance with Equation (12) of

ASME Code, Section III, NB-3600.

moment (ft-li)f), computed in accordance with Equation (13) of
ASME Code, Section III, NB-3600.

Equation 13 Moment

;
¢

Equation 13 Stress =  stress iﬁtensity (psi), computed in accordance with Equation (13) of
: ASME Code, Section III, NB-3600.

Equation 14 KE 4 elastic-plastic strain concentration factor, K, computed in

accordance with ASME Code, Section IT1, NB-3600.

alternating stress intensity (psi), computed in accordance with
Equation (14) of ASME Code, Section III, NB-3600.

Equation 14 Stress

&

Cycles Actual = number of applied cycles for the transient pair. For this example, the -
first load pair represents thermal Load Cases 24 and 36, coupled
- with dynamic Load Case 56 and (E)arthquake. From Figure 4-3,
Load Case 24 represents Daily Power Reduction, Load Case 36
represents Vessel Flooding, and Load Case 56 represents OBE/SRV

4-7
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\

dynamic loading. From the transient definitions (similar to those
shown in Figure 4-4), the number of applied cycles for each load
case is obtained. The fatigue analysis uses the limiting number of
cycles for all of these loads, which is 10 cycles.

PR
Cycles Allow = allowable number of cycles from the applicable ASME Code fatigue

.- curve for the material under consideration for “Equation 14 Stress”.
Usage Factor = incremental CUF for the load pair, computed as “Cycles

Actual”/’Cycles Allow”.

1

The total CUF for this location for the design life of the component, computed as Xu, is shown at
the top of the table in the summary portion (i.e., 0.6512).
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LOAD CASE :
NUMBER DESCRIPTION d LOAD CASE
i NUMBER DESCRIPTION

Novmal /ypsel condition (Run co4) f 4

1 PT> FLUID TRANSIENT TIME HISTORY (3’-P1m-’mn’) 4 1

2 OBEI= OBE INERTIA.....GROUPING BY STD SRSS : : 61 THERM 27= LOSS OF PW PUMP: (UP} (20-1..) 420~573-485

3 SSE1= SSE INERTIA.....GROUPING BY STD SRSS | 42 THERM 28= PIFE RUPTURE: (27-1+2) 420-259-70 v

4 SRV (1V,2V,SRVCOZY)..........GROUPING BY STD SRSS [ 43 THERM 29« START-UP:{DN} (3A-3..) ¢86-70

5 &RV (16V,SRVCO6V)...........GROUPING BY STD SRSS . 46 THERM 30« START-UP: (DN} (3B-3)  486-130

6  COCHw CONDENS.OSCILL & CHUGGING........ GROUPING BY STD SRSS 45  THERM 3l= SHUT-DOWN INITITN:(DH} (15B-3) 395-1d9

7 PS= POOL SWELL.e.............GROUPING BY STD SRSS 46 THERM 32« LOSS OF FWP:{DN} (20-13+14)  485-70

8  APMSB= ANNULUS PRESSURIZATION M.5.B... GROUPING BY STD SRSS 47 THERM 33= TMODE 2 WITH P=0 PSI

9  APRCB= ARNULUS PRESSURIZATION R.C.B....GROUPING BY STD SRSS 48  THERM 34 TMODE 15 WITH Pm1S16 PSI

10  APFWBe ANNULUS PRESSURIZATION P.W.B....GROUPING BY 5TD SRSS 49 THERM 35« TMODE 15 WITH Pall7s pSL B

11  DL= DEADWEIGHT ANALYSIS: TLOADe3,( P€5H = COLDSET LQAD) 50  X+Y DIR. DBE ANCHOR MVMIS..........CASES 12+13 BY SRS

12 X-DIR OBE ANCHOR MVHTS 51 OBEA= X+Y+Z EARTHQUAKE ANCHOR MVMIS....CASES 12+13+14 BY SRSS

13 Y-DIR OBE ANCHOR MVMIS S2  SRV= (SRV MAX)... ..CASES 4+5 BY MAXIMUM VALUE

14 Z-DIR OBE ANCHOR MVMIS 53 SRSS(SRV,FT).. ...CASES §2+1 BY SRSS
15 THERM 1= HORMAL OPERATING: (12) PPG @ 620/420/420 ¥ RPV @ 552/528/52d 54  SRSS(QOBEI,OCCU)~ SRSS(UBEI,SRV,PT)...CASES ~2+5241 BY SRS
16 THERM 2= TURB ROLL COLD: (4A-1..) PPG © 70/70/70 ¥ RPV @ 552/552/450 55  OBET= ABS(OBEI + OBEA).....CASES 2+51 BY ABS., SUM

17 THERM 3= BOLT-UP,LEAX TEST: (3A-1..) 70-100 S6  SRSS(OBET,0CCU)~ SRSS(ABS(OBEI+OBEA),SRV,PT)..CASESS5+53 BY SRSS
18 ° THERM 4= HYDROTEST: (2A) 100-180~100 57  SRSS(OBEI,FT)......see0r.. . CASES 1v2 BY SRSS (FOR 9CH CARD ONLY)
19  THERM 5% START-UP:{UP} (3A-2..) 100-486 S8 T FLUID TRANSIENT TIME HISTORY(3 PUMP-TRIP)....(FOR SUMMARY ONLY)
20 THERM 6= START-DP:{UP} (3B-2) 100-186 59 OBEI= OBE INERTIA (CASE REPEATED POR SUMMARY ONLY)

21 THERM 7= TURB ROLL: (4A~2..)} 70-325 60  SRV(1V,2V,SRVCO2V)..........(CASE REPEATED FOR 9§ CARD ONLY)

22 THERM 8= TURB ROLL: (4B-1+2) 180-70~32% 61  SRV(16V.SRVCO16V).......... (CASE REPEATED POR SR CARD OHLY)

23 THERM 9= TURB ROLL: (4A-3..) 325-420

24 THERM 10w DAILY PWR REDCTN : (5-1+2..) $20-35¢ (RoN 007)

25  THERM lle DAILY PWR INCR : (5-3..) 354=420
26  THERM 12 WEEKLY PWR REDCTN : (6~i+2) 420-326 “
THERM 13= PW HTR LOSS: (5-1+2) £20-352 1 SETILELl = BL0G. SETTLEMEWT ... REACTOR BLDG. SETTLES DOWH ¥Y 66,
"z%’ THERM 14= TORTN: (9~ - \ .
§9 — i;_ smzxﬁz-uz:.;g i;o-igg 420 2 SETIE2 = BLDG. SETTLEMENT -.. AUX. BLDG. SETTLES -DOWN &Y 18
30  THERM 16= PWR REDUCTN: (13) 420-190
3)  THERM 17= HOT STDBY: (14A) 190-70
32 THERM 18= HOT STDBY: (14B-1..) 190-435
33 THERM 19= HOT STDBY: (14B-2) 435-190
34 THERM 20® SHUT-DOWN INITIATN: (1SB-1) 435-156
35S THERM 2l= SHUT-DOWN INITITN:{UP} (15B-2) 156-395
36  THERM 22w VESSEL FLOGDING: (16A-1) 70-157 , /
37 THERM 23~ VESSEL PLOODING: (16A-3..) 167-108 '
38  THERM 24= VESSEL PLOODING: (16A-4..) 108~167
39  THERM 25= VESSEL PLOODING: (16B-1+2) 149-66-152 ‘
40  THERM 26= SHUT-DOWN, UNBOLT: (17A..) 167-100

Figure 4-3
Example of “New” Fatigue Calculation — Load Pair Definitions
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4.2.2 Transformed Strain Rate, ¢ *
The transformed strain rate, € *, is required by both the cz;rbon and low alloy steel F_
expressions documented in NUREG/CR-6583 [3], and the stainless steel F,| expression
documented in NUREG/CR-5704 [4], and is defined as follows:

. .

, For carbon/low alloy steels (NUREG/CR-6583 [3]):

b E*=0 - ' (€ > 1%l/s)
£*=20n(&) (0.001 < €& < 1%/s)
£*={n(0.001) ~ (£ <0.001 %f/s)

€ = strain rate, %/sec

For stainless steels NUREG/CR-5704 [4]):

£'=0 (&> 0.4% Isec)

£'=Ln(£/04) (0.0004 < £ <0.4% /sec)

¢ = £n(0.0004/0.4) (€ < 0.0004% /sec)

£ = strain rate, %/sec

The above expressions are straightforward to apply if the strain rate, £, is known. This canbe
relatively straightforward for design transients where definitive ramp rates and temperature
differentials are provided. It is much more difficult for actual transients obtained from actual
plant data or fatigue monitoring systems. In particular, how two transients that occur separately -
- In time are “linked” together (as shown in Figure 4-9) can have a significant influence on strain
rate calculations depending upon the method used.

Section 4.3 discusses other issues associated with calculating the strain rate when applying the
F,, expressions. Solving those other issues is beyond the scope of this report, so guidance is
provided in this section to address only the above three methods of computing strain rate.

Consistent with some of the calculations performed in NUREG/CR-6260 [2], for cases where the
magnitudes of the portions of the stress range due to heatup and cooldown are unknown (i.e.,
only the total stress intensity range is known), or for cases where the stress histories are not
available, one-half of the alternating stress intensity may be used to compute strain rate. This is
done in the sample problem shown in Section 4.2.7, but it requires that some form of time history
information be available for the transient to justify strain rates greater than the slowest saturated
strain rate. Parametric studies could also be used to justify time assumptions.
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¢

Discussion for each of the three Average, Detailed, and Integrated Strain Rate approaches
follows. ~ DL

Approach #1: Average Strain Rate

3

The Average Strain Rate approach is simple in that it is based on “connecting the valley with the
peak with a straight line and computing the slope.” Referring to Figure 4-9, this represents the
slope of a line drawn from the lowest stress point of the heatup {(maximum compressive) event
(i.e., left side of Figure 4-9), to the highest stress point of the cooldown (maximum tensile) event
(i.e., right side of Figure 4-9). But, as shown in the area between the two events in Figure 4-9,

-linking of the two transients is not necessarily straightforward. There are two issues associated
with the proper linking of the two events:

e - For the maximum compressive stress transient (i.e., left side of Figure 4-9), the return
(tensile) side of the transient is important for the strain rate calculation. An estimate of the
time until steady state conditions are reached is needed. )

e The ending stress for the maximum compressive stress transient (i.e., left side of Figure 4-9)
may be different than the beginning stress for the maximum tensile stress transient (i.e., right
side of Figure 4-9). This difference causes a discontinuity in the linking process.

The folloWing gu.idance is provided for each of the above issues:

» For steady state conditions associated with the return (tensile) side of the maximum
compressive stress transient, the time for the stress to reach at least 90% of the steady state
stress value can be used. This involves a steady state stress solution that includes a time-
based solution, which is readily available in most stress analyses, and is readily achlevable
with the use of all modern-day stress programs

e For stress discontinuities that exist between the ending stress for the maximum compressive
stress transient and the beginning stress for the maximum tensile stress transient, the
transients can be linked with a vertical line between the two stress points (i.e., no elapsed
time),

Under the above assumptions, the Average Strain Rate is.computed as:
[N . R . ‘ \

& = 100AG/(AE)

where: £ =1 average strain rate, %!/sec

Ac = total stress intensity range

= stress difference between the highest stress point of the maximum tensile
stress event (i.e., right side of Figure 4-9) and the lowest stress point of the
maximum compressive stress event (i.e., left side of Figure 4-9), psi

At = time between peak and valley, sec
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=  time lapse from the event start to the algebraic hlghest stress point of the
maximum tensile stress event (i.e., right side of Figure 4-9) plus the time lapse '
from the algeb)raw lowest stress point of the maximum compressive stress
event (i.e., left side of Figure 4-9), to the time for the stress to reach at least
90% of the steady state stress value, sec.

E =  Young’s Modulus, psi, normally taken from the governing fatigue curve used
for the fatigue evaluation.

v

“Approach #2: Detailed Strain Rate

The Detailed Strain Rate approach is similar to the average approach discussed above, except
that a weighted strain rate is obtained based on strain-based integration over the increasing
(tensile) portion of the paired stress range. Referring to Figure 4-9, this represents the integrated
slope of strain response from the algebraic lowest stress point of the maximum compressive
stress event to the algebraic highest stress point of the maximum tensile stress event, weighted by
strain. Similar to the average approach discussed above, linking of the two transients in not
necessarily straightforward. However, the two issues associated with the proper linking of the
two events that are identified above are less pronounced because of the integration process.
Nevertheless, aspects of these issues remain, s0 the following guidance is prov1ded for each of
those issues:

e For steady state conditions associated with the return (tensile) side of the fnaximum
compressive stress transient, the time for the stress to reach at least 90% of the steady state
stress value can be used. This involves a steady state stress solution, which is readily
available in most stress analyses, and is readily achievable with the use of all modern;day
stress programs. :

e For stress discontinuities that exist between the ending stress for the maximum compressive
stress transient and the beginning stress for the maxxmum tensile stress transient, the
discontinuity can be ignored.

Under the above assumptions and referring to Figure 4-5, the Detailed Strain Rate is computed as:
l - .

f= AL
Z Ag,
where: € ' =  detailed strain rate, %/sec
_ ! A
Ag; = change in strain at Point i, in/in

= (o,-0.)E ’
= stress intensity at Point i, psi

=  stress intensity at Point i-1, psi

At = change in time at Point i, sec
=, L-g,
E = Young’s Modulus, psi, normally taken from the governing fatigue curve used

for the fatigue evaluation.

- | 4-13
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The summation is over the range from Point (3) to (4) and the range from Point (1) to (2). In the
figure, Points (1) and (4) are assumed coincident. Point (4) is actually taken as the point where
the stress returns to at least 90% of the steady state stress value. The strain discontinuity
between this point and Point (1) is accounted for by omitting this increment from the total strain
range in the denominator.

If two tensile transients are being ranged, the summation ranges from the algebraic minimum of,
the two Point (1)s to the algebraic maximum of the two Point (2)s. If two compressive transients’
are being ranged, the summation ranges from the algebraic minimum of the two Point (3)s to the
algebraic maximum of the two Point (4)s. If a tensile transient is being ranged with itself (its
‘zero’ state), the summation ranges from Point (1) to Point (2). If a compressive transient 1s
being ranged with itself (its ‘zero’ state), the summation ranges from,Point (3) to Point (4) with
Point (4) again taken where the stress returns to at least 90% of the steady state stress value.

Approach #3. Integrated Strain Rate

The Integrated Strain Rate approach is similar to the detailed approach discussed above, except
that an F_, factor is computed at multiple points over the increasing (tensile) portion of the paired
strain range, and an overall F_ is integrated over the entire tensile portion of the strain range (i.e.,
from the algebraic lowest stress point of the maximum compressive stress event to the algebralc
highest stress point of the maximum tensile stress event in Figure 4-9). Thus, this process is
more specifically an “integrated F_ approach”, where strain rate is computed as a part of the )
process Similar to the two approaches discussed above, linking of the two transients remains an
issue with this method. However, similar to the detailed approach the two issues associated with
_ the proper linking of the two events are less pronounced because of the integration process. The
following gu1dance is provided for each of those issues:

o For steady state conditions associated with the return (tensile) side of the maximum
compressive stress transient, the time for the stress to reach at least 90% of the steady state
stress value can be used. This involves a steady state stress solution, which is readily
available in most stress analyses, and is readily achievable with the use of all modern-day
stress programs. Y,

o For stress discontinuities that exist between the ending stress for the maximum compressive
stress transient and the beginning stress for the maximum tensile stress transient, the
discontinuity can be ignored.

'

Under the above assumptions and reférring to Figure 4-5, the Integrated Strain Rate F_ is
computed as:

\

. F Z F, e, ‘

Z Ag,;

~

where: F, . =  F, computed at Point i, based on £, = 100Ag/At and transformed parameters
(T") and (O") computed using the respective Integrated Strain Rate S
approaches for each, discussed below.
Ag; = change in strain at Point i, in/in

= (Gi - Gi-l)/E

4-14



Guidance for Performing Environmenial Fatigue Evaluations
- ' » . , \
=  stress intensity at Point i, psi,

= stress intensity at Point i-1, psi

At = change in time at Point i, sec . ‘ ,
= ti - ti-l ‘
E = Young’s Modulus, psi, normally taken from the governing fatigue curve

used for the fatigue evaluation.

The summation is over the range from Point (3) to (4) and the range from Point (1) to (2). In the
figure, Points (1) and (4) are assumed coincident. Point (4) is actually taken as the point where

* the stress returns to at least 90% of the steady state stress value. The strain discontinuity

- between this point and Point (1) is accounted for by omitting this increment from the total strain
range in the denominator. '

If two tensile transients are being ranged, the summation ranges from the algebraic minimum of
the two Point (1)s to the algebraic maximum of the two Point (2)s. 'If two compressive transients
are being ranged, the summation ranges from the algebraic minimum of the two Point (3)s to.the
algebralc maximum of the two Point (4)s. If a tensile transient is being ranged with itself (its
‘zero’ state), the summation ranges from Point (1) to Point (2) If a compressive transient is
being ranged with itself (its ‘zero’ state), the summation ranges from Point (3) to Point (4) with
Point (4) again taken where the stress returns to at least 90% of the steady state stress value.

N

i

Mz

E=(Er &) +(Ey £) = Enne- Ein

Transient A : : Stran sate in a segment. §
R { ! i
‘A P i
1 i :
, Pl ;
Transiont B TenwentA i
Refer to the discussion above for Approaches
- #2 (Detailed Strain Rate) and #3 (Integrated
& @ Minireum Strain Rate) for instances where Point (4)
/ - does not coincide with Point (1).
a7z (Xl
Transient B
Figure 4-5

Detailed and Integrated Strain Rate Calculation
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4.2.3 Transformed Sulfur Content, S*

The transformed sulfur content, S* is required, only by the carbon and low alloy steel F,
expressions documented in NUREG/CR-6583 [3], and is defmed as follows:

. §'=8 . (0<S<0.015wt. %)
$*=0.015 _ (S > 0.015 wt. %)

S = weight percent sulfur
There are no ambiguities associated with computing S*, as it is a function of the material sulfur
~ content for the location under consideration. Normally, sulfur content would be obtained from
Certified Material Test Reports (CMTRs) that are usually readily available. However, due to the

secondary effect of this variable in the F_ expressions, most analyses to-date have assumed hrgh
sulfur content (i.e., S* = 0. 015) for srmphclty : ‘ -

4.2.4 Transformed Temperature, T*

The transformed temperature, T*, is required by both the carbon and low alloy steel F_
expressions documented in NUREG/CR-6583 [3], and the stainless steel F, expressron
documented in NUREG/CR-5704 [4], and is defined as follows:

For carbon/low alloy steels (NUREG/CR-6583 [3])::
) T =0 , » (T < 150°C)
=T-150 (150 < T< 350°C)

T = metal service temperature, °C

For stainless steels (NUREG/CR-57I()4 [4D: ' t:
T =0 (T < 200°C)
T =1 (T =.200°C)

T = metal service temperature, °C

The above expressions are straightforward to apply if the metal service temperature, T, is known.,,
As discussed in Section 4.3, there are other issues associated with temperature when applying the
F_expressions. Generally, the issue is, “what temperature should be used for the general
transrent pairing shown in Figure 4-9?” The answer to this question is dependent upon the
refinement on the evaluation used to compute the F,, factor. As discussed above at the start of
Section 4.2, there are three increasingly refined approaches used to compute the F_ factor:
Average, Detailed, and Integrated Strain Rate.

4-16
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The following recommendations are made for determining the temperature, T, for each of the
above three approaches:

:

Approach #1: F, Factor Calculated Based on Average Strain Rate Calculation

For this approach, a constant temperature that is the maximum of the fluid temperatures of both
paired transients over the’time period of increasing tensile stress should be used. Referring to
Figure 4-9, this would include the maximum temperature that occurs during any of the following
time periods:

‘

o For the maximum compressive stress transient (i.e., left side of Figure 4-9), beginning at the
time of algebraic minimum stress until the end of the transient.

N

e For the maxrmum tensile stress transient (i.e., right side of Figure 4-9), beginning at the start
of the transient until the time of algebraic maximum stress.

Fluid temperature is an acceptable substitute for the above specified metal temperature in that
fluid temperature is more readily available in CUF calculations, as it is a required input with
respect to transient definitions. This is true for both older-vintage and modern-day evaluations.
Since the maximum fluid temperature envelopes any metal temperature, this is conservative.

Approach #2: F,_Factor Calculated Based on Detailed Strain Rate

’

For this approach, the maximum fluid temperature of both paired transients over the time period
of increasing tensile stress should be used (i.e., same as Approach #1 above).

Approach #3: F_Factor Calculated Based on Integrated Strain Rate

For this approach, F, is computed in an integrated fashion at multiple points between the
transient pair stress valley and peak. For this case, the maximum metal temperature of both local
-time points considered over the period of increasing tensile stress should be used. Referring to
Figure 4-5, this represents the maximum of Points i and i-1, or T = MAXIMUM(T,, T,,). Metal
temperature is more appropriate and avoids potential excess conservatism that would result from
using fluid temperature in a heating event and inappropriate omission of effects in a cooling
event. , )
V] ‘

For all three approaches described above, a conservative, simplified, and bounding evaluation
would be to use the maximum operating temperature for the component location being evaluated.
Note that it is not obvious that the use of maximum temperature in the F_ expressions is '
bounding (due to subtraction of the temperature terms), but routine application of the expressions
has demonstrated that the use of the maximum temperature is bounding in all of the F,
expressions. This is also shown in Figure 4-6, which shows F, values as a function of
temperature. N :
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4.2.5 Transformed Dissolved Oxygen, O*

The transformed oxygen, O*, is required by both the carbon and low alloy steel F, _expressions
documented in NUREG/CR-6583 [3], and the stainless stee] F_ expressmn documented in

NUREG/CR 5704 {4], and is defined as follows: , v
For carbon/low alloy steels (NUREG/CR-6583 [3]): o
0*=0 - (DO < 0.05 ppm)
= £n(DO/0.04) ' (0.05 ppm < DO < 0.5 ppm)
= {n(12.5) (DO > 0.5-ppm)

DO = dissolved oxygen

For stainless steels (NUREG/CR-5704 [4]):

0 =0.260 - (DO < 0.05 ppm)
0 =0.172 , -~ (DO =20.05ppm) |
DO = dissolved oxygen

—

The above expressions are straightforward to apply if the dissolved oxygen level, DO, is known.
Although DO measurements are normally available through routine chemistry measurements,
they are typically very limited with respect to frequency of collection and locations collected in
the reactor coolant system (RCS). Therefore, there are several difficulties associated with
determining the DO that is appropriate for use in the F, expressions:

e The DO level is not known at the component location being evaluated. For example, it is the !
DO directly at the surface of the coniponent that is required, e.g., for a BWR component

~ exposed to saturated steam, the (much lower) DO in the condensate film is really what is
applicable to an environmental fatigue analy81s not the much higher DO content of the steam
1tself

e The DO level is not known at all times during a transient (i.e., perhaps-DO data is only
collected once per day as opposed to contmuously during a transient).

As discussed in Section 4. 3, there are other issues assoc1ated with DO when applying the F,
expressions. Solving those other issues is beyond the scope of this report, so guidance i is
provided in this section to address only the above two issues and answering the question, “what
DO level should be used for the general transient pairing shown in Figure 4-97” As with T*, the
answer to this question is dependent upon the refinement on the evaluation used to compute the
F_ factor. Section 4.2 contains the definitions and details for each of these three approaches.

The following recommendations are made for determining the dissolved oxygen DO, for each of .
the three approaches .

!
A
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Approach #1: F, Factor Calculated Based on Average Strain Rate Calculation

For this approach, the maximum DO level (for carbon and low alloy steels), or the minimum DO
level (for stainless steels) of both paired transients over the time period of increasing tensile
stress should be used. Referring to Figure 4-9, this would include the maximum (or minimum)
DO level that occurs during any of the following time periods: :

e For the maximum compressive stress transient (i.e., left side of Figure 4-9), beginning at the
time of algebraic minimum stress until the end of the transient.

e For the maximum tensile stress transient ¢i.e., right side of Figure 4-9), begmmng at the start
of the-transient until the time of algebraic maximum stress.

ADDroach #2: F, _Factor Calculated Based on Detailed Strain Rate

(

For this approach, the maximum DO level (for carbon and'low alloy steels), or the minimum DO
level (for stainless steels) of both paired transients over, the time period of increasing tensﬂe
stress should be used (i.e., same as Approach #1 above).

Approach #3: F_[_. Factor Calculated Based on Integrated Strain Rate

For this approach, F_ is computed in an integrated fashion at multiple points between the
transient pair stress valley and peak. For this case, the maximum DO level (for carbon and low
alloy steels), or the minimum DO level (for stainless steels) of both local points considered over
the time period of 1 mcreasmg tensile stress should be used. Referring to Figure 4-5, this
represents the maximum of Points i and i-1 (DO = MAXIMUM[DO DO, }) for carbon and low
alloy steels, or the minimum of Points i and i-1 (DO = MINIMUM[DO DO L)) for stainless
steels. . ,
For all three approaches descrlbed above, the following guidance is provided' for establlshmg the
DO level: : ’

e Inrare cases, DO level measurements are available at or near the component location being
evaluated via plant instrumentation. For this case, the plant data is used directly for DO. ~

e In the majority of cases, DO level measurements are available at periodic intervals during
plant operation. These measurements are routinely made remotely from the component
location of interest. In some cases, the remote reading may be valid for application at the
component location. For these cases, “typical” values can normally be determined based on
consultation with the plant chemistry personnel. The typical values should be used with a
brief write-up describing the basis for the values. Consideration should be given for
variations in the DO level, i.e., consideration of bounding values, as described below, should
be factored into the estimates.

o For cases where DO levels have changed over the course of plant operation (i.e., implerﬁentation
of HWC after plant startup), a time-based average DO level is recommended, based on |
expected DO levels, as follows:
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_ DOl Timel + D02 Timez + DO3 Time3 + ...

DO -
Time; + Time, + Time; + ...
where: . DO = time-averaged DO level -

DO, = average DO level for time period Time,

4 Time, = time period #1 where DO level was relatively constant
DO, = average DO level for time period Time,
Time, = time period #2 where DO level was relatively constant
DO, = average DO level for time period Time,
Time, = time period #3 where DO level was relatively constant
etc. - '

Thus, for a case where a BWR operated 20 years under NWC (typical DO = 200 ppb), 10 years
with 50% HWC availability (typical DO = 5 ppb), and is projected to complete operation to 60
years with 95% HWC availability, the following DO level is calculated:

(200x20) + (200x0.5x10) + (5x0.5x10) + (5x30)

=86.25 ppb
(20+10+30) PP

‘DO =

Alternatively, F_ factors could be computed for each time period and an overall F_, factor
calculated based on the weighted average, as follows:

4

Fo 2008 gzo.#ﬁ;mzmpp,, x0.5x10+ F,; ,x0.5x10+F, ;. x30

F'en -
: ' (20+10+30)

Another alternative method involves assigning a DO value to each logged transient according to
. the date it occurred. This is more involved than the above in that the range pair table would need"
to be apportioned into subsets over the past and future history of the unit and the incremental U-s
re-calculated. An approximation of this would be to do a simple apportioning of the range pair
U-s according to an assumed linear distribution of the occurrences, n, over the past and future
historical DO values. . '

Similar to that described for T*, a simplified, conservative and bounding evaluation would be to

- use the maximum DO level (for carbon and low alloy steels), or the minimum DO level (for

stainless steels) for the component location being evaluated. Note that it is not obvious that the ~ )
use of these maximum or minimum DO levels in the F,, expressions is bounding (due to

subtraction of the oxygen terms), but routine application of the expressions has demonstrated that

the use of the-maximum DO level is bounding in all of the F,_ expressions for carbon and low

alloy steels, and the minimum DO level is bounding in all of the F,, expressions for stainless

steels. This is also shown in Figure 4-7 which shows F, values as a function of DO level.

J - : 421
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J .

4.2.6 Additional Considerations
Fo ‘ . | | , ;
The following additional considerations are provided for the above guidance:

_ Dynamic Loading: For load pairs in a CUF calculat1on that are based on seismic or other

- dynamic loading, F_ = 1.0 for the dynamic portion of the strain for the load pair in question.
This is based on the premise that the cycling due to dynamic loading occurs too quickly for
environmental effects to be significant. The remaining portion of the strain range should be
‘treated the same as discussed elsewhere in this guideline.

o Thermal Stratification Loading: For load pairs in a CUF calculation that are based solely on
thermal stratification loading, the strain rate can generally be taken as the minimum strain
rate that produces the maximum environmental effect. Alternatively, the strain rate effects
can be determined as for any other cycle pair.

s Pressure and Moment Loadmg The stresses for all load pairs in a CUF calculatlon typically
contain stresses due to pressure and moment loading (i.e., non-thermal loads). All of the
laboratory testing that forms the basis for the F,, expressions was conducted with alternating
~ strain as a result of mechanical loadings, which would be analogous to pressure and moment
loadings. - Thus, the F_s, as determined herein, should be applied to the strain ranges for -
cyclic pressure and moment the same as for rapid thermal effects, The effects should be
considered appropriately in the Detailed and Integrated Strain Rate approaches if the
available stress histories account for different rates of strain for cyclic pressure and moment
strains. Ty ‘

e K The stresses for some load pairs in a CUF calculation can contain the effect of K. The
K, factor causes a higher strain, thus increasing the strain rate that would be computed for
affected load pair, which in turn lowers the F_ factor. The strain rate should instead be based

*‘on a stress history forthe load pair with K_ effects removed. ‘ :

4.2.7 Sample Calculation

As a demonstration of the guidance provided in Sections 4.2.2 through 4.2.5, a sample problem
is provided here based on the “old” fatigue calculation shown in Figure 4-1. The completed
environmental fatigue calculation is shown in Figure 4-8. ( j

In the upper portion of Figure 4-8, the original design CUF calculation is reproduced, yielding a
total CUF of 0.0067. The only additional information in this step is the total stress intensity
range, SR, is computed (= Smax — Smin). N

Then, environmental fatigue effects are evaluated using two approaches. Each of these

approaches is described below.
. . /

- Case #1: Bounding F, Multiplier

For this case, since the design CUF is so low, a conservative (but very simple) approach is taken.
The maximum possible F, multiplier is determined and applied to the CUF result. Using the

- rules for low alloy steel documented in Section 4.1, the maximum F_ multiplier is computed as
2.45. The environmental fatigue usage factor, U__, is then computeﬁl as CUF x F_, =0.0164.

[
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i
re

Case #2: Compute F, Mudtipliers For Each Load Pair

For this case, a more refined approach is taken compared to the first approach. F, multipliers are
computed for each load pair. Using the rules for low alloy steel documented in Section 4.1, the
overall F_ multiplier is also 2.45 for this approach, since the F, does not vary with temperature
due to the low DO. The environmental fatigue usage factor, U_ , for this case is also computed
as 0.0164.

. The folldwing descriptions are provided for the calculations for Load Pair #1:

Salt = alternating stress intensity from design CUF célculation, psi
ot = time for tensile portion of stress ‘range in load pair, sec. Obtained from stress
) report from the tensile portions of both transients = 3 seconds.
Strain Rate = computed using the Average Strain Rate approach as 100(Salt/2)/(Et) =
100(58.77/2)/(30,000x3) = 0.03265%/sec o
MAXT = maximumvﬂuid temperature for tensile portion of stress range, °F. Obtained from
. stress report from the tensile poitions of both transients = 550°F. '
T* = T-150 si(nce T > 150°C (550°F = 287.8°C) = 287.8 - 150 = 137.8
0k = 0 since DO < 0.05 ppm (5 ppb = 0.005 ppm)
s—ciot* = 'ln(Strain Rate) since 0.001 < Strain Rate < 1%/sec = In(0.03265) = -3.422
F. . = exp(0.898 — 0.101S*T*O*e-dot*
= exp(0.898 —0.101x0.015x137.8x0x-3.422)
= exp(0.898)
= - 245
N
\ Al
, \
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i

Design Basis CUF:  0.0067 ’
Reference: Design Basis CUF Calculation Shown in Figure 4 2

Material.  SA-336  (Low alloy steel)

Young's Modulus, E = 3.00E+07 psi ’

DO Lewel = 5 ppb (always)
Transformed sulfur content, S* = 0.015  (assume maximum)
Smax Smin SR Salt n N U
4112 -76.41 117.53 58.77 5 1,860 0.0027
41.12 -3.55 44 .67 22.34 5 40,020 0.0001
32.33 -269 35.02 17.51 40 95,650 . 0.0004
30.12 -2.69 32.81 16.41 460 133,000 0.0035
25.05" 11.74 13.31 6.66 400 >1e6 0.0000
Note: Above stress are in ksi. Total CUF = 0.0067  (Design CUF is reproduced!)
Approach #1: Use a Bounding F ., Multiplier:
Low Alioy Steel: Feni= exp(0.898 - 0.101S°T"0%:*) " Reference: NUREG/CR-6583 /
Fora DO = 5 ppb = 0.005 ppm, O* = 0.
Therefore, F,, is constant vs. T = exp(0.898) = 2.45; !
Maximum F,, = 2.45
Ugny = CUF*F,, = 0.0164 (< 1.0s0 acceptable!)
Approach #2: Co mpute F,, Multipliers for Each Load Pair;
t Siraun Rate  MAXT .
Sait (sec) (%lsec) , (°F) ™ o* g-dot* Fen n N U*Fen
58.77 3 3.26E-02 550 . 1378 0.00 -3.422 2.45 5 1.860 0.0066
22.34 15 2.48E-03 450 822 0.00 -5.999 2.45 5 40,020 0.0003
17.51 100 2.92E€-04 325 12.8 0.00 -6.908 2.45 40 95,650 0.0010
16.41 1000 2.73E-05 250 0.0 0.00 -6.908 2.45 460 133,000 0.0085
6.66 300 3.70E-05 150 00 0.00 -6.908 2.45 400 >1e6 0.0000
Nole: Above siress are in ksi. Total = Uy, = 0.0164
Overall F,, = Uyp JCUF = 2.46

{< 1.0 so acceptablel}|

Figure 4-8
Sample Environmental Fatigue Calculation

4.3 Issues Associated With Fen Methodology

As a result of industry application of the F_ relationships summarized in Section 4.1, there have
been several issues identified associated with practical application of the methodology to typical
~industry fatigue evaluation problems. These issues have led to application of a variety of
different solutions applied-by analysts depending upon the analyst or the level of detail available -
in the existing fatigue evaluations. This varied approach has led to non-consistent application of

the F_ approach between plants, and some amount of confusion amongst the industry.

This guideline document is formulated based on the current “state of the art” with respect to the
F_ methodology. In many respects, the current state of the technology with respect to the F_
methodology is incomplete or lacking in detail and specificity. Recommendations are made in
this guideline where needed to fill in these missing details. Further work should focus on the
issues associated with areas where the technology is lacking. Some of the issue areas that are
associated with the F, methodology are summarized below (“EI” indicates where this guideline

provides recommendatlons)

N
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Issues of Test vs. Application

e There must be more communication between the people performing tests and those who must
perform the analysis. This is one driving force behind the biannual series of "Fatigue Reactor
Components" conferences that were started by EPRI in 2000. The proceedings of the most
recent 2004, meeting (to be published 2005) contain several papers that address this specific
issue.

e Testing for environmental effects has resulted in some rules for. analy51s that are not .
consistént with real component transient response:

Testing involves constant load/unload cycling, while real transients are separated in time,,
involve various stress magnitudes and non-constant rise times.

Hold time at an intermediate stress level or random load magnitude cycling has not been
adequately considered in environmental testing, although some work outside the U.S. has
addressed these issues. '

The “real world” is different than laboratory tests, i.e., loading rates are random as
opposed to carefully controlled (“ramped” or “saw-toothed”) loads applied in the
laboratory.

e Strain hardening effects may affect the results of fatigue testing at high cycles.

e May also need more nickel alloy data.

¥
Issues of Analysis and Evaluation

(

e “Linking” of transients pairs is not straight-forward and can lead to significant differences in
results (refer to Figure 4-9):

How do you treat cases where the starting and ending stress points are not equal?
What rate of change do you assume for the discontinuity between transients?
Vs

What is strain rate? :
™ This guideline makes recommendations in Section 4.2.2 for addressing this issue.

‘Work is also ongoing within the EPRI BWRVIP program to investigate alternative

approaches to this issue with regard to ASME Section XI calculations [25].

e Some have questioned the adequacy of Miner’s Rule for fatigue analysis and that perhaps
design fatigue curves should have a factor to account for this.

On the other hand, methods such as Rainflow Cycle Counting will generally show that
the use of Minér’s Rule with ASME Code analysis is conservative. :

e For the purpose of component analysis for environmental effects, perhaps special stress
indices and analytical methods need to be developed to distinguish between inside (fluid
exposed) surfaces and external (air exposed) surfaces. .

o Effect of elastic-plastic correction factor (K ) on strain rate.

4-26
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e The F  formulations for stainless steel are based on the NUREG author’s own mean stainless
steel S-N curve in air, which is different than the ASME mean S-N curve over the high cycle
portion of the curve. Therefore, inconsistencies are present in the application of the F_|
‘methods since these studies (and most applications of F_ being performed throughout the
industry) apply F, factors to fatigue results that use the ASME S\-N curve.

/

Analysis Issues: Different Loadings

How are stratification loads addressed?
M This guideline makes recommendations in Section 4.2.6 for addressing stratification loads.
How are seismic loads addressed? ‘ ' ,

M This guideline makes recommendations in Section 4.2.6 for addressing seismic and other
dynamic loads. :

How are pressure and moment loads addressed?

M This guideline makes recommendations in Section 4.2.6 for addressing cyclic pressure and
moment strains.

’

Analysis Issues: Oxygen

s Environmerital fatigue is typically linked to dissolved oxygen. As previously mentioned, this
involves inappropriate over-simplification and ignores the key role of other water chemistry
parameters such as conductivity (or more correctly, level of dissolved anionic impurities) and
pH. Even with regard just to dissolved oxygen, however:

~ Experts say oxygen is not the correct parameter — should be electrochemical potential
(ECP), which is affected by the overall balance of oxidants and reductants in the water, as
well as by temperature, flow, surface condition, etc. 'ECP, rather than dissolved oxygen,
is the control parameter used in BWR water chemistry guidelines in the context of stress
corrosion cracking mitigation.

~ Hydrogen water chemistry (HWC) may produce much different results, as the oxygen
level is significantly lowered for HWC operation (for some locations).

— . What oxygen level to use?

* Time history during transients not generally available.
=  Value at component location not generally available.
*  What about different petiods of operation, i.e., NWC for first 15 years, then
" intermittent HWC, then reliable HWC?
» If time history is available:
e Maximum or minimum of transient? )
e Maximum or minimum local?, i.e., MAX(DO, DO )
e Maximum or minimum between peak and valley?

M This guideline makes recommendations in Section 4.2.5 for addressing varying historical
oxygen levels.
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N

Analysis Issues: Temperature

¢ Temperature:
— What temperature to use?

= Metal? (not generally available)

= Fluid?
=  Maximum of transient? _
* Maximum local?, i.e., MAX(T, T, ) \

=  Maximum between peak and valley?

M This guideline makes recommendations in Section 4.2.4 for addressing temperature.

~

Analysis Issues: Defining Design Loads

e The strain range (and therefore the CUF) decreases as an imposed temperature change is
applied over a longer time period. The longer time period results in a slower strain rate and,
all other things being equal, the slower strain rate produces a larger F . Therefore, a
challenge presents itself with respect to defining a set of transients (and their associated
temperature ramp rates) that are bounding for design purposes: Component-specific
preliminary studies have shown that the F_-adjusted CUF for a variation of temperature ramp
rates reaches a maximum when the temperature variation is on the order of 1,000°F/hour or
higher [26]. Further investigations are expected to show that it will be possible to define
design transients in a manner that will determine the maximum F_-adjusted CUF as the
temperature ramp rate (and thus the strain rate) is varied in a na1row range from
approximately 1,000°F/hour (or other component-specific rates) to infinite rates. These
efforts mirror similar work on crack growth in reactor components through corrosion fatigue
[25], and it is expected that such efforts will demonstrate that the issue of defining a transient
with a range of ramp rates, extracting the strain rates, performing the design, and monitoring
for compliance are all very manageable when utilizing the F_ approach for design.
) _
As noted, several of the issues identified above were addressed earlier in this report. Those
recommendations are intended to serve as a guide for performing environmental fatigue -
evaluations. The remaining issues that are not addressed in this report are beyond the scope of
the work associated with this report at the current point in time, and some are impossible to
resolve with information currently available. An example would be the issue of using
ECP/conductivity as a more appropriate parameter for assessing environmental effects. All
current F, methodologies are based-on measured dissolved oxygen, as that was the only water
chemlstry parameter recorded during laboratory testing. The remaining non-addressed issues
represent the limitations on the current state of the art. As further industry work is completed to
address some of the remaining issues summarized above, refinements or additions to these -
guidelines may be made to further define and enhance plant specific evaluations. Therefore,
these guidelines can be thought of as an “instruction manual” for performing plant specific
environmental fatigue evaluations based on the current state of technology and information
available. Resolution of the remaining non-addressed issues is not-needed in order for license
renewal applicants to satisfy the current regulatory requirements of addressing reactor water
environmental effects.
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CONCLUSIONS

This report has provided guidance that may be used by individual license renewal applicants to
address the environmental effects on fatigue in a license renewal application. The approaches
documented in this report are geared to allow individual utilities to determine the optimum
approach for their plants, allowing different \approaches to be taken for different locations.
. N
'/I‘he overall approach taken for license renewal is to select a sampling of locations that might be
. affected by reactor water environmental effects. NUREG/CR-6260 locations are considered an
appropriate sample for F, evaluation as long as none exceed the acceptance criteria with
environmental effects considered. If this occurs, the sampling is to be extended to other locations.
An assessment of the chosen locations is undertaken: (1) to show that there is sufficient
conservatism in the design basis transients to cover environmental effects, or (2) or to derive an
expected fatigue usage factor including environmental effects. Then, either through tracking of
reactor transient cycles or accumulated fatigue usage, utilities can determine if further steps must
be taken to adequately manage fatigue environmental effects in the extended operating period.
Different methods are outlined for managing fatigue in the extended license renewal period
should fatigue limits be exceeded. These include component re-analysis, fatigue monitoring,
partial cycle counting, etc. Flaw tolerance evaluation as outlined in ASME Code, Section XI,
Nonmandatory Appendix L, coupled with component inspection verifying the absence of flaws,
is also included, although further work is underway by the Code to satisfy past regulatory
coneerns. Component repair/replacement is also a possibility, but this option is typically =~
reserved to instances where other more economical approaches cannot show acceptable results.
! }
Consistent with current ASME Code, Section XI philosophy for conducting additional
examinations when flaws are found in service, the recommendations in this guideline include
expansion of the number of locations tracked if fatigue limits are exceeded in the extended
operating period. In addition, utilities will’continue to monitor operating plant fatigue
experience, especially with respect to cracking that might indicate a strong contribution from
fatigue environmental effects. '

Guidance for performing plant specific environmental fatigue evaluations for selected locations
is provided. The intent is to unify the process used by applicants to address environmental
effects in the License Renewal Application, and provide specific guidance on the use of currently
accepted environmental fatigue evaluation methodologies. The guidance provided by this report
is considered to be “Good Practice”.

Using the guidance.provided in this report, the amount of effort needed to justify individual -
license renewal submittals and respond to NRC questions should be minimized,-and a more
unified, consistent approach throughout the industry should be achieved.

‘
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A

SURVEY OF APPROACHES USED TO-DATE FOR
ADDRESSING FATIGUE ENVIRONMENTAL EFFECTS
IN THE EXTENDED OPERATING PERIOD | |

This appendix summarizes the approaches for addressing fatigue environmental effects in the
extended operating period used by those applicants that have already submitted the license

renewal application.

[

Plant

License Renewal Approach

Extended Operating Period Commitment

Calvert
Cliffs

Environmental fatigue calculations will
be performed for NUREG/CR-6260
tocations using NUREG/CR-6583 and
NUREG/CR-5704 Fgn rules

Develop Class 1 fatigue analysis for
the B31.1 piping locations ,

Continue to monitor fatigue usage

Component with a CUF > 1.0 will be added to the
fatigue monitoring system : ‘

Oconee

Concluded that the effects of fatigue
are adequately managed for the
extended period with EAF to be

‘addressed prior to Year 40

Based on 4 EPRI studiesand
Qconee confirmatory research

NUREG/CR-6260 RPV locations
accepted via NRC staff-SER for
BAW-2251A

Update allowable cycles for remaining three
locations (all SS) based on EAF adjusted CUF
using NUREG/CR-5704 but with a Z-factor of 1.5

Continue to monitor fatigue usage via cycle/severity
counting/comparison

Participate with EPRI in additional confirmatory ,
research on this issue

ANO-1

Performed environmental fatigue
calculations-for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fgn rules

The EAF for the' RPV components
specified in NUREG/CR-6260 were
determined to be acceptable for the
period of extended operation

For the piping components, the surge
line and HPI nozzles and safe ends
had CUF > 1.0. These components
are included in the RI-IS} program.

Continue to monitor fatigue usage, and do one of
the following for the components where CUF > 1.0:

refinement of the f'atigue analysis in an attempt to
lower the CUF to < 1.0 .

| repair of affected locations

replacement of affected components

management of the effects of fatigue during the
period of extended operation using a program that
will be reviewed and approved by the staff through
the RI-1S] program '

N
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Sﬂwey of Approaches Used to-Date for Add

Period

N

réssing Fatigue En vironmental Effects in the Extended Operating

Plant

License Renewal Approach

Extended Opérating Period Commitment

Hatcr'1

Performed environmental fatigue
calculations for NUREG/CR-6260

locations using NUREG/CR-6583 and -

NUREG/CR-5704 Een rules
Assumed HWC conditions

\ -

. Used 60-year projections of actual
cycles and actual fatigue usage to-
date (higher than 40-year design
basis in some cases) '

Environmental CUF < 1.0 for 60
years at all locations except reactor
recirculation nozzles and feedwater

piping

-

Continue to monitor fatigue usage, perform a
refined analysis for feedwater piping and + -
recirculation nozzles before Year 40

Turkey
Point

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Revised NUREG/CR-6260
calculations to incorporate power
uprate and NUREG/CR-6583 and -
5704 methods

Used 60-year projections of actual )
cycles (same as design basis)

Environmental CUF < 1.0 for 60
years at all {ocations except surge
line hot leg nozzle

Continue to monitor fatigue usage, aging
management for surge line

North
Anna/Surry

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Scaled plant-specific results based
on results in NUREG/CR-6260

Used 60-year projections of actuai
cycles (same as design basis)

Environmental CUF < 1.0 for 60

- years at all locations except surge

line elbow

Continue to monitor fatigue usage, aging
management for surge line

Peéch
Bottom'

Did not perform environmental fatigue
calculations for NUREG/CR-6260
locations J ' .

Committed to do so before Year 40

Continue to monitor fatigue usage, perform
environmental fatigue calculation before Year 40
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Survey of Approaches Used to-Date for Addressing Fatigue Environmental Effects in the Extended Operating

Period

Plant

License Renewal Approach

Extended Operz;ting Period Commitment

St. Lucie

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Refined several Class 1 fatigue
analyses to offset Fen impact

Used 60-year projections of actual
cycles (same as design basis)

Environmental CUF < 1.0 for 60
years at all locations except surge
line elbow

Continue to monitor fatigue usage, aging
management for surge line

Ft. Callhoun-

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Revised NUREG/CR-6260
calculations to incorporate
NUREG/CR-6583 and -5704
methods

Used 60-year projections of actual
cycles (same as design basis)

Refined surge line Class 1 fatigue
analysis to offset Fen impact

—Note from OPPD: The refined
surge line analysis has already
been completed because of
pressurizer replacement and power
uprate activities, so the surge line
had to be reanalyzed for other
reasons and wasn’t done for
License Renewal alone.

" Otherwise, it probably would still be
a pending action.

Environmental CUF < 1.0 for 60
years at all locations

Continue to monitor fatigue usage
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Survey of Approaches Used to- Date for Addressmg Fatzgue Environmental Effects in the Extended Operating

. Plant

License Renew:ell Approach

Extended OperatingﬂPeriod Commitment

McGuire/
Catawba

(-»

Committed to perform environmental

fatigue analysis based on NUREG/CR-!

6583 for carbon and low-alloy steels
and on NUREG/CR-5704 for austenitic
stainless steels -

Pen‘orm environmental fatigue analysis before the
end of the 40th year of plant operation

Choose sample locations from those in
NUREG/CR-6260 and other locations expected
to have high EAF adjusted CUF, to ensure that
no plant location will have an EAF-adjusted CUF
that exceeds 1.0 in actual operation .

Determine the EAF adjusted CUF using defined
transients and/or assumed occurrences which
bound or coincide with realistic expectations for
an evaluation period

Continue to monitor fatigue usage via ‘
cycle/severity counting/comparison using EAF
adjusted allowable cycles or via tracking EAF
adjusted CUF

Rob'insoh

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fgn rules

Revised number of load/unload
events to show acceptability

Used 60-year projections of actual
cycles (same as design basis)

Environmental CUF < 1.0 for 60
years at all locations except surge
line

Contmue to monitor fatigue usage, agmg
management for surge line

Ginna

Performed environmental ;fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and

.NUREG/CR-5704 Fen rules (

The EAF for all components specmed
in NUEG/CR-6260 were determined
to be acceptable for the period of
extended operation, with the
exception of the pressurizer surge
line

Plant specific Fen factors for the
piping locations, based on the ASME
Class 1 fatigue analysis done in
NUREG/CR-6260, were applied to
Ginna-specific design basis fatigue
usage to determine the
environmental fatigue values

Continue to monitor fatigue usage

_

{
Prior to the end of the current license period, the
pressurizer surge nozzle will be inspected

i
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Survey of Approaches Used to-Date for Addressmg Fattgue Environmental Effects in the Extended Operating

Period

Plantl

License Renewal Approéch

Extended Operating Period Commitment

Summer

The thermal fatigue management
program will be revised by the end of
the current licensing term to. base
future projections on 60 years of
operation and to account for EAF

assess EAF before the end of the current Ilcensmg
period

Dresden/
Quad Cities

Did not perform environmental fatigue
calculations for NUREG/CR-6260
locations

Committed to do so before Year 40

Contlnue to monitor fatigue usage, perform
environmental fatigue calculation before Year 40

;

Farley

Performed environmenta{l fatigue:
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and

- NUREG/CR-5704 Fen rules

Used existing Class 1 fatigue
analysis for all NUREG/CR-6260
locations, except surge line and BIT
tee to RHR/SI piping

Developed'Class 1 fatigue analysis
for surge line using stress-based
fatigue software

Used actual fatigue usage to date
(based on available stress-based
data) and design number of cycles
for the surge line

. Developed Class 1 fatigue analysis

for BIT tee to RHR/SI piping using
Summer 1979 ASME piping rules

The EAF for all components specified
in NUREG/CR-6260 were determined
to be acceptable for the period of
extended operation with the
exception of the charging nozzle and
RHR locations

Continue to monitor fétigue usage

Prior to the end of the current license period, the
charging and RHR locations will be addressed
further

ANO-2

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Environmental CUF < 1.0 for 60
years for all RPV locations

For the pressurizer surge line,
charging nozzle and shutdown
cooling line CUF > 1.0, safety
injection nozzle < 1.0

Continue to monitor fatigue usage, and do one of
the following for the components where CUF > 1.0:

refinement of the fatigue analySIs in an attempt to
Iower the CUFto< 1.0 .

repair of affected locations
replacement of affected components

management of the effects of fatigue during the
period of extended operation using a program that
will be reviewed and approved by the staff
through the RI-ISI program
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Survey of Approaches Used to-Date for Addressing Fatigue Environmental Effects in the Extended Operating

Period ‘
I .
Piant License Renewal Approach Extended Opérating Period Commitment
Cook Performed environmental fatigue Continue to monitor fatigue usage

calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Developed Class 1 fatigue analysis
fgr three B31.1 piping locations

Used 60-year projections of.actual
cycles and actual fatigue usage to-
date (higher than 40-year design
basis in some cases)

Environmental CUF < 1.0 for 60
years at 5 of 6 locations. The
environmental CUF was greater than
1.0 for the pressurizer surge line.

Browns
Ferry

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Refined several Class 1 fatigue
analyses to offset Fen impact

Separate oxygen values computed
for HWC and NWC conditions,
applied based upon historical and
projected system availability.

Used 60-year projections of actual
cycles and actual fatigue usage to-
date (higher than 40-year design
basis in some cases)

Environmental CUF < 1.0 for 60
years for all RPV locations, piping
locations > 1.0

- )
TVA is developing Class 1 fatigue
. analysis for piping locations

Continue to monitor fatigue usage, perform

analysis for piping locations
™~

/
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Survey of Approaches Used to-Date for Addressing Fatigue Environmental Effects in the Extended Operating

Period

License Renewal Approach

Extended Operating Period Commitment

Plant

Point
Beach

r .
Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

The EAF for all components specified
in NUEG/CR-6260 were determined
to be acceptable for the period of
extended operation

Fatigue monitoring software used to
calculate spray line usage

- Used plant operating data to analyze
fatigue for piping locations since
design CUF values were not
available

Continue to monitor fatigue usage

Brunswick

Performed environmental fatigue
calculations for NUREG/CR-6260
locations using NUREG/CR-6583 and
NUREG/CR-5704 Fen rules

Refined several Class 1 fatigue
analyses to offset Fen impact

Developed Class 1 fatigue analysis
for two B31.1 piping locations

Separate oxygen values computed
for HWC and NWC conditions,
applied based upon historical and -
projected system availability.

Used 60-year projections of actual
cycles and actual fatigue usage to-
date (higher than 40-year design
basis in some cases)

Environmental CUF < 1.0 for 60
years at all locations

Continue to monitor fatigue usage
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R&D Status Report

John J. Taylor, Dxrector

BWR WATER CHEMISTRY

Many of the stress corrosion problems in
boiling water reactors (BWRs) result Irom the
presence of a very small amount of dissolved
oxygen In the reactor water. Radiolysis in
the reactor core continually decomposes a

small amount of the very pure water used in

BWRs into free oxygen and hydrogen. Most
of the gas is stripped from the water by the
Steam, leaving only lrace amounts ol'oxygen
and hydrogen dissolved in the reactor waler,
Although the amount of dissolved oxygen is

only about 200 ppb, itis sufficient to facilitate .

stress corrosion cracking. Hydrogen water
chemistry can reduce dissolved oxygen to
a level that will no longer facilitate stress

_ corrosion.

Pipe cracking in BWRs first cameto the atten-

tion of U.S. electric utilities in 1974. This’

problem has resulted in costly repairs and
lost operating time. The potential serious-
ness of the problem was recently emphasized
by the discovery of cracks in large-diameter
(26-in; 660-mm) recirculation piping at a
domestic BWR. These cracks necessitated
replacement of the complete recirculation
piping system and will cost 12 to 18 months
of operating time.

Earlier EPRI reports (EPR! Journal, Sep-
tember 1981, p. 6; November 1981, p. 18)
have helped familiarize the industry with the
various factors involved in pipe cracking. In
most cases, cracks have resulted frominter-
granular stress corrosion cracking (IGSCC).
This status report describes how changing
reactor water chemistry can help prevent
1GSCC.

. Three conditions must be present simulta-
neously for IGSCC to occur: stress, a sensi-
tized microstructure, and an environment
(water chemistry and temperature) that will
facilitate cracking. Theoretically, no pipe will
ever crack if any one factor is completely
eliminated. Eight pipe-cracking remedies
have been developed: three that affect
stress, three that affect' sensitization, and
two that affect environment (Table 1). By
their very nature, all the stress and sensiti-
zation remedies are limited to the specific
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component to which 1hey are applied. For
example, induction heating stress improve-
ment affects cracking in the pipe weld to
which it is applied; it does not affect any
other weld. Only the water chemistry reme-
dies have the potential of protecting the
whole system.

The water in a BWR is similar in purity to
laboratory distilled water. It is converted into
steam by reécxor core heat, condensed into
liquid again after passing through' the tur-
bine, and reconverted into steam on re-
entering the core. This process is repeated
continuously.

During reactor operation, radiolysis in the

reactor core continually decomposes asmall -

amount of water to form free oxygen and

hydrogen. Most of the oxygen and hydrogen-

is stripped from the water by the steam and”
is'subsequently removed from the water cir-
cuit by special equipment in the condenser,
However, about 200 ppb oxygen and 12 ppb
hydrogen remain -dissolved in the water in
the core when the reactor is at the steady-
state full-power operating temperature
(288°C; 550°F). During reactor startubs

Table 1
CAUSES AND REMEDIES FOR
BWR PIPE CRACKING

h

Cause Remedy

Stress Induction heating stress

improvement
Heat sink welding
Last-pass heat sink welding

Sensitization  Solution heat treatment
Corrosion-resistant cladding

~  Alternative materials

Environment  Hydrogen water chemistry

Impurity control

NEC-JH_65

and shutdowns oxygen concentration varies
with temperature (Figure 1). The important
question of which temperature-oxygen com-
binations facilitate IGSCC has been . an-
swered in part under EPRI research (RP1332
and RPT115). The shaded IGSCC danger
zone in the figure represents those combi-
nations. i )

Reducing oxygen levels during reactor
startups and shutdowns by deaération has

* been highly publicized in the BWR industry.

Although helpful during transients, this rem-
edy does little, if anything, to reduce pipe

“cracking during steady-state conditions

(RP1332-2,RPT112-1, RPT115-3, RPT115-4).
Deaeration does not affect oxygen levels
during sieady-state operating conditions,
which definitely facilitate IGSCC. The amount
of time spent at steady state is about 140
times greater than the amount of time spent
in startups. Therefore, 1o reduce IGSCC fur-
ther, it is necessary to change water chem-
istry during steady-state conditions.

Hydrogen water chemistry

in hydrogen water chemistry, small amounts
of hydrogen gas are added to the reactor
feedwater. In the reactor core the added
hydrogen recombines with oxygen and other
radiolysis products to suppress the net
amount of oxygen produced at the steady-
state temperature (Figure 1.

Although hydrogen water chemistry ex-
periments were conducted over 20 years
ago in several early Norwegian and U.S,
test reactors, the concept was not further
developed until 1979, when the Swedish util-
ities and ASEA-—-Atom conducted a short
eight-hour test of hydrogen water chemistry
at Oskarshamn-2 and demonstrated that hy- -
drogen water chemistry was economically
feasible. In 1981 the Swedes conducted a
second test at Oskarshamn-2 for four days,
and obtained detailed water chemistry mea-
surements. These tests showed that hydro-
gen water chemistry lowered the uoxygen
concentration to levels that would no longer
be expected to facilitate stress corrosion.
However, noactual in-reactor corrosiontests

were performed. In June 1982 DOE funded
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a 30-day hydrogen water chemistry experi- '

ment at Commonwealth Edison Co.'s Dres-
den-2 plant. During this experiment, EPRI
sponsored in-reactor stress corrosion tests
that helped confirm hydrogen water chem-
istry as a powerful antidote for stress corro-
sion problems (RP1930-2). A $1 million EPRI
~ laboratory research project on hydrogen
water chemistry, which has been in progress
for two years, supports this conclusnon
(RP1930-1).
The combined results of the in-reactor
and laboratory IGSCC tests show that the
. oxygen level must be suppressed to 20 ppb
to eliminate IGSCC completely. For example,
during the Dresden-2 test, a severely sensi-
tized sample ot stainless steel was tested
under extreme stress and strain, and abso-
lutely no IGSCC was detected. in faboratory
tests on full-scale pipes the growth rates of

preexisting cracks have been siowed by a
factor of 10 as a result of hydrogen water

chemistry. If no c¢racks are present before
hydrogen treatment of water, no new cracks
are expected to start. :

To achieve an oxygen level of 20 ppb
during the Dresden-2 test, it was necessary
to add 1.5 ppm hydrogen to the feedwater
and to use pure oxygen in the off-gas system
insteadof air, The total cost of both hydro-
gen and oxygen was less than $1000/day.
If a BWR had a 70% capacity factor and a
remaining lifetime of 20 years, the total
would be about $5 million. Equipment instai-
lation would cost an additional $1° million.
In contrast, replacement of a complete re-
circulation piping system is estimated to cost
on the order of $500 million, including the
cost of replacement power.

Although the stress corrosion benefits'

from hydrogen water chemistry are expected
to be very high, at least one negative side’
effect exists. The amount of the radioactive
isotope nitrogen-16 (N-16) in the steam will
increase. The N-16 is formed in the reactor
core by the nuclear reaction: oxygen-16 +
neutron — .nitrogen-16 + proton. Under-
normal water chemistry conditions the N-16
reacts with dissolved oxygen to form nitrate
(NOj), which is soluble in the reactor water.

Under hythrogen waloar ohamistry oandl-
tions there {s nol enougly digsolvad oxygon
1o react with the N-16 to form NOj; the N-16
combines with the hydrogen to-form ammo-
nia, NH,. Ammonia is a volatile gas and is
therefore removed. from the water by the
steam. The N-16 is a very unstable isotope
and decays with a half-life of 7.11 s, giving
off high-energy gamma rays. Because more

"N-16 énds up in the steam when hydrogen

water chemistry is used, the steam lines and
steam turbine will emit more gamma radia-
tion than when normal BWR water chemistry
is used. At Dresden-2; the amount of N-16
gamma radiation increased by a factor of 5
during the hydrogen water chemistry test.
The turbine is heavily shielded and therefore
the increase in N-16 did not significantly
increase the radiation dose rate to plant

_personnel. in general, the N-16 side eifect

was manageable during the tests at Dresden-
2. When maintenance crews had to enter an

. area where N-16 radiation was high, the hy-

drogen injection was stopped, and N-16
radiation levels quickly returned to normal.
After the maintenance crew left the area, the
hydrogen injection was resumed.

The major uncertainties about hydrogen
water chemistry revolve around the possibil-
ity of long-term negative side effects. The

~ two most important concerns are the hydro-

gen embrittlement of the nuclear fuel clad-
ding and the redistribution of corrosion
products (radiation buildup) within the plant.
Although the best technical judgment avail-
able indicates that the possibitity of either of
these eftects becommg\unmanageab\e is
extremely remote, there is no data base on
which to build firm conclusions. At least one
fuel cycle with hydrogen water chemistry will
be required before a recommendation can
be made to the utilities. EPRI is developing a
long:\term in-reactor test program to address
these major uncertainties.

Control of impurities

Although reactor water contains impurities
in small amounts (at the ppm or ppb levels),
BWRs generally operate with high-purity
water. For example, NRC guidelines spec-
ify that reactor water chloride (Cl) con-
centration be kept below 0.2 ppm and the
conductivity below 1 pS/cm during plant
operation. A solution containing 1 ppm of
sodium chloride (NaCl) would have a con-.
ductuvnty of about 2 pS/cm and a Cl concen-

.tration of 0.6 ppm. Therefore, 1 ppm of NaCl

would exceed the NRC specifications. The
results of EPRI research projects have shown
that maintaining water purity may be just

‘as important as cornitrolling oxygen levels’
(RP1563-2, RPT115-3, RPT115-6).

Impuri-

/
f
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ties increase the size of the IGSCC danger
-Zone.
“In accelerated Iaboratory !GSCC tests as -
' lmle as 1 ppm of certain impurities eradi-
cated hydrogen water chemistry benefits.
To benefit from hydrogen water chemistry,
utilities will have to. control both oxygen
levels and conductivity. Reactor water with
only 20 ppb oxygen and a conductivity in the
vicinity of 0.2 uS/cm may eliminate any pos-
sibility of IGSCC. EPRI has recently stepped
up its research to understand the role of
impurities in an effort {0 produce cost-etfec-
tive water chemistry guidslines. Project
Manager: Michael Fox :

\ \

VALVE RESEARCH

The primary goal of valve research in EPRI's
Nuclear Power Division is to reduce the
amount of plant unavailability attributable to

maintenance or repair work during an outage
attributed to another system or.component.
-~ Thus, although the valve could be consid-
ered a contributing cause of the outage, this
is not reflected in the reported data.
_Nuclear plant data collection and evaiua-
tion systems originally had many shortcom-
ings. As a result of improvements in these
systems, data quantity and usefulness have
been increased. Other existing sources of
information remain to be assimilated, how-
ever, to achieve a comprehensive vnew of
the problem. EPRI’s limiting-factors analysns
studies, the findings of which are published
in four reports (NP-1136 through NP-1139),
provide further insight into the causes and
the magnitude of nuclear plant availability
losses, attributable to vaives.
On the basis of the efforts described above,
two areas were selected for initial EPRI R&D
attention: the seat leakage performance of

valves in LWR power plants. These R&D main steam isolation valve$ (MSiVs) in BWRs

“activities seek to improve valve maintenance

practices and valve performance and relj-

‘ability and thus reduce the cost of producing
electricity. EPRI's initial effort in- this &rea
was an assessment of'indus(ry valve prob-
lems conducted in the mid 1970s (NP-241).
It was found that nuclear plant unavailability
" attributed to valves, valve actuators, and
associated control circuits represented ap-
proximately three forced outages per plant
per year, with an average outage duration of
about two days. The value of such unavail-
ability is significant. A study reported in the
June 1982 EPRI Journal (p. 18) indicates
that a 1% availability improvement in base-
- load coal and nuclear gerierating units com-
bined would represent savings of $2.2 billion
nationwide over the seven-year study period.

In the initial assessment of industry valve,”

problems, which. was conducted by MPR
Associates, Inc., the concept of key valves
evolved. These are valves whose ‘malfunc-

tion can result in a forced plant outage, "

a power reduction, or an extension of a
planned outage. Iti s basmally to these valves
that the EPRI research effort is dxrected

The study concluded that only 'a small
percentage (5~10%) of the total valve popu-
lation in a nuclear power plant is appiied
in such a way that failure wouid result in a
forced outage. It should be noted that these
key valves are not necessarily safety-related

-valves. No major differences were found be-
tween PWRsand BWRs regarding the causes
(seat Ieakage stem leakage, actuator mal-
function) of valve-related shutdowns.

The study also conttuded that forced out-
ages atiributable to vaives are underreported
because of an umbrella or shadowing ef-
fect—situations where a valve requires
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and valve stem packing lmprovements for
both PWR and BWR.application.

Figure 2 presents a cutaway view of a rep-
resentative MSIV with the valve bonnet and
the actuator removed. Two identical MS!Vs

—

rates for MSIVs and require the periodic test-

.ing of each valve to verify that this requure-

ment is met,

Work was initiated in early 1979 with At-
wood and Morrill Co., Inc., a manufacturer
of MSIVs, and General Electric Co., the
nuclear steam supply system contractor for
BWR plants, to develop a comprehensive
test program on MSIV seal leakage perfor-
mance (RP1243-1, RP1389-1). The goals
were first to identify the factors that affect
the valves' capability to meet the seat leak-
age criteria imposed by the local leak rate
test (LLRT) and then to identify and’verify
the effectiveness of corrective actions for
improving valve leakage performance.

The programevaluated the effects of such
factors as local residual stresses from valve
installation welding; forces and moments
appliet'j by the connecting pipe; mechanical
cycling; thermal cycling; excessive wear
and -corrosion of critical valve surfaces;

. and poorly controlled maintenance prac-

are installed in series in each BWR steam

line. Technical specifications for BWR plants
establish maximum allowable seat leakage

Poppel
)
Body
Poppet ——3_|
main seat
Yoo :
A <
Body
| main seat

tices. Of the factors investigated, corrosion
of the valve seating surface (or changes in
the friction coefficient) and inadequate main-
tenance practices were found to be the most
significant contributors to the seat leakage
problem. Program results are reported in
NP-2381 and NP-2454. ‘

5

Stem

Steam
inict

~

Lower
. guide rib

Figure 2 BWR main steam nsolahon valve, EPR! has sponsored a test program to determine the factors that
alfect valve seat leakage performance and to evaluate ways to Improve this performance
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Fatigue Crack Propagation Rates
for Notched 304 Stainless Steel
Specimens In Elevated
Temperature Water

Fatigue crack propagation (FCP).rates for 304 stainless steel (304 $S) were determined
in 24°C and 288°C air and 288°C-water with 2060 cc H, /kg H,0 using double-edged
notch (DEN) specimens. Tests performed ar matched loading conditions in air and water
provided a direct comparison of the relutive crack growth rates over a wide range of test
conditions. Crack growth rates of 304 $S in water were about 12 times the air rate for
both short cracks (0.03-0.25 mm) and long cracks up to 4.06 mm beyond the notch, i
which are consistent with convertional deep crack tests. The large environmental degra- :
dation for 304 8§ crack growth is consistent with the strong reduction of fatigue life in
high hydiogen water. Further. very similar envivonmenial effects were reported in fatigue
crack growth tests in hydrogen water chemisti v (HWC). Prior 1o the recent tests reporied
by Wire and Mills (1] and Evans and Wire (2], most literature data in high hydrogen
water showed only a mild environmenal effect for 304 88, of order 2.5 times air or less.
However, the tests were predominantly performed at high cxclic stress intensities or high
Sfrequencies where environmental effects are small. The environmenial effect in low oxygen
environments al low stress intensiry depends strongly on both the siress ratio, R. and the
load rise time, T,. Fractographic examinations were performed on specimens tested in
both air and water. 1o understand the operative cracking mechanisis associated with
environmental effects. In 288°C watér, the fraciure surfaces were crisply fuceted with a
©erystallographic appearance, and showed striations under high magnificarion. . The
cleavage-like facets suggest that hydrogen embrittiement is the primary cause of acceler-
ated cracking.. [DOL: 10.1115/1.1767859]

-— \’/

Gary L. Wire
William J. Mills

echial Betlis, Inc..
Wesi Mifllin, PA 15122-0079

’

The .double-cdge notched uniaxial specimen provides two sites
for crack initiation. It provides an advantage over compact tension
“specimens in that it can be tested in both tension-tension and
tension-compression loading conditions. Tests were performed un-
der load control in fully reversed (R=- 1) and tension-tension
loading (R=0). Alignment was achieved by manually adjusting
the pull rod to minimize bending stresses, which were monitored
by strain pages attached to the specimen (Fig. 1). Once a satisfac-
tory alignment was achieved, the strain gages were removed and
the FPD leads were au”u.hud For the tests in water, the assembly
was then euclosed in an autoclave, which was filled with water
and heated to 288°C. Deaerated water containing 20 to 60 cc
H, 7kg H,O was used in this study. The room temperature pH was 4
10.1 to 10.3, and the oxygen concentration was less than 20 ppb v,
The specimen was cycled until crack initiation was detected.]
based on the electrical potential drop reading corresponding to a4
crack growth of 0.13 mm. Following an interim visual inspectiony§
cycling was continued 1o obtain crack extension data.

-1 Introduction
Futigue crack propagation data for Type 304 stuinless steel {304
"SS) were obtained in air and an elevated temperature agueous
_environment. The data were developed from instrumented fatigue
tests on double-edged notched (DEN) fatigue specimens with two
-different notch root radii p of 0.38 and 132 mm, reported by Wire
el al. [3]. The fatigue tests were primarily designed to determine
the effect of noteh radiis on fatigue crack initiation but also pro-
“vide fatipue crack growth data for both shalow -and long cracks.
Direct comparison of crack growth rates obtained in air and water
under identical Joading conditions and for equivalent crack sizes
demonstrates that 304 SS experiences a large environmental ef-
fect, and the detailed analysis bglow shows that this. trend was
supported by ,Lll tests. .

i
I
4
3
H

2 Experimental

The DEN specimens (Fig. 1) were machined from a 127 mm

“diameter bar forging with an L-C orientation per ASTM E1823, .

with yield and ultimate strength of 288 and 546 MPa. The cheni-

-cal composition of the 304 SS material is provided in [1]. The
microstructure consists of nonsensitized grains with a grain size of
ASTM 2.

Load-conwrolled cyclic fatigue tests were pcrtormad in air at

-room-temperature and 288°C and in deacrated 288°C water. The
electric potential drop (EPD) technigue with current reversal was
“1sedto monitor crack initiation and growth, as detailed.in [1].

" Contributed by the Pr re Vessels and Piping Division for ~ publication
in the JOURNAL OF PRESSURE VESSEL TECHNOLOGY. Manuscript received by
the -PVP Division May 29, 2003; revision reckived Devemher 23, 2004, fiditor:
S. Y. Zamrk. - '

318 / Vol. 126, AUGUST 2004

Copyright © 2004 by ASME

The crack growth rate. da/dN was calculated using the_secant
method applicd to the average extension curves, as discussed hy
Wire [1]. Crack growth rates: were obtained at extensions as low
as 0.013 .mm in order to investigate possible short crack effects.
FFor. conventional deep cracks. rates were calculated over larger
increments of crack extension. :

For shallow cracks. of depth L<(p from the notch, the stress
intensity factor solution developed by Schijve [4] for a crack ema-
nating from an edge notch was used to compute K. When the-
crack ‘depth cxceeded the notch root radius, the conventional
stress intensity factor solution developed by Tada et al. [S5] for
DEN specimens, which is based on the total-crack depth including
the notch depth. was used to calculate K. The transition betwéen
the two formulations was made at L=p. It is noted that an inde-
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Fig. 1 Double-edge notched fatigue gpacimen with EPD (Grip
details not shown, all dimensions in mm)

endent K solution for a double-edge notched plate by Yamamoto
6] provided results within 4% for shallow and intermediate crack
lengths over the range of the present tests. For both the fully
reversed and tension-tension tests, the stress intensity factor range
(AK) is defined as the difference between K at maximum and
minimum loads (i.e., AR=K,;— Kpin). Crack asymmetry is a
patential problem with the DEN specimen. However, the largest
difference observed between the two cracks was 2 mm out of an
ovegall crack length (D +L) of about 9 mm. The 2 mm difference
is less than 5% of the specimen width of 38 mm, indicating crack
asymmetry is not a problem for this data. '
Broken specimen halves were examined on a scanning electron
microscope (SEM) to characterize the fatigue fracture surface
motphology. The crack length assaciated with each fractograph
was detepmined so fracture surface features could be correlated
with crack growth rates end applied AK levels. Relative amounts
of o' martensite on fracture faces were estimated using a com-
mercial ferrite measuwrcment pstrument (Feritscope® MP3C).
While fracture surface roughness and the presence of only a thin
Jayer of martensite precluded precise measurements, relative
amounts of marntensite were readily determined.

3 Test Results
3.1 Short Crack Effects. Before examining environmental

effects. it is apptoptiate to evaluate the cracking behavior for short -

versus long cracks. Crack growth rates for short cracks can be
much larger than long crack data due (o differences in crack clo-
sure according to Newman [7). Crack closure in the crack wake
reduces the portion of the load that is effective in growing 4 crack.
However. short cracks have little or no crack wake, and closure is
subsequently reduced. To examine for such closure effects, the
growth rates in air for the DEN at R=— 1 were compared directly
to growth rates from coriventional deep crack tests in air at 288°C,
R=0 per James and Tones {8} .

du/dN=140X107°AK*Y, mm/cycle, AK in MPaym
\ . C (2

The ratio of the DEN rates to rates for long cracks from Eq. (2)
are shown in Fip. 2. [t was convenient to. use only the positive
portion of the loading to calculate the air rates for long cracks, as
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the ratio in Fig. 2 then decreased to values near unijty at large
crack depths. The figure shows that the short crack growth rates
can exceed the deep crack rates by, a factor of thirty, but that the
ratio quickly approaches a stable value as the crack depth be-
comes significant compated to the notch radius. The value of the
ratio at larger crack depths ranged from approximately one to four
for the tests shown, irplying that the tensile portion of the loading
is largely ' tesponsible for the crack propagation at large crack
depths. For the purticular notch depths studied bere, short crack =
effects arc only important below L/p of order 0.2. Therefore, shal-
low crack effects can produce an order of magnitude increase in
crack growth rates under fully reversed loading conditions, but
this acceleration is confined to very small crack extensions, on the
order of 0.1 to 0.3 mm. For longer cracks, conventional test data
for deeply cracked specimens can be used to predict cracking
behavior.

The increased rates observed for short cracks near notches is
consistent with increased effective stress intensity, as reviewed in
depth by Lalor, Sehitoglu, and McCluag [9]. They observed that
the crack opening stress incroased rapidly with increasing crack
depth and leveled out for erack depths above approximately 40%
of the notch radius. They were able to explain the observed crack
opening stresses on the basis of finite element analysis of crack
closure effects. ‘ - k

3.2 Environmental Effects by Comparison to Controls.
The effect of environment on fatigue crack growth can be seen by
directly comparing the data from 283°C air and water tests, as
controls were rupn in air at the same or very similar Joading con-
ditions to the tests io water, This allows a direct assessment of
environmental effects down to the smallest detectable crack ex-
tensions, while avoiding the peed for an explicit treatment of shont
crack effects. Hence, the da/dN values in air and water are com-
pared directly at the same crack extension and cyclic swess. This
agsures that crack driving forces are the same, without having to
explicitly calculate them.

Figure 3 shows conclusively that the crack growth rates in wa-
ter are much enhanced over rates in air. The ratio of crack growth
rates in watet over air is called the environmental ratio {(ER), for
convenience. At a stress amplitude of 69 MPa and lowest fre-
quency tested of 0.0033 Hz, the ER is 15 (Fig. 3(a)). The large ER
in water observed in Fig. 3(u) persisted to the end of the test,
where the crack extension was 4.1 mm, Hence, large environmen-
ta] effects continue to crack depths of engjncering sighificance,
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and ‘are not just a short crack'phcnomenou. Figure 3 shows that
the ER was large at the smallest detectable crack extensions of
about 0.025 mm. Hence, the increases in crack growth rate ex-
plain the reductions io fatigue life reported in the literature {10].

Several other trends are worthy of note. Higher frequency led to

a smaller ER of 10X, as shown by companng Fig. 3(b) and Fig.

3(a). The apparent increase in BR with decreasing frequency is
counsistent with the reduction of fatigue life at low strain rate noted
by Chopra and Smith [10]. The ER for a higher stress amplitude
(Fig. 3(c)) is only about a factor of 8 X compared to 15X in Fig.
3(a) at the same low frequency, indjcating a reduction in ER at
high stress amplitude and crack growth rates. The ER at R=0 is
also smaller, as shown in Fig. 3(d). This may be further evidence
of an effect of higher effective loading for a given stress ampli-
tude provided by R=0 compared to, R= ~ 1, which has a com-
pressive half cyele. Also, the ER in Fig. 3(c.d) decreases at the
largest crack extensions, which comespond to the highest stress
intensity. Such an effect is consistent with the general notion that
at high loading, mechanical effects will dominate.

3.3 Envirommental Effects Using Time-Based Plots and
Comparison to Literature, Frotn & fundamental point of view,
the crack tip strain rate is the apptopriate crack driving parameter
to correlate environmentally assisted crack propagation tate data,

_as reviewed by Scott [11]. However, a unigue method of crack-tip
; strain-rate calculation could not be establighed and variability in
* calculated values was over a factor of ten between various mod-
els. Shoji et al. (12] suggested using the time-based rate in air as
a practjcal correlating parameter representing crack tip strain-rate

320 / Vol. 126, AUGUST 2004

for low alloy stee] fatigue crack growth data, This varable was
used successfully to correlate enviropmental effects on low alloy
steels in water. The time-based crack growth in air (da/dt), is
defined ag | :

(daldt),=(daldN)y, /T, where T, is the load rise time
(3a)

and the time based covironmental rate (da/dr), in water is
(daldt),=(daldN),IT,

Eq. (3) is appropriate for fatigue crack growth tests with continu-
ous cycling, which produce a tite-independent rate such as scen
in the present tests. In the cvent that stress corrosion cracking or
other_time-dependent behavior is operative, the total time would
be mote appropriate in Eq. 3.

The strong environmental effects observed on 304 S8 are cor-
related reasonably well by utilizing a time-based plot, a5 shown in
Fig. 4, although data variability is latge. The air rates for DEN
specimens were determined ditectly from the control tests in aif,
as shown in Fig. 3. The 304 SS§ DEN data (diamonds) show a
clear inctease in crack growth rates relative to those in air at low
air rates, and are consistent with the degradation of fatigue life of
up to 15X reported by Chopra and Smith [10] and 13X reported
by Leax [13). As noted above, the large ER did not diminish in
one test up to 8 crack depth of 4.1 mm. This depth is greater than |
sssociated with “short crack” effects and is significant from an
engineering standpoint. Subsequent tests on conventional compact
tension specimens at this laboratory, represented by the circles in

(3b)
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Air Rate, minvs

Fig. 4 304 SS DEN crack growth rates in water va air. Trand
shows decreaged ER at high air rate. Air rates are calculated
directly from control tests

Fig. 4, venify that the environmenta) effect continues unabated to
a crack growth of 17 mm, as reported by Evans and Wire [2] Bor
304 §S CT daty, the baseline crack growth rate in air, (da/dN),,
was determined via {8] for the appropriate test conditions (i.e.,
AK, R, and temperatuye), It is also noted that the agiecment be-
tween short crack and long crack results indicstes that there is no
“chemical” ephancement of crack growth of short cracks, such as
reported by Gangloff {14] for high' strength stec} in a NaCl solu-
tion.’ i

A review of fatigue crack propagation of austenitic stainlesy
steels was performed recently by Shack and Kassner [15]. Data
from surface crack tests performed in low oxygen "bydrogen wa-
ter chemistey” (HWC) enviconments by Prater et al. [ 16] are com-
pared with DEN data in Fig. 5. HWC is BWR water chemistry
with hydrogen added to control the electrochemical potential. The
literature tests on surface crack specimens tested in HWC water
confirm that the large envitommental effects shown here have been
obsetved previously. Overall, the surface crack tests from the lje-

/
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Fig. 8 Comparlsen of DEN to CT data in HWC Large environ-'
mental effacts extend to low alr rates

erature average about 14 times the air rate, vexy similar to DEN
data. Indeed, crack growth rates in HWC at frequencies between
167X 107% and 5.56x 10™* Hz are identical to thosc obtained in
this study. The fact that the stainless stee] studied by Prater was
sensitized does not appear to be important, as the cracking mode
was transgranular. Gordon et al, [17] indicated that the fatigue
crack growth rates in HWC water were the same for solution
anpesled and sensitized 304 SS, and Jewett en al. [18] reported
very similar rates in these materials ag well as welds.

A comparison of crack growth data trends frown DEN tests and
selected conventional compsct tension test data in HWC is pro-
vided in Fig. 6. The DEN and CT data are in @mood sgreement jo
the intermediate growth rate regimes where boih specimen types
were evaluated. Moreover, the data by Ljunberg [19] show cven
greater enhancement in the low crack growth vate regime. These
tesults provide further support for the observation that environ-
mental effects tend to increase in the'lower stress intensity regime
where crack growth rates in air are réduced. .

The tests by Andresep and Campbell [20] shevw evidence for a
trapsition to reduced environmental effects at high equivalent air
rates, and more limited data by Gordon et al. [17] are consistent
with such an effect. It is noteworthy that the DEN data agree
qualitatively with HWC data in Fig. 6, includimg evidence of a
transition to substantially lower environmental effects at equiva-
lent air rates above 10™° mm/s. ’

The hydrogen level for the HWC test data jm Figs. 5 and 6 15
150 ppb ox less, much Jess than several ppm in the current DEN
tests and in PWR water, Although the corrosion potential in HWQ
is typically about 0.3 V SHE higher than that in water with higher
hydrogen used in the present tests, according 1o ‘Gilman (21], the
averall crack growth rate response in the two environments ap-
pears to be similar. ‘

3.4 Effects of Stress Ratlo, Stress Intensity, and Rise Time.
Evane and Wire {2] performed a seties of tesés on 2 1.5T CT
specimen (thickness=24.1 mm) of the same hext and water con-
ditions used in the DEN tests. The CT tests showed that large
environmental effects occurred in conventional, deeply cracked
compact tension specimens with high hydrogem levels and the
attendant lawer potential. Results from the DEN tests and the
compact tension tests by Evans and Wire (2002) sze shown in Fig.
7. For DEN data represented in Figs. 7-8, the full cyclic stress
range and crack extensions increments of 0.12 mam of larger were
employed, \ -
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The results in Fig. 7 indicate a strong effect of both T, and R,
The environmental effects can be rationalized in terms of a com-
_ bined mean stress effect on closure or R ratio and a rise time or
frequency effect, consistent with the literature. Batnford [22]
noted larger enviropmental effects at higher R ratios. He incorpo-
rated an effective AKqz=K (1 —R)®%, which shifted the high R
data more in line - with low R data. Cullen [23] reported strongly
increased FCP ratcs for cast stainless steel at higher R in PWR
water. The data by Bemard et al, [24] on Z3 CND17-12, similar to
_A10 88, showed a’clear risc time cffect in PWR water. Recently, a
cotrelation for FCP of austenitic stainless steels in BWR water
was developed by Itatani et al. [25] The comelation was of the
form

daldN=A(AK)"TTI(1~R)? with m=3.0,

n=0.5, aidand p=212 )
- /
1
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Fig. 8 Normalized 304 SS CT FCP Data at Low Potential. Nor-
malization: (1~R)""1, 723" to R=0,T,~150 &5

This formulation indicates a strong role of T, and R, consistent
with results desctibed above in low oxygen water, It is noted that
the present crack growth rates are similar to those reported by
Ttatani et al. [25] in BWR water in the few cases where data are
available at similar T,, R, and AK. Figure 8 shows that the crack
growth rates in Fig. 7 can be reasonably well normalized by T
and 1/() ~R)"}. Hence, the form of the correlation developed by
ftatani et al. for tension-tension appeary to be promysing for
tension-compression. Further; the present rise time and stress ratio
R ratio dependence are consistent with all but the very high R
(0.95) BWR waler data utilized by Itatapi et al. [25]. Figure 9
shows that pormalization in Fig. 8 worked successfully on data
from compact tension tests at high R by Bvans and Wire {2] and
at low R by Bernard et al. [24] Both data sets include long rise
times (450-500 s) where environmental -effects are substaptial.
The plot shows that ER reduces to about 2X at large AK. While
the selected parameters values correlate these limited data sets,
much more data would be requited to obtaip a definitive
cotrelation.

4 Characterization of Fatigue Crack Propagation

Mechanisms

Fracture surface features for specimens tested in air and water
were evaluated to correlate operative cracking mechanisms with
environmental cracking behavior, The fracture surface sppearance
for specimens tested in roorn temperature air was found to be
dependent on loading conditions. A faceted morphology (Fig.
10(a)) was obscrved at crack growth rates fess than 1
%10~ * mun/eycle, vast fields of well-defined striations were ges-
erated between 1 X 107% and 1X 10~3 mm/cycle, and & combina-
tion of fatigue striations and dimples (Fig. 10(b)) was observed
above 1 X 10~? mm/cyele. The nature of striated fracture surfaces
in the intermediate and high crack growth tate regimes resembles
that typically observed in FCC matetials, but the f“acetsv formed at
low crack growth rates are rather unigue, as disenssed below,
Evidence of rubbing and fretting (Fig. 11) due to repeated contact
between mating fracturc surfaces was observed in specioens
tested under fully reversed cyclic loading eonditions.

Facets generated at low crack growth rates had an u'regglar
appearance that was associated with a quasi-cleavage mechamsm
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Fig. 10 Fractographs of 304 S§ tested In 24°C alr. (a) Irregular
quasi-cleavage facets at da/dN=8>10"° mmvcycle. Arrow de-
notas failed twin boundary. (b) Striatlons and dimples at 1

X102 mnveycle

304 SS is a metastable alloy at room tecmperature, the material
directly ahead of an advancing crack undergocs a strain-induced
ransformation to o' martensite. Therefore, cracks propagate
through martensite, which results in a quasi-cleavage morphology
that resembles the quasi-cleavage fracture surface appearance in
martensitic steels, Ferritescope measurements showed that alf fa-
tigue fracture surfaces gencrated ar room temperature’ confained
o' martensite, with the amount of martensite increasing at higher
stress intengity factor Jevels due to larger plastic zone gizes.

“The morphology of the guasi-cleavage facets wag consistent
_ with the fracture surface appearance for 304 SS (Gao et al. [26])
and high purity Fe-18Cr-12Nj §S (Wet ¢t al. [27]) tested in room
temperaturc air, 3.5% NaCl solutions and hydrogen, Strain-
induced ' martensite formed ahead of fatigue cracks in both
alloys, which caused s quasi-cleavage mechsanism. Unlike 304 SS,
316 S5 fatigue tested in room temperature air (Mills [28]) exhib-
ited more conventional, cleavage-like facets, Because 316 8S is a
more stable alloy due to its higher nickel content, &' martensite
transformation deoes not occur at room temperature; hence, it ex-
hibits classic, cleavage-like faceted growth as cracks propagute
through stable austenité,

In the low crack growth rate regime, 304 SS also exhibired
localized cracking along annealing twin' boundaries, but no evi-
dence of intergranular cracking. Localized separation along favor-
ably oriented twin boundaries produced flat, featureless facefs that
appear as dark islands, surrounded by quasi-cleavage facets. Gao
et al. [26] and Wei et al. [27] also reported twin boundary erack-
ing in 304 88 and high purity Fe-18Cr-12Ni S8,

Facets formed in 288°C air had a different morphology. as they
took on & more conventional cleavage-like appearance. Compari-
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Fig. 11 Repaated contact betwaen crack surlaces (R=~1). (a)
Aub marks at low AK lavels in 288°C air. () Striations sur-
rounded by severely rubbed regions (24°C aly).

son of Figs. 12(a) and 12(b) shows that the high temperature
facets had more of a cystallographic nature with some evidence of
river patterns, in contrast with the irregular facets generated in
room temperature air. The lack of quasi-cleavage facets indicates
that 288°C is above the critical tempecature where cold working
induces a4 martensite transformation (i.c., M temperature). Based
on the composition of 304 8§, the M, temperature associated
with 30% cold werk is on the order of 100°C (Lacombe [29D).
Indeed, Ferritescope measurements showed no  detectable
«'-martensite on fatigue fracture surfaces generated at 288°C,

At crack growth rates slightly above 1 X 10™* mm/eycle, facets
farmed in 288°C air were poorly defined and paraliel fracture
mgrkings associated with slip offsets were often superimposed on
them, The transition to poorly defined facets is believed to be
associated with a transition from heterogeneous-to-homogeneous -
slip, Fracture surfaces generated in 288°C water were remarkably
different than those generated in air. Facers formed in water had a
erystallographic appearance with well-defined river patterne, as
shown in Fig. 12(c). The sharp, cleavage-like facets formed im-
mediately adjacent to machined notches and wetl away frum the
notches, indicating that the same faceted growth mechanism was
operative for shallow and long cracks. Moreover, well-defined
crystallographic facets persisted over the entire range of crack
growth rates generated in this program, including crack growth
rates as high a5 8 X 10™* mm/cycle where fracture surfaces gener-

- ated in air cxhibited poorly defined facets and vast fields of fa-

tiguc stnations. Therc was no evidence of cither intergranular
cracking or anncaling twin boundary cracking in 288°C water.
Although fracture surfaces generated in 288°C water exhibited

crisp cleavage-like facets, high magnification of facet faces re-h '
" vealed the presence of fatigue striations (Fig. 13). At crack growth -

rates from 1X107% 10 3X 10™* mm/eycle, parallel fracture mark-
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Fig. 12 Fractographs of 304 SS fatigue teated in (a) 24°C air

showing itregular facets (b) 288°C air showing cleavage-like
facets (c) 288°C water with crystaliographic facats that are
afiarp, claavage-like, and highly angular.

ings on the facets were very straight, but their spacing was iden-
tical to macroscopic crack growth gates indicating that they were
fatigue striations. At growth rates above 3 X 104 mw/cycle, stria-
tions had a ductile or wavy appearance, as shown in Fig. 13(b).
Facet and striation orientations on fracture surfaces genetated in
288°C water revealed that local cracking directions weve often
‘very diffetent from the overall cracking direction. Although facets
were usually aligned in the cracking direction, some were aligned
normal 1o the macroscopic cracking direction (Figs. 12(c) and
11(a)). Likewise, most striations were otiented normal to overall
king direction, but in some regions striations had different
atations and in some ¢ages were even parallel to the macro-
scopic cracking direction, These observations indicate that crack
advance in water involved a very uneven process, as cracking first

324 / Vol. 126, AUGUST 2004

Fig. 13 Fractagraphs of 304 8S fatigus tosted, in 288°C water,
(a) Highly angular faets persist to 3X107* mm cycle. (b) High
magnification of (a) shows fatigue striations suparimposad on

» facet {aces

occurred in the most susceptible tegions. which left ligaments in

the wake of thie advancing crack front, As the overall ¢rack con- .

tinued to extend. Jocal stress intensities within the more tegistant
ligaments increased to the point where cracking teinitiated and
propagated across the ligaments. As a result, local cracking direc-
tions within these ligaments wetre often tormal to the overall
cracking direction. The rapid crack advance in the more suscep-
tible regions is.believed to be a significant contributor to the en-
vironmental acceleration observed in high temperature water. Spe-
cifically, this rapid cracking not only increased the overall crack
length, it increased local stress and provided altemate paths for
reinitiating local cracks along the more tesistant ligaments.

The role of active path dissolution vetsbs hydrogen cmbrittle-
ment in causing accelerated cracking of stainless steel in high
temperature water remaing an issue because of the coupled nature

v

of these processes, as electrochemical: reactions near the crack tip -

involve both anodic dissolution of the metal and a cathodic reac-
tion that produces hydrogen. The presence of well-defined crys-
tallographic fcatures indicates the absence of significant metal dis-
solution, thereby supggesting that slip/dissolution is not the
primary cause of accelerated cracking. This observation is consis-
tent with findings by Chopra and Smith [10] that exack growth
rates for 304 SS arc greater in low dissolved oxygen watet than in
high dissolved oxygen water. This observation cannot be recon-
ciled with a slip/dissolution mechanism. ‘

The presence of sharp, crystallographic facets suggests that a
hydrogen embrittlement mechanism fs responsible for accelerated
cracking in 288°C water, This is supported by fractographic find-
ings by Hanninen and Hekarsinen [30} where hydrogen-
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precharged 304 SS exhibited cleavage-like facets without any de-

¢ tectable of martensite formation. The facet morphology for the

hydrogen-ptecharged specimens is vetry similar to that observed in

288°C watet, thereby implicating hydrogen in promoting scceler~

ated cracking in high temperature water, Moreover, Gao et al. (26]
and Wei et al. [27] demonstrated that a hydrogen embrittlement
"inechanism was responsible for accelerated fatigue crack growth
rates in stainless stecl allpys tested in room temperature aqueous
environments. Although o’ martensite formation occurred in these
specimens, Gao and Wei determined that this transformation did
not have a critical role in controlling crack growth rates and it was
not a prerequisite for hydrogen embrittlement.

Although hydrogen embrittdement is believed to.be the primary
cause of environmental cracking in 288°C water, it is possible that
oxide film formation at the crack tip also affects cracking behavior
by restricting slip reversals during the unloading portion of fatigue
cycles. The importance of oxide film formation in affecting frac-
ture surface morphology is apparent when comparing fracture sue-
faces generated in air and vacuum. Fatigue fracture surfaces gen-
erated in air possessed crystallographic facets, whereas those
geperated in vacuum had a nondescript, nonfaceted appearance
(Wire [1]). Apparently, the thin oxide film that forms in 24°C air
serves as a dislocation bartier that impedes slip reversals during
.unloading cycles. Hence, damage tends to be concentrated along

“panticular slip bands, and eventually local separation along these
slip bands produces crystallographic facets. In vacuum, the ab-
sence of an oxide film promotes more effective slip reversals that
pinimizes local damage along any particular slip band. As a re-
sult, crystallographic facets do not develop in vacum. Oxide film
formation in water is also expected to restrict slip reversals and
promote facet formation and higher crack growth rates; however,
the degree of acceleration is expected to by much less than that

associated Wwith hydrogen embrittlement.

In summary, it is unlikely that slip/dissolution js a primary
cause of environmental cracking n 288°C hydrogenated water
because of the presence of crisp crystallographic features and an
increase in crack growth rates with decreasing dissolved oxygen
levels (Chopra and Smith, {10)). The clcavage-like faccts on the
fracture surface, which are very similar to facets found in
hydrogen-precharged 304 SS (Hanninen and Hakacainen [30]),
suggest that hydrogen embrittiement is the pomary cause of uc-
celerated cracking in high temperature water. It is also likely that
the formation of crack tip oxides restricted slip reversals which
also contributed to increased crack growth rates, although thig’
effect is expected to be much smaller effect than that associated
with hydrogen embrittlement,

C—

5 Summary and Conclusions

- Ve

Iostrumented corrosion fatigue tests on 304 SS DEN specimens
provided fatigue crack growth rate data in 24° and 288°Chair and
288°C water over a wide range of crack growth rates. Results in
it and water at the same mechanics] parameters allowed direct
assessment of environmental effects, avoiding any concerns for
data variabjlity due to materials, test technique, and dita correla- |,
tion, Crack growth rates in water are about [2X times the air rate
at low speeds where the cnvironmental effects are largest. The
large cnvironmental degradation in crack growth is consistent
with the strong reduction of fatigue life in commercial PWR wa-
ter. Further, very similar crack growth rate data were reported in
low axygen HWC, in both surface crack and conventional deep
orack tests. The largé environmems) enhancement in 304 38
(12X) persisted to crack extensions up to 4.1 mm, far outside the
range associated with short erack effects. The same large environ-
mental effects observed in the DEN 1ests were reproduced in CT
specimens ata high stress ratio and low AK. The overall results
cap be normalized successfully by incorporating the combined
effects of stress ratio and rise time, qualitatively similar to the
formulation developed by Itatani et al. to describe test results in
BWR water.

Journal of Pressure Vassel Technology .

~—

NOVERFLO

PAGE B85

A

Much of literature data in hydrogenated water chemisiry shows
an apparently mild environmental effect for 304 SS, with an ER of
2.55 or less. However, based on the current test results, larger
environmental effects oceur in bydrogenated water in the low AKX
regime at Jong rise times and high R-ratio conditions. '

The high crack growth rates in 288°C deuerated water were
associated with a faceted growth mechanism. The highly angular,
cleavage-like appearance of the facets suggests that a hydrogen
embritiement mmechanism was the primary cause of accelerated
cracking in this environment.
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In re: Docket Nos. 50-247-LR and 50-286-LR
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Entergy Nuclear Indian Point 2, LLC,' DPR-26, DPR-64
Entergy Nuclear Indian Point 3, LLC, and ) ‘
Entergy Nuclear Operations, Inc. May 22, 2008
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NEW YORK STATE’S SUPPLEMENTAL CITATION IN
SUPPORT OF ADMISSION OF CONTENTION 26A

On }vIay 14,2008 — two weeks after the State of New York submifted its Reply to
Entergy’g Answer and NRC Staff’ s Iiesponse to New York’s Supplemental Contention No.26—A
(Metal Fatigue) — the NRC Sta‘ff posted on ADAMS a May 8, 2008 Summary of an April 3, 2008
telepl}one conferem:e between Entergy and Staff regafding, inter alia, how much mformation
NRC Staff would require Entergy to produce as part of its Licenée Renewal Application.! The
Summary is contained in Attachment 1 to this Supplement, and is also available at |
MIL081190059. The May 8 Summary reveals that Entergy, with the acquiescence of Staff, does
not intend to allow the details of how it will address metal fatigue issu?s to be made a part of this
license renewal proceeding. Enclosure 1 to May 8, 2008 Summary of Apnil 3, 2008 Telephone
Conference, at pages 1 to 3. |

 This newly-disclosed information supplements the statements made'by New York State in

its May 1, 2008 Reply at the end of the first full paragraph on page 10.

: 'The New York State Office of the Attorney General received a copy of the May 8, 2008 Summary via U.S.
" Mail on May 19, 2008, :
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. UNITED STATES |
NUCLEAR REGULATORY COMMISSION
WASHINGTON, 0.C. 205550001

May 8, 2008

LICENSEE: Entergy Nuclear Operations, Inc.
FACILITY:  Indian Point Nuclear Generating Unit Nos. 2 and 3

SUBJECT: SUMMARY OF TELEPHONE CONFERENCE CALL HELD ON APRIL 3, 2008,
BETWEEN THE U.S. NUCLEAR REGULATORY COMMISSION AND ENTERGY
NUCLEAR OPERATIONS, INC., CONCERNING RESPONSES TO REQUEST
FOR ADDITIONAL INFORMATION RELATED TO THE INDIAN POINT NUCLEAR
GENERATING UNIT NOS. 2 AND 3, LICENSE RENEWAL APPLICATION —
METAL FATIGUE, BOLTED CONNECTIONS\AND BORAFLEX 9

The U. S Nuclear Reguiatory Commission (NRC or the staff) and representatives of Entergy
Nuclear Operations, Inc., held a telephone conference-call on April 3, 2008, to discuss and
clarify:the staff's draft reque31 for additional information (D “RAI) concerning the Indian Point
Nuclear Generatmg Unit Nos. 2 and 3, license renewal application. 'Theé telephone conference
call was useful in clarifying the intent of the staff's D-RAL

I Enctosure 1 provides a listing of the participants and Enclosure 2 contains g listing of the
D-RA{ items discussed with the appﬂcani including a brief description on the status of the items,

The apphcam' had an opportunity to comment on this summary.

V4 N
Ko éyou&_
\ ‘ Kimberly Greeh, Safety Project Manager

Projects Branch 2
Division of License Renewal .
. Office ‘of Nuclear Reactor Regulation
Docket Nos. 50-247 and 50-286 ’
Enciosures: ‘

1. Listof Participants y
2. Summary of Discussion .

cc w/encls: See next page
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DRAFT REQUEST FOR ADDITIONAL INFORMATION
- INDIAN POINT NUCLEAR GENERATING UNIT NOS. 2 AND 3

LICENSE RENEWAL APPLICATION
METAL FATIGUE

* April 3, 2008

The U.S. Nuclear Regulatory Commission (NRC or the staff) and representatives of Entergy
Nuclear Operations, Inc., held a telephone conference call on Aprit 3, 2008, to discuss and
clarify the following draft requests for additional information (D-RAIls) conceming the

Indian Point Nuclear Generating Unit Nos. 2 and 3 license renewal application (LRA).

D-RAIl 4.3.1.8-1 - ‘ A

License Renewal Application Section 4.3.1 states “Current design basis fatigue evaluations

calculate cumulative usage factors (CU Fs) for components or sub-components based on design

transient cycles.” For CUF values listed in LRA Tables 4.3-13 and 4.3-14, please provide the

methodology used with sufficient results of the fatigue analysis such that the staff can make a

determination based on the guidance described in Standard Review Plan-License Renewal

(SRP-LR) (NUREG-1800). Specifically, please describe the details of how environmentally
assisted fatigue (EAF) is factored into the calculation of the CUF using F., values.

Discussion: The applicant was uncertain as to whether the staff was requesting that they
provide the evaluations or a description of evaluations. Based on the discussion with the
applicant, the staff agreed to revise this question as follows. The revised question will be sent

as a formal RAI.

/
/

License renewal application (LRA) Section 4.3.1 states “Current design basis fatigue
evaluations calculate cumulative usage factors (CUFs) for components or sub-
,components based on design transient cycles.” For CUF values listed in LRA Tables
-4.3-13 and 4.3-14, please describe the details of how various environmental effects are

factored into the calculation of the CUF using F,, values.

D-RAI 4.3.1.8-2 , \ b
From the review of EAF analysis of other plants, it was found that the transfer function
methodology used in the EAF analysis may not provide valid results, as it is dependent on the
inputs. To assist the staff in its review, please provide the EAF analysis for all the NUREG/
CR-6260 focations (components) at Indian Point unless it can be demonstrated that the CUF
value is within the ASME Code limit of 1.0 by using the original 40-year analysis value adjusted
~ for 60 years and muitiplied by Fe,, which is consistent with SRP-LR and ASME Code. This
analysis should be-completed by using NRC-approved fatigue software and the ASME Code,
Section HI, Subsection NB-3200 methodology (which defines the use of six stress components
to determine the stress state and thereby calculates the principal stresses and stress
intensities). Justify the analysns method, the load (stress) combination, and the results of the
ASME Code analysis if 2-D axis-symmetric modeling is used. In addition, the analysis should
apply ASME code rules such as elastic-plastic correction factor, K,, and stress intensities
correction factor for modulus of elasticity. 'ﬂns analysis should be performed without the use of

the transfer function method.

ENCLOSURE 2
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" Discussion: The applicant wanted clarification on the staff's request. The applicant pointed
out that the request is a new staff position and that for previous plants, the staff has not

“requested the analyses to be provided and has accepted a commitment to perform the analyses
two years prior to entering the period of extended operation as part of the Fatigue Monitoring
Program in accordance with 10 CFR 54.21 (c)(1)(m) Subsequent to the telephone conference,
the staff determined that no additional information is needed at this time. Therefore, a formal

RAI will not be issued at this time.

D-RAI 4.3.1.8-3

: y

“SRP-LR Section 4.3.2.1.1.3 provides the basis for the staff acceptance of an aging
management program to address environmental fatigue. It states, “[T]he staff has evaluated a
program for monitoring and tracking the number of critical thermal and pressure transients for
the selected reactor coolant system components. The staff has determined that this program is
an acceptable aging management program to address metal fatigue of the reactor coolant
system components according to 10 CFR 54.21(c)(1)(iii).” The staff is unable to determine if the
Fatigue Monitoring Program of IP2 and IP3 contain sufficient details to satisfy this criterion,
based on the NA items listed in LRA Tables 4.3-13 and 4.3-14. Please provide adequate details
of the Fatigue Monitoring Program, specifically the fatigue analysis used in determining the CUF
values for the NA locations and how IPEC plans to proceed in monitoring the locations of
Tables 4.3-13 and 4.3-14 during the period of extended operation. ,

Discussion: The applicant wanted clarification on what the staff is requestmg Based on the

- discussion with the applicant, the staff agreed to revise this question as follows. The revised

guestion will be sent as a formal RAI. N

“Standard Review Plan for Review of License Renewal Applications for Nuclear
'Power Plants (SRP-LR) Section 4.3.2.1.1.3 provides the basis for the staff acceptance
of an aging management program to address environmental fatigue. It states, [t]he staff
has evaluated a program for monitoring and tracking the number of critical
- thermal and pressure transients for the selected reactor coolant system components.
The staff has determined that this program is an acceptable aging managemeént program
to address metal fatlgue of the reactor coolant system components according to
10 CFR 54.21(c)(1)(iii).” The staff is unable to determine if the Fatigue Monitoring
Program for Indian Point 2 and Indian Point 3 contains sufficient details to satisfy this
criterion.” Please provide adequate details of the Fatigue Monitoring Program such that
. the staff can make a determination based on the criterion set forth in SRP-LR
Section 4.3.2.1.1.3. Also, please explain in detail the corrective actions and the
frequency that such actions will be taken so that the acceptance criteria will not be
exceeded in the period of extended operatlon— T hlS RAL will be renumbered as

RAI 4.3.1.8-2.) | \

D-RAI 4.?\».1 .8-4

Section B.1.12 of the LRA amendment, dated January 22, 2008, states, “If ongoing monitoring
indicates the potential for a condition outside that analyzed above, IPEC may perform further
reanalysis of the identified configuration using established configuration management processes
as described above.” Please explain in detail what is meant by the phrase ° using established
configuration management processes Also, please explain in detail the corrective actions and
the frequency that such actions'will be taken so the acceptance criteria will not be exceeded in

the period of extended operation.
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Discussion: The applicant stated that it was unclear about the staff's request regarding
“configuration management processes.” In a subsequent call, the applicant explained that the
configuration management processes referred to are those govemed by its 10 CFR Part 50,
Appendix B Quality Assurance program, and include design input verification and independent
reviews which ensure that valid assumptions, transients, cycles, extemal loadings, analysis .
methods, and environmental fatlgue life correction factors will be used in the fatigue analyses.
Therefore, this portion of question is withdrawn and will not be sent as a formal RAI. The
portion of the request that deals with corrective actions will be added to RAI 4.3.1.8-2 (as

renumbered).

Non-EQ Bolted Cable Connection AMP

D-RAI303361

~With regard to Indian Point Aging Management Program (AMP) B.1.22, “Non-EQ Bolted Cable
Connection Program,” the license renewal application states that inspection methods may
include thermography, contact resistance testing, or other appropriate methods including visual,
based on plant configuration and industry guidance. In Generic Aging Lessons Leamed (GALL)
AMP XI.ES, the staff recornmends thermography, contact resistance testing, or other’
appropriate methods based on plant configuration and industry guidance for detecting loss of
preload or bolt loosening. In the case where visual inspection will be the only method used,
provide a technical basis of how this will be sufficient to detect loss of preload or ioosening of

bolted connections.

Discussion: The applicant stated that this question is similar to an audit question that has been
answered and subsequently discussed during two telephone conferences. This issue is being
reviewed by the Division of Engineering and, therefore, is withdrawn at this time.. However,

_ when the staff has reached a detemmination, a formal RAI may be issued at such time.

Boraflex AMP
D-RA! 3.0. 3231

Indian Pomt 2 Updated Fmal Safety Analysis Report, Revision 20, dated 2006, Section 14.2.1
on page 55 of 218 states'in part that:

“Northeast Technology Corporation report NET-173-01 and NET-171-02 are
based on conservative projections of amount of boraflex absorber panel
degradation assumed in each sub-region. These projections are valid through the

end of the year 2006.”

Please confirm that the-Boraﬂex_neutron absorber panels in the Indian Point Unit 2 spent fuel |
pool have been re-evaluated for service through the end of the current licensing period. Also,’
please discuss the plans for updatlng the Boraflex analysis during the period of extended | '

. operation. -

Discussion: The applicant lnd:cated that the question is clear. This D- RAI will be sentas a
formal RAI. ,

-
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CONDITION REPORT CR-VTY-2007-02133

\

Originator: Fales,Neil

Originator Group: Eng P&C Codes Staff

Supervisor Name: Lukens,Larry D

Discovered Date: 05/28/2007 17:06

Originator Phone: 8024513057
Operability Required:-Y
Reportability Required: Y

Initiated Date: 05/28/2007 17:11

Condition Description:
Steam Dryer Inspection Indications

During RFO26 reactor vessel inspections, linear indications on the Steam Dryer Interior Vertical Weld HB-V04 were
identified by General Electric. Most of these indications were previously identified in RFO25 with no discernable changes
noted in RFO26. One new relevant indication was observed of similar appearance, orientation‘and size as those previously
seen. These were documented via GE's process by INR-IVVI-VYR26-07-10. See attached GE INR's for details.

Immediate Action Descriptiorl:
Notified Supervisor and generated CR.

Suggested Action Descrlptlon

The new mdrcatnon w1ll need to be evaluated

EQUIPMENT:

Tag Name
STEAM-DRYER

O

Tag Suffix Name Comporlerrt Code Process System Code
REACTOR MR=Y NB

TRENDING (For Reference Purposes Only):

Trend Type -
KEYWORDS

" INPO BINNING
KEYWORDS
REPORT WEIGHT
EM
HEP FACTOR

Attachments:

Condition Description
GE INR 10

. Trend Code
KW-PRE-SCREENED FOR MRFF
ER1 "~

KW-ISI

1

ESPC

E




"ADMIN CR-VTY-2007-02133

E ntérgy

)

Initiated Date:

Current Contact:

Current Significance

5/28/2007 17:11

\A2

Owner Croup :Eng P&C Codes(Mgmt

: C - INVEST & CORRECT

N ’ .
Closed by: Taylor,James M ). _6/18/2007 16:06 . A
Summary Description:‘ ) : . :
Steam Dryer Inspection Indications ) -

During RFO26 reactor vessel inspections, linear indications on the Steam Dryer Interior Vertical Weld HB-V04 were
identified by General Electric. Most of these indications were previously identified in RFO25 with no discernable changes

"noted in RFO26. One new relevant indication was observed of similar appearance, orientation and size as those previously
seen. These were documented via GE's process by INR-IVVI-VYR26-07-10.. See attached GE INR's for details.

¢

Remarks Description:

Closure Description:
CR closure review performed.

\

/. !
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Attachment Header

Document Name:

§unm|ed

Document Location

§Condition Description

Attach Title:

;GE INR 10 -



DET R idnny Ty
G Nutigar Enesigy

b N
~ INR-IVVI-VYR26-07-10- Steam DryerInterior HB-V04
Indrcatron Notrflcatron Report
Plant /' Unit Component Descnptlon ; Reference(s) \_
; o o Steam Diyer . DVDDISKIVVI-VYR26-07-58 Title 4
- Rggrgnéogt rYanl;eOeO , : Interior Vertical Weld RFO:251VVI Report INF # 002. ;
pIng ; HB-VO4
Background

During the Vermont Yankee 2007 refueling outage in‘accordance with the Vermont Yankee VT-VMY-204V10
Rev 2 Procedure; the Steam’ Dryer was rnspected The dryer: mspectron included inspection of’ the Steam Dryer
interior welds and components. These mspectrons were done with GE's Fire:Fly ROV with color camera: During'the
mepectron of the HB-V04 .weld (Dryer Unit Hood End Panel to HB-PL3 Plate weld), relevant linearindications were
observed in the heat: affected zone on the: Dryer Unit side of the weld. Most.of these linear indications. were-previously-
‘seen in: RFO-25; Reference.INF # 002. 'When comparing this: outage: with last outage -one new: relevant.indication is
seen (3r indication) of similar-appearance; orientation.and size as those previously.seen; one indication was not seen:
(RFO25: 3thiindication). Nodiscernible change was noted in.those indications whi¢h correlates to those of REO26.

‘Séé attached 2007 photos and sketches.
|

§y/ 0‘-0:_' X i@ AL
BWR-3/4 Mood B Rollout . W78 ¥ @
ot sl / HB-H5 i :
.. . L T .' . o )
b Hi-PLA A ’ ‘Heod Top - k
. fany . Ha-Hs r (Hortzontal) .
. . .; ':"U : X | N o \
NN \/ A AT 27t TR A A ) ooe
unve B . Sivut Upper Weids o Hevr . 14 N , ‘ |
A /ﬁa_-m -(Verdcal Plate) KBVZ' : : " '
- s - e J NN o | kAL X2
5 > \ \\ . / Y._i\s;zmmu X Oo 1/ C
! - HBH: . HBaM2 HETE e v TSI WL

Taternat View it boking awoy from yand seéambly

Sketch oivtrie 16ft shows the weld map rollolit  The sketch on theé right shows a bottom view:ofithe dryer.

~N

Prepared by; Dick. Hoop.er . Date: 05/27/07 _Reviewed by: .Rodney Diazich Détef 05/27/07
Utility Review By: /7 // WZAJ ___Date: 3 / ?7/, “ ‘ ‘

INR-HVVI-VYRZ6:07-10 Steam Dryer:int HB-V03

_ Page 108
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INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04

Indication Notification Report

This 2007 photo shows the interior of the dryer and the location of HB-V04 vertical weld.

This 2007 photo shows the top of the vane bank (on the left) and the end panel (on the
right) and the vertical weld in the center

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc Page 2 of 8




INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04

Indication Notification Report

This 2007 photo is of the 1* indication from top down (Correlates to RFO25: 1% indication).

This 2007photo is a close-up of the 1* indication (Correlates to RF025: 1% indication).

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc Page 3 of 8



GE Nuclear Energy

INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04

Indication Notification Report

This 2007 photo is the 2™ indication (Correlates to RFO25: 2™ indication).

This is a 2007 photo of the 3" indication and is a new RFO26 indication.

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc Page 4 of 8
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INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04

Indication Notification Report

This is a 2007 photo of the 4" indication (Correlates to RFO25: 3" indication)

This is a 2007 photo of the 5" indication (Correlates to RFO25: 4th indication).

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc Page 5 of 8
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INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04
Indication Notification Report

This is a 2007 photo of the 7" indication (Correlates to RFO25: 6th indication).

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc

This is a 2007 photo of the 6™ indication (Correlates to RFO25: 5th indication).

Page 6 of 8

ar Energy



INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04

Indication Notification Report

This is a 2007 photo of the 8" indication (Correlates to RFO25: 7th indication).

These 2007 photos show a linear indication and change of lighting and show a non-relevant indication
(Correlates to RFO25: 9" indication).

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc Page 7 of 8
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GE Nuclear Enerqy

INR-IVVI-VYR26-07-10- Steam Dryer Interior HB-V04

Indication Notification Report

This is a 2007 photo of the 9" indication (Correlates to RFO25: 10th indication).

This is a 2007 photo of the bottom weld area and crud line.

INR-IVVI-VYR26-07-10 Steam Dryer Int HB-V04.doc Page 8 of 8



Entergy 'OPERABILITY CR-VTY-2007-02133

OperabilityVersion: |
Operability Code: EQUIPMENT FUNCTIONAL
Immediate Report Code: NOT REPORTABLE ‘ .
Brooks,James C 05/29/2007 21:07

05/30/2007 00:30

Performed By:
Approved By: Faupel,Robert F

Operability Description:
Currently the plant is shutdown with the bolt in place. The bolt has one.crimp fiilly engaged preventing the bolt from
backing out. The need for having both crimps fully engaged will have to be evaluated prior to-$tartup.

Approyal Comments: ‘ C -
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ASSIGNMENTS

CR-VTY-2007-02133

Entergy

Version:

7

2

'Signiﬁcanée Code: C - INVEST & CORRECT

Classification Code:

C

Owner Group: Eng P&C Codes Mgmt

Performed By: Wren,Vedrana

Assignment Description:

05/30/2007 13:04




Entergy ASSIGNMENTS | CR-VTY-2007-02133

/
Version: 1

Significance Code: C - INVEST & CORRECT
Classification Code: C ‘ ' .
Owner Group: Eng P&C Codes Mgmt ‘ v '
Performed By: Lukens,Larry D ' 05/29/2007 04:46° AN
Assignment Description:

self identified _
outage constraint ) (




Entergy

REPORTABILITY

CR-VTY-2007-02133

Reportability Version:
Report Number:
Report Code:
Boilerplate Code:

1

NOT REPORTABLE
NOT‘REPORTABLE

Performed By : Devincentis,James M 05/29/2007 08:09

Reportability Description: :
Not reportable - This condition does not meet the Reportability screening criteria contained in AP0010 or AP0156. The
Steam Dryer is NNS and performs no safety releted functions. VY has a commitment to provide the results of the steam
dryer inspections to the NRC following startup.




Entergy CORRECTIVE ACTION CR-VTY-2007-02133

CA Number: 1
v Group 3 Name | l
Assigned By: CRG/CARB/OSRC : ' _ )
Assigned To: Eng P&C Codes Mgmt ‘ ' Lukens,Larry D
Subassigned To : Eng P&C Codes Staff Fales,Neil
Originated By: Wren,Vedrana 5/30/2007 13:00:53
Performed By: Lukens,Larry D 6/15/2007 13:17:25
Subperformed By: Fales,Neil ' 6/15/2007 11:49:49
Approved By: : ,
Closed By: Téylor;James M 6/18/2007 16:02:38
Current Due Date: 06/28/2007 Initial Due Date: 06/28/2007 |

CA Type: DISP - CA
Plant Constraint: 0 NONE

CA Description:
C - INVEST & CORRECT (Review CR for full details)
CThe CRG h(as initially classified this CR as "C" INVEST & CORRECT
[ -
CPer the CRG, Perform an Invesngatwn of the issues identified in this CR and determine if additional actions are
Urequired within 30 days.
[
CEnsure all Screening Comments have been addressed in the investigation - (CR assignment tab)
[3Develop adequate corrective actions and issue CAs. (Due Dates per L1 102 Attachment 9.4)
ULT CAs Require Approval from Site VP/ GMPO or Director prior to mlmtmg Completion of Attachment 9.9 LTCA
[iClassification Form is requlred

Response
Approved. No additional corrective action required. Therefore, this CR may be closed. LI-102 Closure Statements follow:

CR CLOSURE STATEMENTS FROM LI1-102: ‘

oiThe root cause or apparent cause is valid. VERIFIED
o0 The specific condition is corrected or resolved. VERIFIED
olJOverall plant safety is'not inadvertently degraded. VERIFIED
o0)Generic implications of the identified condition are considered, as appropriate. VERIFIED
olJActions were taken to preclude repetition, as appropriate. VERIFIED
o(JAny potential operability or reportability issues 1dent1ﬁed during the resolution of the condition have been appropriately
addressed. VERIFIED
oAl corréctive action itéms are completed. VERIFIED
oliEffectiveness Reviews have been initiated via use of Learning Orgamzatlon CR, when applicable. VERIFIED

Subresponse ; ‘ ‘
The new indication was evaluated by Code Programs, see the attached document. The evaluation accepts the indication as
is with no repair required. The steam dryer will be inspected per the same scope in RFO27 and RFO28 per letter BVY
04-097, therefore the area of this indication will be inspected again during the next two outages.

Neil Fales 6/15/07

Closure Comments:




Entergy CORRECTIVE ACTION CR-VTY-2007-02133

Attachments:
Subresponse Description
Evaluation
( «
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ATTACHMENT 9.1 : ENGINEERING REPORT COVER SHEET & INSTRUCTIONS
SHEET 1 OF 2 ‘ ' ‘

Engineering Report No. VY-RPT-07-00011 Rev 2

Page | of 3

Engineering Report Cover Sheet

%EniEfgy .- ;ENT.ERGY NUCLEAR

Engineering Report Title:
EVALUATION OF NEW RF026 STEAM DRYER INDICATION

Engineering Report Type:
~ New [ =~ Revision [] Cancelled ] Superseded .- []
_Applicable Site ~
rr U 2 O w3 iar O pnps O 0 vy & wpo O

ANOl [ ANO2 [ gcH [0 G6Ns [J RBS [0 WwR [J
DRN No. [N/A; KEC 1772

Report Origin:  [X] Entergy [] Vendor
Vendor Document No.:

Quality-Related: DJ Yes ] No

AS /
Prepared by: _Neil Fales/ /\) v +’

Responsible Engineer (Print Name/Sign)

Date: _é__‘_lih)l

‘. Design Venfied/ N/A : Date:
Design Verifier (if required) (Print Name/Sign)

Reviewed by: ¢ .
, Scott Goodwin/,/é@&{dp,@@g’m‘ ' Date: (- /5S-

Reviewer (Print Name/Sign)

Reviewed'by*: Date:
: ANII (if requue int Name/Si
. J
Approved by: Larry Lukens/ ﬂr -Date: 6/"./&7
Supervnsor (WS! gn)

*: For ASME Section XI Code Program plans per ENN-DC-120, if require



- Evaluation of Steam Dryer Indication

Introd.uction y.

During RFO26 steam dryer. visual inspections, flaw indications were reported in the dryer -

end plates for the internal vane assemblies. Most of these indications were previously
identified in RFO25 and were evaluated by GE as being acceptable to'leave as is per
Reference 11.> The intent of this paper is to evaluate one new indication ideitified during

RFO26 and determine whether it should be accepted as is.
/

i

Discussion

~One new indication was found adjacent to weld HB-V04, located on bank B at the 0° end

and is labeled as the 3" indication on INR-IVVI-VYR26-07-10 Rev.1 (Reference 2)..
This indication is of similar appearance, orientation and size as those previously seen.
Because of this it is being treated similar to those indications identified in RFO25. The
remainder of indications on the steam dryer listed as References 1-10 were previously
identified and show no signs of growth. These indications are acceptable to leave as is
per GE evaluation GENE-0000-0047-2767 (Reference 11) performed in RFO25.
Therefore, the oné new indication described -above is the only one requiring an
evaluation. )

¢

It should be mentioned that not all indications identified in RFO25 were re-identified in
RFO26. The reasons for this vary, but can be the limitations of the equipment, crud
layers masking the surface of the indication or the technique of different examiners.

Evaluation of Indications

GE’s evaluatlon in RFO25 cites IGSCC as being the likely cause of most of the
indications prev10usly observed. This is based on the jagged appearance and location-in
the weld heat affected zone (HAZ). The unit end plates may have cold work resulting
from-cold forming. Cold working Type 304 material can promote initiation of stress -
corrosion cracks when exposed to the BWR environment. ‘The dryer unit end plates are
located in the dryer interior and are not subjected to any direct main steam line acoustic
loading. Continued growth is unlikely because all of these indications appear to have
stopped without propagating into the vertical weld; this is indicative of IGSCC behavior
as opposed to fatigue, since weld material is more resistant to IGSCC. The flanges have
experienced a near infinite number of fluctuating load cycles and if fatigue driven, more
significant cracking is likely to have occurred after many years of operation. IGSCC in
steamn dryers has been typically limited in depth and length since in many cases it is
caused by cold work or weld induced residual stress.

The dyer unit end plate, with the indication, is securely attached and captured within the -
structure of the steam dryer bank assembly. The vertical edges of these end plates are
attached to the dryer assembly with 3/16” fillet welds, each weld approximately 48” long.

¢

/



N

There were no relevant indications reported in these vertical welds. The geometric
configuration of the unit end plates is such that the steam dryer assembly mechanically
captures the upper and lower edges. The reported horizontal indications were seen in the
inlet side end plate flange. The vanes prevent inspection of the central end plate surface,
but inspection of the outlet side end plate flanges at both locations found no indications.
If it is postulated that the end plate horizontal indications propagate across the entire
8.75” unit end plate width including both the inlet and outlet side flange, such full width,
through-thickness cracks would have no structural impact. Nor is there any concern for
loose parts. The separated end plate sections are still attached and will continue to

fur}'cti‘on.
Y

Safety

The steam dryer assembly has'no safety function. See BWRVIP-06A for additional
discussion of steam dryer assembly safety. The flaw indications reported in the steam
dryer INR’s from RFO26 will not likely result in any lost parts at operating conditions.
Therefore, there is no safety concern with continued operation,with the Reference 1- 10
indications left as is.

- S .
Conclusions and Recommendations

- The dryer unit end plates flaw assessment is based on the following factors: (1) it is a

highly redundant structure and there is no structural consequence of the cracking and (2)
postulated significant flaw extension leading to the flaw reaching the full section of the
channel geometry would not create the opportunity for loose parts. Field experience ,
supports this as-is operation decision in the context that the indications will be re-
mspected at the next outage. It is recommended that the new VISual indication given in
Reference 2 be accepted as is. Repair is not recommended.

References

GE INR-IVVI-VYR26-07-09 Rev. 1
GE INR-IVVI-VYR26-07-10 Rev. 1
GE INR-IVVI-VYR26-07-11
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GE INR-1IVVI-VYR26-07-13

GE INR-IVVI-VYR26-07-14
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. GE INR-IVVI-VYR26-07-18

10 GE INR-IVVI-VYR26-07-19

11. GENE-0000-0047-2767
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Entergy

CORRECTIVE ACTION CR-VTY-2007-02133

CA Number:

Assigned By:
+ Assigned To:
Subassigned To :

. Group 3

Name i

Constraint Group- '
Eng P&C Codes Mgmt
Eng P&C Codes Staff

Lukens,Larry D ' )
Fales,Neil

Originated By:
Performed By:
Subperformed By:

Wren,Vedrana
Corbett,Patrick B J
Fales,Neil

5/30/2007 13:02:05
6/1/2007 17:50:21
6/1/2007 16:58:55

Approved By:

Closed By: 6/1/2007 17:54:13

Wariczyk,Rbbegt J b “ -

N

Current Due Date:  06/01/2007
CA Type: ACTION ‘
Plant Constraint: 2 STARTUP/HOTSTANDBY

Initial-Due Date: Q6/01/2007

CA Description:
Address Startup Constraint-due 6/1-Disposition and evaluate
o .
)

Response:
approve . . y

Subresponse : N |
The plant can start up with the dryer indications left as is. The new dryer indication is of the same appearance, orientation
and size as those previously observed. Since this new indication is located in the heat affected zone and is consistant with
the other indications, this is most likely caused by IGSCC. This is consistant with the evaluations by GE. See the INR and

evaluation provided.

Neil Fales 6/1/07

Closure Comments:

Attachments:) )
Subresponse Description

~ Evaluation
Subresponse Description

GE INR 10




Document Name:

/

Attachment Header

v

i

§unm|ed

Document Location

ISubresponse Description

Attach Title:

Baluation

-~



Evaluation of Steam Dryer_lﬁdication’s

\‘

Introduction

' During RFO26 steam dryer visual indications, flaw indications were reported in the dryer

end plates for the internal vane assemblies. Most of these indications were previously ~
identified in RFO25 and were evaluated by GE as being acceptable to leave as is per

Reference 11. The intent of this paper is to evaluate one new indication identified during )
RFO26 and accept it as is. ‘ '

Discussion

One new indication was found adjacent to weld HB-V04, located on bank B at the 0° end

and is labeled as the 3rd indication on INR-IVVI-VYR26-07-10 Rev.1 (Reference 2).

This indication is of similar appearance, orientation and size as those previously seen.

Because of this it i being treated similar to those indications identified in RFO25. The

remainder of indications on the steam dryer listed as References 1-10 were previously

- identified and show no signs of growth. These indications are acceptable to leave as is

' per GE evaluation GENE-0000-0047-2767 (Reference 11) performed in RFO25.

Therefore, the one new indication described above is the only one requiring an

evaluation. \ l
. e

It should be mentioned that not all indications identified in RFO25 were re-identified in

RFO26. The reasons for this vary, but can be the limitations of the equipment, crud

layers masking the surface of the indication or the technique of different examiners.

Evaluation of Indications : : i o

S

GE’s evaluation in RFO25 cites IGSCC as being the likely cause of most of the N
indications previously observed. This is based on the jagged appearance and location in
the weld heat affected zone (HAZ). The unit end plates may have cold work resulting

from cold forming. Cold working Type 304 material can promote initiation of stress
corrosion cracks when exposed to the BWR environment. The dryer unit end plates are
located in the dryer interior and are not subjected to any direct main steam line acoustic
loading. However, continued growth by fatigue cannot be ruled out. Nevertheless, all of
these indications appear to have stopped without propagating into the vertical weld; this

is indicative of IGSCC behavior as opposed to fatigue, since weld material is more
resistant to IGSCC. The flanges have experienced a near infinite number of fluctuating
load cycles and if fatigue driven, more significant cracking is likely to have occurred

after many years of operation. IGSCC in steam dryers has been typically limited in depth
and length since in many cases it is caused by cold work or weld induced residual stress.

The dyer unit end plate, with the indication, are securely attached and captured within the
structure of thé steam dryer bank assembly. The vertical edges of these end plates are
attached to the dryer assembly with 3/16” fillet welds, each weld approximately 48” long.
There were no relevant indications reported in these vertical welds. The geometric

~ !



. |
'configuration of the unit end plates is such that the steam dryer assembly mechanically
captures the.upper and lower edges. The reported horizontal indications were seen in the
inlet side end plate flange. The vanes prevent inspection of the central end plate surface,
but inspection of the outlet side end plate ﬂanges at both locations found no indications.
If it is postulated that the end plate horizontal indications propagate across the entire
8.75” unit end plate width including both the inlet and outlet side flange, such full width,
through-thickness cracks would have no structural impact. Nor is there any concern for
loose parts. The separated end plate sections are still attached and will continue to
function.

Safety J
)
The steam dryer assembly has no safety function. See BWRVIP-06A for additional

discussion of steam dryer assembly safety. The flaw indications reported in the steam
dryer INR’s from RFO26 will not likely result in any lost parts at operating conditions.
Therefore, there is no safety concern with continued operation with the Reference 1-10
indications left as is. :

Conclusions and Recommendations
N .

The dryer unit end plates flaw assessment is based on the following factors: (1) itis a
highly redundant structure and there is no structural consequence of the cracking and (2)
postulated significant flaw extension leading to the flaw reaching the full section of the
channel geometry would not create the opportunity for loose parts. Field experience
supports this as-is operation decision in the context that the indications will be re-
inspected at the next outage. It is recommended that the -new visual indication given in
Reference 2 be accepted as is. Repair is not recommended.

. [
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INR- IVVl-VYR26 07-10-Rev 1 Steam Dryer Intenor HB-V04.

Plant / Unit

Vermont Yankee
RFO26 Spring 2007

indication Notification F{eport

Componem Descnpnon

/

Steam Dryer

Reference(s)
DVD DISK IVVI VYR26-07-58 Tlti_e 4

RFO-25 VW1 Report INF # 002.

Interior Vertical Weld

HB-VO4

,

Background

Revision 1: Incorporates photos from RFO-25 and corrects the sketch

During the Vermont Yankee 2007 refueling-outage, in accordance with the Vermont Yankee VT-YMY-204V1 O
Rev 2 Procedure, the Stearn ‘Dryer was inspected. The dryer inspection included inspection of the Steam Dryer i
interior welds and componénts. These inspections-were done with GE’s Fire Fly'ROV with color camera. During the
nspection of the HB-V04 weld (Dryér Unit'End.Panel. to HB-PL3 Plate we!d) relevant linear indications were
observed in the heat &ffected zone on the Dryer Unit:side of the. weld. Most of thesg linearindications were previously
seenin RFO 25, Reference INF # 002. When comparing this outage with last outage, oneNew relévant indication s
seen (3 mdlcatlon) of similar appearance, orientation and size as those previously seen; one indication was not seen
(RFO25: 8 " indication). No discernible change was noted for those indications which correlates to those of RFO26.

‘See attached 2007 photos and sketches,
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Intermot View is Jookisg swdy from yase kssembly

‘Bketch onthe left shows the weld map rollout  The sketch.on the right shows:a bétt‘om view.of the dryer.
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INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04
Indication Notification Report

This 2007 photo shows the interior of the dryer and the location of HB-V04 vertical weld.

This 2007 photo shows the top of the vane bank (on the left) and the end panel (on the
right) and the vertical weld in the center

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 2 of 14




INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report
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dication from top down (Correlates to RFO25

n

This 2007 photo is of the 1%

Page 3 of 14
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Nuclear Enerqy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report

2007 Photo

This 2007photo is a close-up of the 1% indication (Correlates to RFO25: 1* indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 4 of 14



GE Nuclear Energy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report

2007 Photo

This 2007 photo is the 2" indication (Correlates to RFO25: 2™ indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 5 of 14




GE Nuclear Energy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04
Indication Notification Report

This is a 2007 photo of the 3™ indication and is a new RFO26 indication.

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 6 of 14




GE Nuclear Energy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04
Indication Notification Report

2007 Photo

This is a 2007 photo of the 4" indication (Correlates to RFO25: 3 indication)

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc

Page 7 of 14




Vucleadr

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report

2007 Photo

This is a 2007 photo of the 5" indication (Correlates to RFO25: 4th indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 8 of 14



INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report

2007 Photo

This is a 2007 photo of the 6" indication (Correlates to RFO25: 5th indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-VO04.doc Page 9 of 14




G Nuclear Energy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04
| Indication Notification Report

2007 Photo

This is a 2007 photo of the 7" indication (Correlates to RFO25: 6th indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 10 of 14




GE Nuclear

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report

2007 Photo

This is a 2007 photo of the 8" indication (Correlates to RFO25: 7th indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 11 of 14




GE Nuclear Energy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04

Indication Notification Report

Indication

Indication

2007 Photo 2007 Photo

These 2007 photos show a linear indication and with a change of lighting there is no indication. This indication is
considered non-relevant. (Correlates to RFO25: 9" indication).

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc . ' ‘ : Page 12 of 14
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INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04
Indication Notification Report

2007 Photo

This is a 2007 photo of the 9" indication (Correlates to RFO25: 10th indication).

INR-IVVIVYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 13 of 14
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£ Nuclear Energy

INR-IVVI-VYR26-07-10-Rev 1 Steam Dryer Interior HB-V04
Indication Notification Report

|

|

2007 Photo

| This is a 2007 photo of the bottom weld area and crud line.

INR-IVVI-VYR26-07-10 Rev 1 Steam Dryer Int HB-V04.doc Page 14 of 14




‘Fredric A. Simonen

e-mati: fredric.simonen@pnl.gov

- Evaluations of nucluar power plant safety have assumed that

wve very-low failure probabilities. such that failures of these
components fake only negligible contributions to plant risk (e.g..
core damage frequency). In the U.S. and other countries the de-
gn, fabrication, inspection, and mdintenance of piping and ves-
s have followed the conservative engineering practices speci-
fied by the American Society of Mechanical Engincers (ASME)
Boiler and’ Pressure™Vessel Codes. The rel."mvc]y small number of
gmhmm failures that have occurred.during operating experience
demonstriated the soundness of the ASME code procedures.
CVET, many plants will be dpproaching their- desrgn lives-{c.g..
40 vv), with the prumnon that continued operation beyond the
riginal design period will need to be justified: Therefore, the
sumption of continued high levels of structural reliability re-
quires an extrapolation beyond the current basé of operating ex-
erience. that must be addressed as part of plant life extension
florts.

Whereas the replacement «of active components {(mechanical
i electrical) is a routine part of plant maintenance, large-scale
acements of vessel and piping components is not econonti-
Hly feasible. The challenge is tn make realistic life predictions.
d to establish a'high level of confidence in these predictions, A
esired objective is tu ensure that passive components.continue 4o
only negligible contributions to plant risk relative to less
y managed contributions to risk such as failures of active
mporents and operator errors.

Fdrwue danmve was ongmdllv 1denuhcd as the h& hmmm_v

L-Ll“On of opcmrmg plams Lernun \IlDLIlll’d] km.mons may
ceed their original. design lives based on galculated vaiues of
ue usage factors, although theré has been no evidence of deg-
ation as- the predicted fatigue lives have been dpprodchul or
eded. On the-other hand, various degradation mechanisms,
-thermal fatigue, environmentally assisted fatigue, stress
ion eracking. and flow- accelerated corxoslon were not an-

a’ciﬁt Northwest Nauonal Laboratory is operated for the U S. DL[n\rlanl of
2y by Battélle Memorial Institute urder Covvact DE-ACO6-T6RLO 1830,

mnhuu_d by “the Pressure Vesscls and, Piping Division for publication in the
1. OF PRESSURE VESSEL TECHNOLOGY. Manuscript teceived by the PVP
3 Janudn 2000: revised manuseript received Ociohér 23, 2000. Editor: S. Y.

assive componenis such as pressure vessels and piping systems ~

This paper describes industry programs to manage structurai degradation_and to justify
continued operation of nuclear components when anexpected degradation has been en-
countered due to design inaterials aidl/or operational problems. Other issues have been
related to operation of componenis bevond their original design life in cases where there
Is no evidence of futigue crack initiation or other forms of siructural rlegladulum Data
Srom plant operating experience have been applied in combination with inservice inspe
tions and degradation management programs to ensure thar the degradation mechanismy -
do not_adversely impact plant safery. Probabilistic fracture mechanics calculations are
presented to demonstrate how component fuilure probubilities can be managed through
augmented inservice inspection programs. [DOE 10.1115/1.1344237

[

’ Stephen R. Gosselin ‘
8-mail; stephen.gusselin@pni gov
Paeilic Northwest Naticnal Laboralory,’
Richland, WA 99352
A
\
lntmductmn

ticipated during design, and have resulted in actual steuctural fail-
ures and carly replacements and repairs to components.

This paper describes efforts in the nuclear indusiry (o justify
continued operation, with particulur attention to components that
have exhibited degradation or which may exceed originat limits
based on predicted design lives. Two technical bases for contin-
ved operation are presented. The firgt approuch makes use of
knowledge gained from plant operating experience to identify and
manage degradation mechanisms. These mechanisms may not
have been anticipated during the design of the plant. but given
their actual occurrence have the potential to cause failures by
small leaks, large leaks, or ruptures. The second approach ad-
dresses failure mechanisms, such as fatigue. due o anticipated
plant operating transients. which design caleulations show the po-
tential for occurrence, but for which plant operating experience
has not yet shown any evidence of actual occurrence. Probabilistic
fracture mechanics calewlations demonstrate that an augmented
level of inservice inspection can ensure acceptable failure prob-
abilities for fatigue critical components.

Management Programs for -Service-Related Degrada-
tion

Studies by Bush [1,2). Jamali [3]. Thomas [4). and Wright et al.
[5]) have shown that piping failures are generally due to opera-
tonal conditions, materials selection, and design featwres that
were not adequately addressed or perhaps not addressed at all in
the design of plant systems. On the other hand, those mechanisms
such as mechanical fatigue due to anticipated operational tran-
sients, which have been considered as part of the plant design.
have been addressed in a very effective manner and are séldom (if
ever) the cause of service related failures.

Given the large number of potential service-rélated degradation
mechanisms. the, nuclear industry has adopled monitoring and
managing practices, rather than life prediction and retirement
practices, to ensure safe and reliable systems. The strategy in-
volves the following steps:

*+ 4 reporting system to ensure that the industry can respond (o

adverse operating experience (detecting of cracking or leakagu)

before unanticipated degradation mechanisms nnpacl a large num-
ber of plants and/or result in safety significant structural fajlures:
+ augmented inservice inspections that are targeted to specific

_systems, materials, and/or operating conditions to ensure detection;

of early stages {small cracks or minimal wall thinning) of degra-

‘dation mechanisms;

Transactions. of the ASME

| . NECJ
Life Prediction and Monitoring of
Nuclear Power Plant Components
for Service-Related Degradation
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* changes to plunt operating conditions {e.g.. iinproved water
chemistries) to decrease degradation rates 10 negligible levels;

» replacement of inadequate piping and vessel components
with improved materials and/or design practices.

Some industry programs have been clfective in responding to
both anticipasted and unanticipated degradation mechanisms. On-
going efforts by the nuclear power industry to address service-
related problems are described in the forthcoming.

ASME Section XT Inservice Inspection

Formal integrity management programs were first established
for nuclear power plants in the early 1970s. Until that timé, hin-
ited attention was given to the needs of inservice inspections (151)
in early nucleur power plant designs. It was generally believed
that system radicactivity would render periodic inspections im-
practical. Since the nuclear plant systems were being designed and
constructed to higher quality standards than those applied to fossil
plants, ISI was assumed to be unnecessary. However, by the late
1960s. the number of service induced defects requiring the repair
of nuclear system components increased. This prompted a coop-
erative cffort between the U.S. Atomic Energy Commission
(AEC) and industry 10 develop inspection program standards un-
der the oversight of the American National Standards Instiute
(ANSI) and the American Society of Mechanical Engincers
(ASME). By 1970, the ASME Boiler and Pressure Vessel Code,
Section X1 “‘Inservice Inspection of Nuclear Reactor Coolant Sys-
tems’” was published.

Over 50 percent of the inspection categories pertained to welds.
The inspection Jocations were primarily selected based on factors
such as: component design stresses, estimated fatigue usage, dis-
similar metal welds. and irradiation effects.

Originally, service-induced flaws were assumed 1o occur from
random causes, at random locations, and at random times. There-
fore, the Section X1 inspection program relied upon a representa-
tive sumpling of weld locations and randomized the timing of
inspections as much as possible. The examination procedures and:
law acceptance standards assumed that the principle cause of {ail-
ure would be due to fatigue stress cycles created by anticipated
design cyclic loads (e, thermal fatigue). For Class 3 systems
(i.c., service watcr systems) Section XI program requirements are
limited fo periodic leak and hydrostatic pressure testing—no volu- -
metric or surface examinations are required.

Service Experience Insights )

,Service experience [6,7] has shown no correlation between ac-
tual failure probubility and design stresses in the Design Report.
Failures (cracks, leaks, and breaks) typically result from degrada-
tion mechanisms and loading conditions (i.e.. 1IGSCC. flow accel-

OTH CF TF :
4% 1% 3% sce

E/C
23%

VF " WH
\ 29% 3%

Fig. 1 Piping failure events in U.S. nuclear plants (1/961—1996)

s

Journal of Pressure Vessel Technology

VF
45%
Fig. 2 Service failures in small-bore piping (<2 in. NF;S)

erated corrosion, thermal suwatification, ete.y not anticipated in the
original design. Depending on the degradation mechanism
present, failures are not necessarily limited to weld tocations.
The Swedish Nuclear Power Inspectorate (SKI) compiled a da-
tabase on reported piping failure events (Jeaks, breaks, and rup-
tures) in U.S. commercial nuclear power plants [8]. This database
includes a total of 1511 piping and piping component failores on
various safety and balance-of-plant {BOP) systems that have been
reported to U.S. regulatory bodies from December 1961 through
October 1995, encompassing 2068 reactor operating years. Figure

g

1 shows the distribution of all piping faitures according to ¢ ™%

following causes: :

* corrosion fatigue—CF

* thermal fatigue——TF

* stress corrosion cracking—SCC

* corrosion attack—COR

» ¢rosion- and cavitation—E-C

» flow-accelerated corrosion (i.c.. erosion corrosion
» high-cycle vibration fatigue---VF

E/C

* water hamrmer—WH

TF
5%

E-C
2%

%

Fig. 3 Service failures'in large-bore piping (>2 in. NPS)

FEBRUARY 2001, Vol. 123 / 58

COR , p—

T




BCEPWRS
<t s ] B WPWRS
D ALL VENDOR

AUXC €S FPS EWC RAS RCS SR ST
System Group

\

Fig. 4 Service failures by system groups

* design and construction errars—D&C
» other—OTH

service-induced p;pmé failures were caused by thermal fatigue.

-program mqmrcments are relatively ineffectual with regaul 1o re-
ducing overall piping failure probabilities. Approximately 72 per-

- not addressed by ASME Séction XI. For approximately 25 percent

mechanisms that were not associated with a particular damage
nechanism. These include pipe failures caused by transient load-

Table 1 Service failure data system grouping

GROUP SYSTEM GROUP REPRESENTATIVE
. .DESIGNATOR DESCRIPTION SYSTEM NAMES
RCS Reactor Cootant Syster‘% Pressurizer, Reaclor
: Coolant System
SIR Safety Injection and High and Low Pressure

Recirculation System Safety Injection, Residual
Heat Removal, Shut Down
) Cooling, Accumulator or
' other passive injection
systems
Containment Spray System  Containment Spr\ay System

Reactor Auxiiiary Systems Component Cooling Water,
Chemical Volume and
Control, Spent Fuel Pool

. . Cooling, Radwaste {no salt
) or dirty water systems) ’

Auxiliary Cooling Systems Service Waler; Salt Water
Cooling, Main Circulating
Water, and. other dirty water

) ; systems
Feedwater and Condensate  Main Feedwater System,
" Systems ' Auxiliary Feedwater
N ' System, Condensate
Syster
I Main and Awliary Steam  Main and Auxiliary Stear
Systemns Systems

'
Fire Protection Systems

;

. Fire Protection System

160 / Vol. 123, FEBRUARY 2001

- . )

[
The data of Fig. 1 shows that only 3 percent of all the reported

This suggests that in their present form the ASME Section X1 IS1

- cent of all reported failures were due to degradation mechunisms

of all the reported events, piping failure resulted from failure

“ing conditions and other factors such a8 construction errors, water
B /

hamner. overpressure, and frozen pipes. In these cases traditional
inspection programs may be ineffective in preventing or reducing
the piping failuré probability. 7

Figures 2 and 3 compare service fatlures in smail bore (<2 in.
NI’S) and larger bore (>2 in. NPS) piping. Approximately Ihfce-
quarters of the reported service failures in small-hore piping were
caused by either high-cycle vibration fatigue (VF). flow-
aceelerated corrosion {FAC), or design and construction ervors
(D&C). Almost balf (45 percent) of the small-bore pipe failures
were due 10 vibration fatigue. The majority of these failures oc-
curred at socket-welded connections in poorly supported or canti-
levered vent and drain lines <01 in. NPS.
~ Over 50 percent of the le()T[Ld large bore piping service fail-
ures were caused by stress corrosion cracking ((SCC), VF, and
FAC. SCC and' FAC accounted for 42 percent, and VF accounted
for 12 percent of the reported failures. Sixteen percent of the
small-bore failures were caused by D&C compared to 10 percent
for large-bore piping. This appears to reflect field welding and
fabrication difficaities associated with smaller-diameter pipinv

Figure 4 shows ‘the number of service failures reported in sev-
erdl plant system groups. Each systern group is described in Table

. System group service experience for Combustion hlgme\enng

F'WRS for Westinghouse PWRs, and for ALL plants is shown.
Over halt of the reported service failures in Combustion Fnﬂmecr-
ing and Westinghouse PWRs occurred in reactor auxiliary sys-
tems (component. cooling waler, chemical volume and control,
spent fuel pool cooling, radwaste, ete.) and auxiliary cooling sys-
‘tems (service water, salt water Sooling. main circulating water,
elc.). . :

Augmented Inspection Programs

For some of the more significant causes of piping failures, aug-
mented inspection programs havé been implemented. These pro-
grams, manly of which have been mandated by the NRC, are de-
signed to address component integrity relative to the impacts
associated with a specific damage mechanism,

Intergranular Stress Corrosion Cracking.  Stress-corrosion
cracking (9(‘(,) refers to cracking caused by the simultaneous
presence of tensile stress and a corrosive medium. The important
variables dffeumg SCC are temperature, water chemistry,. metal

composition, stress. and metal microstructure. Both intergranular
(cracking proceeds along the material grain boundary) and trans-

granular (crack growth is not affected by the presence of grain
boundaries) cracking have been observed. Inergranular stress cor-
rosion cracking (]CSL( ) results from a combination of >cn~.m7nd
materials {(caused by a depletion of chromium in legums adjacent
to, the grain boundam,s in weld heat-cffected zones), high Stress
{residual welding stresses), and a corrosive environment (high
level of oxygen or other contaminants). .

IGSCC is encountered most frequently in austenitic stainless
steels that become sensitized through the welding process and are
subjected to BWR operating environments. The susceptible areas
extend into the base material a few mllhmutcrs beyond either side
of the weld—the weld “‘heat-affected zone.” Welds in materials
considered to be resistant to sensitization from welding are not
qusupnblc to degradation from [GSCC.

A discussion of the IGSCC problems in BWR nuclcar plants
and the associated apgmented program reqmruncrm can be found
in Generic Letter 88-01 [9] and in. NUREG 0313 [10]. The indus-
try was required to establish programs that included the following:

» implement piping replacements or other measures to mitigate
1IGSCC:

* augment the existing Section XT 18I program to incorporate
an inspection scope and frequency consistent with the extent
of mitigation actions implemented;

» improve leak detection and monitoring programs;

. lmplem«.nt programs to improve NDE inspector performance
in the detection and characterization of 1GSCC damage.

. ~
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Figure 5 shows l))at since the implementation of these program  rected at single-phuse systems, Initial inspections were completed
gquirements, the trequency of IGSCC caused piping failures,  on-all single-phase systems by 1989. Erosion-corresion programs
:which might otherwise have increased, has instead been signifi-  were in place on both single and two-phase by 1990 [11]. Since
cantly reduced. that time, service experience (Fig. 6) suggests that the number of
) . . . celerated ¢ .7 failures due to erosion-corrosion has been reduced.
Flt’w\w.-‘;\'ccelcra't‘t,d Lorrojsmn. ht}«lm\_/;}!u‘,e‘ e,m“-:b LOn’;‘&l‘()n EPRI report NSAC/202L [12) provides general guidelines for
(FAC) is a complex phenomenon that exhibits attributes of ero- oy g ion and inspection of components subject to FAC
sion and corrosion in combination. Factors that influence whether g0 o oo o
FAC is an issue are velocity, dissolved oxygen. pH. moisture © i s
coptent of steam, and material cﬁr(»:njllx]x content. Carbon steel Cerrosion Attack in Service Water Systems. - Uniform cor-
piping with chromium content greater than I percent and austen-  rosion attack in service water piping, microbiologically induced
itic steel piping is not susceptible to degradation from FAC. corrosion (MIC). crevice corrosion. and pitting were typical
At the end of 1996, industry initiated efforts to develop a pro-  causes of failure events of pipe components grouped in this cat-
gram Lo address erosion-corrosion. These initial efforts were di-  egory. Of these, MIC is the predominant corrosion mechanism in
. {
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These systems. In MIC, microbes, primarily bacteria, cause wide-  as a result of a problem resolution. Between 1976 and 1982, the
spread-damage to low-alloy and carbon steels. Stmitar damage has significant amoum of vibration fatigue related failures (Fig. 7)
so been found at welds and heat-alfected zones for austenitic  fostered increased attention o this problem by code and reguly-
iainless steels! Piping components with fluids containing orgunic  tory bodies. The NRC incorporated requircraents 1o perform vi-
Cmagterial or with organic material deposits are most susceptible to bration testing as_part of nuclear power plant initial testng pro-
. The most vulnerable components are raw water systems,  grams [ 6], and by 1982 the ASME published an operating und
.wrage tanks. and transport systems. Systems with low o inler-  mainienance standard [19] which specified requirements for pre-
smittent flow conditions. temperatures between 20-{20°F and pH  operational and initial start-up vibration testing in nuclear power
betow 10, are primary candidates. plants. v
CIn response to NRC Generic! Letter 89-13, industry was in-
tructed to implement a comprehensive program to address corro-
n in service water systems. Prior to this, the service water in-
eerity programs relied on the Section X1 periodic leak and
sdrostatic pressure test requirements. Under the Section X1 pro-
ram. the service water system integrity management approach
as “'reactive’’ in nature: that is, corrective action was taken
en damage was sufficient to result in visible leakage. The Ge-
eric Letter 89-13 augmented programs require plants to 1ake I Future programs necd to be based on an understanding of
re *'proactive” approach to the problem. For example, many  failure mechanisms and focus attention on the locutions in the
vgramis implemented improved chemistry control 1o mitigate the plahl system most likely to be affected by these mechanisms. This
ablishment of MIC sites, volumetric inspections (UT/RT ex-  will allow plants to identify problems in a proactive manner, so
minations), and component condition monitoring and trending. that corrective actions can be planned and impleninted before
CEPRL reports TR-103403 [13], NP-5580 [14], and NP-6815  fiilures occur,

5] provide additional information regarding MIC degradation. 2 Monitering and inspection methods need io be designed spe-
; ' cifically for the degradation mechanism of concern. This has been
| referred 1o as inspection-for-cause.’”

3 The integrity management program should be designed to
ensure reliable component operation. For example, inspection fre-
quencies may need to be,adjusted to ensure that the failure prob-
ability of the component is maintained at an acceptable level.
ASME Section X1 hopes 1o accomplish these objectives moving
in the direction of risk-informed inservice inspection (R1SI).

3

Risk-Based Inservice Inspection. . Service experience and the
augmented inspection programs have demonstrated a nced on Sce-
ton XI's part to move in new directions and shift its emphasis
away from simple inservice ‘‘inspection’ rules to establishing
cffective integrity management programs for nuclear plants.

charactenstics:
\

High:Cycle:Mechanical Vibration Fatigue. More and more
tention has recently been paid by operating plants to prevent
nexpected piping failures due 1o high-cycle vibration fatigue.
mall-bore pipe (<1 in. NPS) socket-welded vent and drain con-
tions in the immediate proximity of vibration sources tend to
most susceptible 1o this failure mechanism [ 1618}, Unlike the
eviously discussed mechanisms, vibration fatigue does not lend
f to periodic inservice examinations (i.c.. volumetric, surface,
{c:}.as a means of managing this degradation mechanism. The As a first step.\/\SM' Section XTI has recently developﬁd pilot
anire of this mechanism is such that. generally, almost-the ebtirc \ code cases that allow for the use of altemative RUST rules for
dtigue lifé of the component is expended during: the initiation  piping. These code cases grew out of work sponsored by ASME
. Once a crack initintes, failure Yuickly follows. Therefore.  teseurch {20} and EPRT {217, The three code cases implementing

‘bsence’ of any detectable crack may not assure reliable com-  this technology have been incorporated into ASME Section X1
onent performance. In addition, for many of these components,  Code Cases N-560, N-577, and N-578. These initial efforts’ fo-
e .plant conditions when vibration levels are unacceptable may  cysed primarily on the identification of inspection locations and
be, very difficult to predict and limited to short time periods of  the implementation of appropriate inspection methods. Industry
nigue plunUsystem configurations. This would explain why we  pijot applications [22,23] have been completed for each code case.
ontifue Lo observe cases where vibration fatigue failures oceur  Each application has been reviewed and approved by the NRC for
tc in the plant’s operating life [8]. Therefore. the fact that o consistency with NRC guidelines [24].
bration failure has not occuwrred within the first few vears of )
nt-operation may not preclude future failures. Prnbubilistic-Bhsed-Inspection Strategies
igure 7 shows the number of pipe failure. events per reactor
nt-year reported o NRC as being caused by high-cycle vibra-
On fatigue. Prior 1o 1976 piping vibration fatigue was addressed

Thus far success of the initial RIISI studies has been measured
in terms of estimated reductions in nuclear power industry and
regulatory burden.. anticipated man-rem exposure reductions and
calculated improvements in-reactor safety. These improvements in
safety have assumed that the selected inspection locations are ex-
amined using reliable NDE methods at appropriate frequencies in
order to achieve a reduction in failure probabilities. In the long
run, ultimate success will be seen in a reduction in the occurrence
of piping leaks in these systems. Therefore, future inspection
strategies will need (0 manage component failure frequencies.

In this section we show how a probabilistic approach can be
applied to determine inspection frequencies that account for dem-
onstrated NDE performance and ensure reliable piping perfor-
mance is maintained throughout the component’s original or ex-
tended operating life. In the example described in the forth-
coming, we assuime that the weld location is subject to thermal
fatigue. The inspection frequency necessary to maintain the com-
ponent’s failure probability at or below that associated with the
fatigue limit specified in the original construction ASME Section
111 design code (e.g., cumulative usage factor (CUF) must be less
than unity) is then determined. :

!

EEEPD TR P D P PSP G P ) :

Probabilistic Approach. Probabilistic {racture mechanics

Fig. 7 Vi?ration fatigue failures per plant year - calculations are presented to demonstrate that an augmented level
B -\ ,
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Fig. 8 Calculated probability of leak before and after implementation of inspection program

of inservice ingpection can ensure that failure rates of fatigue criti-
cal components should not increase as operation is continued be-
yond usage factors permitted by the design code. Uncertainties in
flaw growth rates and in flaw detection were addressed by appli-
cation of the probabilistic fracture mechanics code pe-PRAISE
(25]. Suitable inspection frequencies were established for a give
flaw detection capability {probability of detection or POD curve
by adopting a goal for an acceptable piping failure probability
(i.e.. probability of through-wall crack per weld per year). Con-
tinued operation for caleulated CUFs exceeding umity was taken
10 be acceptable only it additional inspections are performed.
These inspections are required to maintain caleulated failure rates

“at Jevels Jess than (or equal ) calculated failure rates before the

usage factors beeame unity.

Probabilistic Calculations. The example considers a stain-
less steel pipe (29-in. outside diameter by 2.5-in. wall) which is
foaded at 5000 cycles per year 1o give a CU .0 after 20 yr of
operation given a weld root stress concentration factor of 3.0. This
corresponds to a nominal alternating stress of 27.3 kst and a peak
alternating stress. at the weld root. of 81.9 ksi.

The pe-PRAISE model assumed semi-cHiptical surface flaws
with aspect ratios of 12 and 20, and a Paris law for fatigue crack
growth having a- mean rate corresponding to constams of
=9 14E-12 and m=4. A simplified trewtment of flaw initiation
was assumed, At time==0.0. very small inner swrface cracks were
assumed (o be present, with depths uniformly distributed between
0.005-0.010 in.

The allernative inspection frequencics were fimited to the case
of no inspections and inspections every 2 or 4 yr, with the inspec-
tion program being introduced after 20 yr of operation. The reli-
ability for the uhrasonic NDE was dLSLrlde by the error function-
type curves used by the pe-PRAISE code to describe flaw
detection. Two bounding curves were assumed for purposes of the
demonstration caleulations. The less effective NDE assumed a
threshold detection capability (50 percent POD) for a 0.10-t flaw
{a*=0.25in.), whercas the more effective NDE had a 50-percent
POD far a 0.05-t law (0.125-in.). In each case, the POD curve

(through-wall crack) as a function of the operating time {0 to 40
yr). At 20 yr {(when the calculuted CUF becomes 1.0). the cumu-
lative leak probability is about FOE-02. or one chance in 100 that
the weld would fail. 1f no inspections are performed. the cumula-
tive failure probability curve continues to rise and with an increas-
ing failure rate. All of the alternative inspection scenarios (com-
binations of POD and inspection frequency) reduce the calculated
failure probabilities. bul some scenarios reduce the failure prob-

ability much more than others. The most effective mspuuonﬂ\

(a*=10.125in.) reduces the failure rate by bout an-order of mag
nitude compared to the aliernative of no inspection. In this case
the failure rates during the second 20 yr of operation are actually
substantially lower than the corresponding rates during the first 20
y1 of operation. Some of the other less yigorous inspections of Fig.
& are also sufficiently effective 10 maintin the calculated failure
rates at or below the rate that exists at the time (20 yr) when the
CUF attains the limiting value of unity. For example. an Appendix
L inspection with d 4-yr frequency and a* = 0.125 in. would meet

- the probabilistic criteria as well as the alternative of,a 2-yr fre-

provided significantly better detection capabilities for faws of

greater depths, such that faw depths 0.25 and 0.50 in., respec-
tively. or about twice the threshold size, could be detected with o
probability of better than 90 percent.

Figure 8 shows the predicted cumulative pmlmbnmv of feak
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quency with «*=0.25in. Therefore. in this extreme case where
thermat fatigue loading is wrmhcan(ly high, a 2--d-yr inspection
frequency will maintain the component’s reliability at design basis
levels.

Conclusions

The auclear power industry has successfully implemented pro-
grams to manage degradation of pressure boundary components.
These programs bave tocused on unexpected degradation mecha-
nisms that have impacted plant operations well before the end of
the expecied plant design life. Programs have also been imple-
mented to address potential mechanisms such as fatigue cracking
that were identified as life limiting us part of the plant design
basis. Monitoring of components in accordance with plant inser-
vice inspections programs can ensure that the reliability of piping
systems is maintained throughout the remaining design life. and
address issues related to plant life extension beyond the ongma!
40-yr of the original design.

Inspections at appropriate frequencies with reliable NDE meth-
ods can munage the potential degradation mechanisms, ane
thereby justify continued opu.mon even when calculated design
limits may be exceeded. It is even possible with an aggressive
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mspection program (o decrease failure frequencies during the later
periods of plant fife to the same levels that existed relatively carly
in life. R

By applying probabilistic methods, future mspection strategics
cannot only be consistent with the service conditions and the dem-
angtrated performance levels of the NDE methods. but will ensure
that the reliability of the piping is maintained over periods of
continued operation. Inspection strategies; designed in this fash-
ion, will be a powerful addition to current risk-based 1St
maodels.

References

{1} Bush, S. H.. 1988 °
J. Pressure Vessel Technol, 114, pp. 389-395.

{2} Bush, 5 H., 1992, Fuilure Mechanisms in Nuclear Power Plant Piping Sys-
tems,” ASME ). Pressure Vessel Technol.. 110, pp. 225-233,

31 Jamali. K. 1992, Pipe Failures in U.S. Commercial Nuclear Power Plants,
EPRI TR-100380. prepared by Halliburton NUS, Gaithersburg. Maryland. for
Northcast Utilities Service Company and the Electric Power Rescarch Insti-
tute.

{4] Thomas, H. M., 1981, “Pipe and Vessel Failure Probability. Relwabiliny Fn-
gineering, 2. pp. 83-124.

{51 wright E. Stevenson, 1. A, and Zurofl, W. F
quency Estimation for Nuclear Power Plants, NUR
tional Engincering Laboratory, ldaho Falis, 1D,

{6} Kol $., Riccardella, P, and Fougerousse, R.. 1995, Evaluation of Ins
Inspection Requirements for Class 1, Category B-J Pressure Resaining Welds
in Piping, ASME Section XTI Task Group on ISI Optimization. White Paper
‘Report No. 92-D1-0L

[71 PRI, 1990, Metal Farigue in Operating Nuclear Power Plants-A Review of
Design and Moniioring Requirements. Field Failure Experience, and Recom-
mendutions for ASME Section XI Action, prepared by ASME Boiler and Pres-
sure Vessel Code, Section XI Tusk Group on Fatigue in Operating Plants. for
Section Xt kaing (fimnp on Operating Plant Criteria.

13} Bosh. S. H.. Do, . Slavich. A. L, and Chockie. A. D, 1996, Piping

Failures in the (,mml bmlu Nuclear Pml er Plunts: 1961 199) SKI Report
96:20.

(91 Miraglia, I, J.. Jr.. V988, NRC Pasition on 1GSCC in BWR Ausienitic Siinless

. Steel Piping—Ceneric Letter 8801, 1.8, Nuclear. Regulatory Commission.

f10] Hazehion, W.. and Koo, W. H., 1988, Technical Report on Maserial Selection

and I’m ing Guidelines for BWR Coolamt Pressure lioun(.m‘ Piping.

5-0313, Rev. 2, LLS. Nuclear Regutatory Comnis Washington,

tistics of Pressure Vessel and Piping Fuilures.” ASME

1984, Pipe Break Fre-
AOR-4207, Tdatio Na-

e

{11} We, PO CLI9RD, Erosion/Corrosion-Induced FPipe Wall Thinning i 115

64 / Vol. 123, FEBRUARY 2001

NUREG-1344, Division of Engineering and Systains
ington. DC.
ations for an L

\m tear Power Plauts,

. e Flow-Accelerad Corrosion

van, NSAL- ciric Power Resenrch lnstinne, Pulo Al CAL

IR} Puckoriux, PR 19930 Servdce Water Systemt Corrosion and Depasition
Sourceboyk. EPRE TR-103403, Electric Power Research fustiope, Palo Alls,

{14] Licina. G. J.. 1988, Sowrcebook for Microbiatogicat!y Influenved Corrosion in
Nuciear Poser Plaous, NP-3580, Elcetric Power Research Institute, Palo Ao,
CA.

115) Licina, G, b 1990, Detection and Control of Microbiclagically Infhicnced

© CarvasivneAn Extension of the Sourcebook fuy Microbiologiceily Influcriced
Corrosion, NP-6315, Electnic Power Research Institute, Palo Ao, CA.

{16} Olsen, DL E., 1985, “Piping Vibration Experience in Power Plants,” fressire
Zessel and Piping Technology—=A Decade of Progress. Pressure Vessel and
Piping Division, ASME. NY, pp. 639-703.

{17] EPRL 1993, EPRI Fatigice Management Handbook. EPRY TR-104534. F I
Power Resemch Institute, Palo Alto. CA.

[18] Riccardella, P. C.. Rosario, D. A., and Gosselin, S. R., 1997, “Fracture Me-
chanjes Analysic of Socket Welds under High Cycle Vibrational Louding,”
ASME PVP-Vol. 353, pp. 2334,

[19] ASME, 1991 de for Operation and Mainienance of Nuclear Power
Plans. Farr 3. Reqwr(mr»nn Sor Preoperational ard Initial Start-Up Testing
of Nuclear Power Plant Piping Systems, American Sociely of Machanical
Engineers, New York, NY.

{201 ASME Research Task Furce on Risk-Based ln\pl.umn Guidelines. 1992, Risk-
Basrd Inspection-Develnpment of Guidelines: Volume 2-Part 1° Liyie Wurer
Reacrtor (LWR) Nuclear Power Plant (',‘mnpommu’, CRTD-Yol. 20-2, pub-
lished by the American Society of Mechanical Engineers Center for Research
and Technology Development.

[21] EPRL 1996, Ri)
TR-H6706, Electric Power Rescarch Institute, Palo Alo, CAL

[22] Westinghouse Electric Corporation. 1997, Westinghouse Owners Group Appli-
vation of Risk-Informed Mcthods to Piping Inservice Inspection - Topicut Rie-
purt Revision |, WECAP- 14572, Revision I, work performed by Westinghouse
Electric Corporation in collaboration with Northeast Wiilities and Virginia
Power for the Westinghouse Owners Group..

{23]) EPRI, ‘)‘)7 Application of EPRI Risk-Informed Inservice nspection Guide-
tines 1o (. SPRI TR-107531. Volumes | and 2, Electric Power Re-
search ln\muu_ Palo Alw. CA.

24] USNRC, 1997, Draft Regulatory (1“!(]1' DG-1063 An Approuck for Plant-

Risk-Infornned Decisionmaking: Inservice Imprumn of Pipmng. LS.

ar Regulatory Commission, Aug.

{25) Hle‘K D. O.. and Dedhia, 13, 1991, Theoretical and Users Manwal for pe-

A Probabitistic Fracture Mechanic rpuier Code for Piping Re-

tinhitity. Anatyvsis, NUREG/CR-5864, U.S. Nuclear Regolatory Commission.

Washington, DC.

. /

<

Transactions of the ASME

“

-infarmed Inservice Inspecnon Evalvation Procedures. EPRI .




-

1 ) 7
TVA B4 S350

UNITED STATES GOVERNMENT NEC-JH 70
) i , ’ o o T AT «
Nemorandum - TENNESSEE VALLEY AUTHORITY
) ' ‘- ] B2 T oA e - )
\ CUBZ8 wroi2r 028
TO, +  H. L. Abercromiie, SitavDirector, CNP, 0O%PS-4, Sequoygr Nuclear Zlzn:

r, Sequo'ah Engir ee.xnv Project, DMNE, DSC-E, N

FROM =/ D. W. ‘
Sequoy'

JAN 2 71987 o | . . -
_,SUBJECT:' SEQUOYAH NUCLEAR PLANT UNITS 1 AND 2 - PRELIMINARY REPORT ON THE CONDENSATE~ '
’ . FEZDWATER PI PING'INSPECTION‘— SUSPECTED EROSION-~-CORROSION AREAS

DATE

. }
Attached for your review 1s ‘the prellmlnary report of SQN condensate-’
feedwater 1nspection.’ The results lndlcate that there 1s no wall thi

. . not: een_reduced o v
below the ming esign. wall thlcknesa. Approprlate surve;llance o g -
1nstructlon3 shall»be ‘written to monltor the 'suspect areas. < The
instructlon will bejw itten by Operatlons Englneerlng Services’ .
metallur“lc‘ mploye s and is expected to be in place by June 30, 1987.V=

The final report wlll lnclude the results of ultrasonlc examinations- of the g
.elbows: downstream of A and B pump and will be issued the week of co ?
February 6, 1987., B ~ :

8’“" RBIDFG RLP B
Attachment
ce (Attachment) i
,_RIMS SL 26 C-

P ;‘“‘**Booker)"

“Principally Prepared By: Robért L.\Phllllps and Terry R WOods,'
R N exten31on 6946 e

g
2
i
B
b

i
tE
4

nnac pn rntj'n r/v»nf?_ 1hap'n-nrn/1'¢nn;y,neplnﬂ . L




W. 4llson s memorancdua to H. L. AbcrcronOLE daged. .
December 19, 1986, "Sequoyah Nuclear Plant ‘Units .1 and
Inspectlon of Feedwater Plplng for Wall Loss"

(B25 861219 001)

- mplementec a program to 1déht1fy possxbl .
- The program was developed from technlcal nformatio
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‘Metallurgical Inspection
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The UT data was uniform and consistent and indicated that there was no
thinning occurring as a result of EC, which would appear to e localizea
areas of non-uniform thinning. With one exception, there were no readings
below the minimum thickness established in accerdance with ANSI
specifications. Wall thickness measuremants taken on the discharge side of
the feedwater pump on a 24~ by l6-inch reducing elbow (Grid 2-FW-$) showed
some evidence of wall loss. This wall reduction is believed to have
resulted from cavitation damage because of the large pressure drop that
exiats at that lceaticn. Although three-percent wall reduction was noted,

“the minimum wall acceptance criteria for this fitting had not Dbeen

violated, and this area will be monitored for wall reduction in the
future. : ‘

P8

«~i:*13¥3€:*w 533?35;n3~ for the areas identified fop {

PRDLes

\

Metallurgical inspections were performed on A and C trains of units 1 and 2
number 2 feedwater heaters. The locations are shown on figure 16, Both

the inlet and discharge piping and fittings were inspected. The inlet
piping had some superficial patterns on its wall because of direct
impingement from the number : hematite
was gbserved on the ID, and (SHasiacis  (see
loocation 3, figure 16). At ouation 2, e'pOsed base
metal ‘'was observed. On the discharge piping, the results were similar.
Also, there was a backing-ring that had:been pushed into the flow path’
during original installation. It showed no signs of wear and was covered
with the protective magnetite film, even though it was in a severe :

‘environment.

DPiscussion

UT and metallurgical inspections indicated that no EC damage or significant
thinning by other means was detected, although SQN has condueive
reedwat,, RE ondltlons. However,;nﬁruwwxy‘.uu@.udfnﬁ Ay e
ffi«-- he istory ST et S s sy i T S YA R )

Klown.  Previous inspections on the number 3 heater grain tank, the steam
generator feedring header, and the feedring tee )1 >

induced damage. "ECydAmap TR e
J-tuies were 4106 '&mmwmxmmmﬂm vy

&

" 31 ft/sec.) Veloecity of the 2i~ and 30-inch headers and fittings were

12 ft/sec and 14 ft/sec resapectively (see table 3). The propensity of

the EC decreases with a decrease in velocity.
/

[
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Conclusions and Becommendations

" The. test data and inapection results indicated that EC damage had not
occurred in the areas examined. The selected areas were identified as the
highest probability areas. However, there may be other thinning mechanisms
occurring, i.e., cavitation. The lowest readings were found con the
discharge side of the feedwater pump on 24~ by 16-inch reducing elbows.
None of the=ze readings were below the design minimum wall thickness

specified by DNE. The elbows further downstream_qf the A -and B puaps will

ba examinea “final re-orn. The ipl s@ream of bhe
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Erosion-corrosion of carbon steels has been experienced in the steam generator and secondary water

circuits of many reactor systems.

conditions, and is associated with severe fluid turbulence at the metal surface.

Damage has occurred under both single and two-phase water flow

In the most

severe cases, this can lead to very hlgh metal wastage rates (>lmm/year), and consequently rapid

component failure.

The available experience, previous research and current understand1ng of jthe

phenomenon are reviewed, and both experimental and theoretical work in progress at CERL is /

described.

The pH dependence of the phenomenon under single phase conditions at 1489C is r ported

and by using hydrodynamically well characterized specimens, the dependence of erosion-corrgsion rate

on mass—transfer has been 1nvest1gated
the mass transfer coefficient.

based on the electrochemical dissolution of magnetite.

At 148°C, the rate has been found to vary as the cube of
This is in agreement with the predictions of a model of the process

In order to make quantitative measurements

on the process, high precision bore metrology and surface activation of the test specimens has been

used extensively, and these measurement
}

INTRODUCTION

1. - Nuclear steam generators have experienced a
wide variety of corrosion related problems, and
the vulnerability of individual designs to any.
particular type of corrosion damage can vary
widely. 1In all cases, however, the economic

- penalties resulting from such damage are consider-

able, ‘and there is therefore a strong incentive

to eliminate such problems as far as possible.

To this end, a wide variety of research programmes
are in progress throughout the world.

2. In many nuclear systems, corrosion has
resulted from the generation of aggressive
solutions via solute concentration processes
(ref.1). This is particularly true in the case
of PWR steam generators, for example with the
denting, phosphate thinning and tube sheet
crevice stress~corrosion problems (ref.2).

)
3. In the case of U.K. gas cooled reactor steam
generators, con31derab1e effort has been directed
at understanding and eliminating the possibility
of corrosion damage resulting from solute
concentration under two phase flow and dryout
conditions, and the vulnerability of both Magnox
and AGR, steam generators to on-load corrosion
and stress. corrosion has been reviewed very
recently (ref.3). The need for stringent feed-
water chemical control was recognised and to
date they have not proved to be a problem.
However, both Magnox and AGR steam generators
have been subject to an entirely different type
of corrosion damage not dependent on any solute
concentration process, namely erosion-corrosion.
Similar erosion-corrosion problems have also
been encountered in other gas cooled reactors
elsewhere, most notably in France and Japan, but

" the problems are not restricted to gas cooled

reactor steam generators, and this type of damage

\
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techniques are also discussed.

has occurred in the steamwater circuits of. water
and sodium cooled reactors. As a result there is,
growing international interest in erosion- ’
corrosion phenomena (ref. 4-7). The present
paper therefore attempts to summarize current
experience’ and understanding of the problem, and
describe erosion—corrosion work in progress at
CERL.

EROSTION-CORROSION

4, The term erosion—corrosion is slightly
misleading and the phenomenon is perhaps better
described as flow assisted corrosion. As such
it is clearly distinguishable from pure erosion
or cavitation damage.

5. Erosion-corrosion damage normally occurs at
locations where there is severe fluid turbulence
adjacent to the metal surface, elther as a

result of inherently high fluid velocities,; or
the presence of some feature (bend, orifice etc.)
generating high levels of turbulence locally.

Its occurrence is also usually associated with the
use of mild or carbon steel components. The
attack occurs under both 51ng1e and two-phase
water conditions, but not in dry steam, which is
consistent with the general view that the process
is essentially ome of surface dissolution. It
.is frequently, although not invariably,
characterized by the occurrence of overlapping
horse-shoe shaped pits, giving the surface a
scalloped appearance, as shown in Plate 1.
However, these pits are normally relatively
shallow in comparison to the general metal
wastage in the area concerned. The~oxide present
on the corroding surface is normally very thin,

T ym or less, and often exhibits a polished
appearance. However, heavy oxide deposition is
sometimes present on adjacent areas of tube not
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PLATE 1. Erosion-corrosion damage produced
under two phase conditions in a mild steel riser
pipe from a Magnox steam generator. Flow from
left to right. :

repy=ys-=

PLATE 2. Erosion-corrosion damage downstream of
the orifice in a CERL mild steel orifice
assembly specimen. Flow from left to right.

\

PLATE 3. Metallographic cross section of
specimen -shown in Plate 2 in region of maximum
erosion corrosion loss.
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FIGURE 1. Temperature dependence of erosion-
corrosion losses under two phase conditions

(ref.19)
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spfferlng erosion-corrosion attack, partlcularly
under two phase conditions.

N . 3 :
6. Under severe conditions, metal wastage rates

of 1 ma/year or even higher can be observed in
erosion-corrosion situations, so that component
failure can be relatively rapid in the worst
cases. =

Plant Experlence

7. Under two phase cond1t1ons, erosion~
corrosion damage within nuclear steam generators
has frequently occurred at tube bends, ‘o,
bifurcations or similar features in the steam-
water circuit. Among the earliest reported
instances of damage of this type were those at
the Tokai Mura plant in late 1968 (ref.8,9).
This station employs dual pressure drum re-
circulation type steam generators, and early
failures occurred at 214°C in swan neck bends and
tube bifurcations at the outlet end of the mild
steel L.P. evaporator tubes. Some failures also
occurred at tube bends in the subsequent riser
pipes to the L.P. steam drum external to the
steam generator itself, and significant tube
thinning was reported for the last two return
bends of the serpentine evaporator tube banks
inside the units. Tube wastage rates as high as
1.3 mm/year were found in some cases, Up to the
time of the failures, the boilers had been
"operated with hydrazine/ammonia dosing to give a
boiler water pH in the range 8.5 to 9.2. Some
dosing with Na3P0, was also employed to combat
chloride ion (200-300 ppb) present in the water
(ref.9).

8. Similar failures to these have occurred
under steaming conditions in the mild steel
economiser sections of British Magnox stationms,
and in the evaporator sections of once~-through
steam generators such as those at St. Laurent I
~and II. In the case of St. Laurent 11, failures
occurred in the 180° return bends of the mild
steel serpentine evaporator towards the end of

the evaporation zone, at a temperature of about
2450C (ref. 4, 10). As in the case of Tokai Mura,
the boiler feedwater was originally dosed with
ammonia and hydrazine to about pH 9.0. However,
more recently morpholine dosing has been employed
because of its lower partition coefficient between
water and steam and higher basicity at high
temperature, which should maintain a higher
solution pH at temperature (ref.ll).

9. Erosion—corrosion problems under two phase
conditions have also been reported to have
occurred in the steam generator units at Marcoule
and Chinon 2 (ref.4, 10).

10. Erosion-corrosion damage in nuclear sSteam
generators under single phase (water) conditions
has commonly been associated with boiler feed-
water tube inlets, and in particular those where
orifices have been installed to control the
boiler feed 'flow. Damage of this type has been
experienced at St. Laurent II, with an inlet
feedwater temperature of about 1250C (ref. 4,10),
and at somewhat higher temperature (up to 246°C)
in the case of the Phenix steam generators

(ref. 5, 10). In the case of Hinkley Point 'B'

Power Station, erosion-corrosion damage at the

feedwater inlets downstream of the flow control
orifices was compounded by flow bypassing
through the gap between the threaded ends of the
restrictor tubes and the orifice carriers
(ref.12). 1In some cases this fluid bypassing
completely eroded away the restrictor tube end.

11. In addition to problems within the steam
generators themselves, erosion-corrosion damage
has frequently been encountered in wet steam
turbines (ref.13) and associated steam pipework
(ref.6), both the feedwater and steamside of
feed heaters (ref.14~17) and boiler feed pumps
(ref.7). Clearly therefore the problems are
very widespread, and not restrlcted to any one
type of nuclear plant.

Current Understanding of Erosion-Corrosion
Behaviour

12. 1In spite of the widespread occurrence of
erosion-corrosion problems, as outlined in the
preceeding section, relatively little experimental
or theoretical work on the subject has been
reported in the open literature., It is clear,
however, that erosion—-corrosion behaviour depends
on a number of physical and chemical variables.
These are principally; materials' composition,
local hydrodynamic conditions including the
effects of steam quality, temperature. and water
chemistry. Any model of the process should
therefore be capable of explaining the detailed
dependence of erosion-corrosion on these
parameters. Their general influence on
erosion-corrosion behaviour under boiler feed-
water conditions is summarised below.

13. Materials' Composition. Erosion-corrosion
damage is most frequently observed when carbon

or mild steel components are employed. Alloy
steels, particularly chrome alloy steels are

much less susceptible to erosion-corrosion attack,
and austenitic stalnless steels essentially
immune to damage. Relatlvely small amounts of
chromium in the steel improve its erosion
resistance quite markedly, althotgh the degree

of improvement appears to depend on the severity
of the conditions. Thus in tests at 120°C,
involving impingement of a water jet on the
sample surface at 58 mws~l, 27 Cr steel was found
to be at least an order of magnltude more
resistant to damage than carbon steel, with
higher chrome steels even more resistant (ref.18).
However, practical experience with wet steam )
turbines and their "associated pipework suggests
217 Cr steel to be about four times more -
resistant to attack than mild steel, whilst 127
Cr steel has proved to be virtually unaffected
(ref.13).

14, It is likely that other minor alloying or
trace elements such as copper, nickel,

manganese and silicon would influence resistance
to erosion-corrosion as such elements are known

to affect corrosion resistance of carbon and low

alloy steels to a wide range of aqueous
environments. However, there appears to be no
systematic studies reported in the open
literature.




15. Temperature. Erosion-corrosion damage is
most prevalent in the temperature range 50° to
250°C. Fig. 1 shows the effect of temperature
on relatlve erosion rates based on data derived
from damage occurring’under two phase conditions
in wet steam turbines (ref.19). This indicates
maximum damage to occur at around 180°C. How-
ever, more recently it has been proposed that
under single phase conditions, the maximum is
close to 140°C (ref.20). Limited studies on the
effects of temperature under single phase
conditions have also been reported by Decker,
Wagner and Marsh (ref.21) which would appear to
support this, but there remains some uncertainty
in the precise variation of erosion-corrosion
rates with temperature. For example, rapid two
phasé erosion damage has frequently been observed
at temperatures well in excess of 200°C (e.g.

St. Laurent II), whereas the curve in Fig, 1
would suggest the problem to be disappearing
rapidly at these temperatures.

16. Hydrodynamics. Erosion-corrosion damage
has in general been observed at points of
hydrodynamic disturbance in the fluid flow.

Under single phase conditions damage has
frequently occurred at tube entries in preheaters,
or downstream of orifices at boiler tube entries,
whereas under two phase conditions the damage

has often been associated with bends. Keller
(ref.19) has attempted to rationalize the effects
of various flow path configurations on erosion-
corrosion damage under two phase conditions by
use of an empirical damage factor (K.) together
with a reference flow velocity. -These are given
in Fig. 2. However, it is doubtful that these
parameters can be equally well applied to damage
under single phase conditions as a result of the
differing hydrodynamic flow patterns which would
occur. More recently at CERL and elsewhere
(ref.7) attempts have been made to relate erosion-
corrosion rates in single phase water to local
mass transfer rates, and these will be dlscussed
subsequently.

17. In view of the critical dependence of
erosion-corrosion damage on fluid flow and
turbulence, it is surprising that no detailed
studies have been reported of the effect of flow

velocity and turbulence on erosion-corrosion rates.

Some studies have been made at high temperature
(>2800C) (ref.22-24), but these are outside the
range normally associated with erosion-corrosion
attack.

18. Water Chemistry. Several aspects of water
chemistry are thought to influence erosion-corro-
sion behaviour. The effect of pH and oxygen con-
tent of the water have been examined, but other
components’ such as hydrazine and dissolved iron
are also expected to exert a significant

“influence on the process (ref.25).

19. Most instances of erosion-corrosion
damage have occurred with a deoxygenated volatlle
alkali dosed water chemistry.

20. In studies of erosion-corrosion damage in
feed heaters (ref.14,15), it was found that
attack occurred predominantly when the feedwater

24, Keller (ref.19) has proposed an empirical

J

pH was less than 9.0, but attack was not
normally observed with pH >9.2, Similarly, the
occurrence of erosion-corrosion damage in wet
steam turbines has been reported to occur only
when the condensate pH is below about pH 9.4

(ref.13,19).

21. The effect of pH on erosion-corrosion
rates has been studied experimentally by h
Apblett (ref.26) using a rotating-carbon steel
disc over the pH range 8.0 to 9.5 at 99°C in
deaerated water., The results are shown in

Fig. 2, and indicate a tenfold reduction in
wastage rate on increasing the pH from pH 8 to 9.
Similar reductions in rate have also been
reported for jet impingement studles at 120°C
(ref.27). - \

22. The effect of oxygen on erosion-corrosion
behaviour as such has not been studied in great
detail. However, iron release rates from carbon
steel in neutral water at 1.85 ms™l over the
temperature range 389 to 204°C have been shown
to decrease by up to two orders of magnitude
with increasing oxygen content over the range

<1 to 200 ppb (refs.23, 28-31). 1It is to be
expected that erosion-corrosion will at least
qualitatively follow this type of behaviour.

23. Additions of up to 300 ppb oxygen (or more

_commonly hydrogen peroxide) to neutral feedwater

forms the basis of the neutral oxygen low
conductivity (NOLC) water chemistry regime used
by a number of power utilities for fossil fired
once thro' boilers (ref.32), and these are
evidently largely free from erosion-corrosion
damage. "More recently, it has been reported
that combined NH3/H202 dosing of feedwater is
also effective in this respect (ref.33).

Models of Erosion—-Corrosion Behaviour

.

equation for predicting erosion-corrosion losses

from carbon steel, based on observations in wet

steam turbines. This has the form

= f(T).f(x).c.Kc - KS o (1)
where s is the maximum local depth of material
loss in mm/10% hours.

f(T) is a dimensionless variable denoting the
influence of temperature on erosion-—
corrosion damage. A plot of £(T) is shown
in Fig. 1.

is a dimensionless variable denoting the

influence of steam wetness on erosion—
corrosion loss. For sub—cooled water it
has been suggested that this has a value

of unity, but for two phase mixtures’ it has

the form £(x) = (1 - »)K_, where x is the

steam fraction and O << K, < 1. A value of

Ky = 0.5 is evidently con51dered the most

approprlate one.

£(x)

K is a variable factor accounting for the
effect of local geometry on the fluid flow.
Values of K. in mm.s/m 10,000 hours are
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given in Fig. 2.

c is .the fluid velocity in msL.

X is a constant which the first term must

exceed before erosion-corrosion is observed.
A value of 1 mm/10% hours has been given by
Keller (ref.19).¥

'

,

Equation (1) does not include any influence from .
changes in water chemistry, although as indicated,
earlier, these have a very marked effect on the
rate and occurrence of erosion-corrosion damage.
It is also very doubtful that it can be applied

in its present form to single phase erosion-
corrosion damage, since many instances of damage
have occurred under single phase conditions which
would not have been predicted by equation (1).

25. Discussions of some mechanistic aspects of
erosion-corrosion attack has been given by Homig
(ref.34) and Bohnsack (ref.35), who concluded that
the process is due to dissolution of the metal
surface to give FeZ* jons in solution, which are
continually removed by the turbulent fluid flow.
However, both these authors restrict themselves
largely to discussion of the dissolution at

250C, which is well below the temperatures at
which erocion~corrosion attack is normally
encountered, At 259C, Fe(OH), is normally
considered to be the.corrosion product involved
in the dissolution process in deoxygenated water,
but at" temperatures higher than about 100°C, this
is converted to Fe30; via the Schikorr reactionm:

+ Fe,0, + 2H,0 + H., (2)

37 2 2
The rate of this reaction increases with tempera-
ture, and magnetite is typically the phase :
observed on surfaces undergoing erosion-corrosion
attack at temperatures above about 120°9C. As a
.result, ‘erosion-~corrosion attack at these
higher temperatures has been attributed to rapid
dissolution of the unstable Fe(OH), intermediate
(ref.36). .

)
26. Very recently attempts to produce a model
of erosion~corrosion based on calculated mass
transfer rates and the 'solubility of magnetite
have been made by Giilich et al. (ref.7). Work
to produce a more satisfactory model is also in
progress at CERL, and this is outlined in
subsequent sections. However, at present there
is no completely satisfactory model of erosion-
corrosion behaviour which is capable of rationali-~
sing the effect of all the diverse factors
influencing the process.

3 Fe(OH)2

\

CERL EROSION-CORROSION STUDIES

27. The work currently in progress at CERL on
erosion-corrosion is directed at establishing a
consistent set of experimental data from which
it is possible to make accurate predictions of
plant behaviour, and to develop a satisfactory
theoretical model of the process capable of
rationalizing the experimental work. At present,
both experimental and theoretical studies are
concerned entirely with erosion-corrosion in
single phase water, although it is to be hoped
that the results of the work can be applied with
certain limitations to erosion-corrosion

12

behaviour under two-phase conditions.

Experimental Facility

1 28.

Experimengal studies of erosion-corrosion
are being carried out using a high velocity
isothermal water circulation loop, referred to
as the isothermal rig for short (ref.37). This

. facility consists basically of a main circulation

loop, a secondary water clean up loop and a
pressurizer loop, together with anciltary
make-up/dosing and chemical sampling systems. A
flow diagram for the rig is shown in Fig. 4.

29. Four specimen flow channels are incorporated
in the rig, two specimen autoclaves in the main
loop, and two tube specimens within the secondary

polishing loop.

30. The rig is principally constructed of Type
316 stainless steel, with the exception of the

pressurizer vessel (2} Cr 1 Mo ferritic steel),

the heater elements (Inconel) and some parts of
the main circulating pump (Incoloy 825, stellite
and .ferobestos). The rig is designed to operate
over the following range of physical conditions:

Temperature, up to 350°C
Pressure, up to 21.78MNm™2(3160 1bf in~2)
Autoclave up to 1031 kg h-l per autoclave

flowrates,

Tube specimen 208 kg ™! total

flowrate, up to

Bypass flowrate,up to 103 kg h--1

Pressurizer _ -1 )
flowrate, - up to 20'kg h

Once the rig water has been pressurized and water
circulation achieved using the main pump,

control of the physical operating parameters of
the\rig is'largely automatic, with the variables
of interest (flow rate, temperature, pressure,
water level etc/) being recorded by a dedicated
CAMAC data logger. :

31. The rig incorporates four methods for
controlling the water chemistry, namely ion
exchange, chemical dosing, blowdown and deaeration.
Data on the chemical composition of the water
within the rig is derived mainly from continuous
chemical monitoring of sample streams which can

be drawn from a large number of different sampling
points around the rig. The exception to this is
the direct measurement of conductivity before and
after the. ion-exchange colums. To date, all the
experimental work carried out on the rig has been
with an ammonia dosed deoxygenated water chemistry
regime, and for these conditions it has been found
convenient to work with the cation exchange resins
of the mixed bed ion-exchange colummns converted

to their ammonium ion form. -

32. In its present form, the rig is capable of
operating within the following limits of physical
and chemical control parameters.
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Temperature at test specimens * 1°C
. .
Flow to test specimens + 17 .
pH of circulation water* + 0.1 pH unit
Conquctivity of water after < 0.6 S cm;l
cation exchange+
/, . 2 . .
Dissolved iron in circulating . =1
. : < 10 k
water at 148°C ug Xg
Dissolved active silica in C -1
< k
circulating water at 148°C 10 ug kg
1 t ) -
Dissolved oxygen in circulating _ 6 ug kg 1

water at 148°C
* Dependent on pH of circulating water, values
given for pH 9.0. At higher pH, the precision
of pH control 1mproves, and dlssolved Fe levels
- fall.

+ Upper limit of conductivity, due to very slow ~
sampling rate. ,

Test Specimens

33. A variety of erosion-corrosion test

specimens can be incorporated into the isothermal

loop, u51ng both the autoclave and tube spec1men
flow channels.

34. The tube specimen channels are provided
with couplings for the attachment of tubing
between two‘points 2 m apart.
3 mm bore mild steel test specimens and stainless
steel dummy specimens have been incorporated, but
it is possible to incorporate bent tubes, bore
expansions and constrictions and a variety of
other options in this area of the rig.

35. Four'plate type specimens, 195 x 12 x 1 mm
can be incorporated into each of the autoclave
flow channels using stainless steel specimen
holders. These hold the

specimens with "a 1 mm gap between them, and

allow rig water to flow along their length. How-
ever, it is possible to incorporate other types
of test specimens in the autoclave flow channels,
and most of the work to date has involved the use
of orifice assembly specimens. Up to three such
assemblies can be accommodated in each autoclave
flow channel, as shown in Fig. 5. To minimise
interaction between specimens 1n series with one
another, a baffle plate can be\1nserted as shown
in Fig. 5, and this also serves as an impingement
specimen. It is p0551b1e to incorporate up to
three orifice assemblies in parallel on the inlet
Grayloc seal of the autoclave, and, in this way
interactions between adjacent tubes could be
studied, in addition to increasing the total
number of specimens. This does, however, reduce
the flow through any one specimen to one third of
that through the specimen on the autoclave outlet
Grayloc seal. N

36. The advantage of using this type of orifice
assembly is that experiments can be performed

‘on specimens which accurately simulate plant
components, and which are well characterised

Initially straight

_known depth an area

hydrodynamically. They can therefore be used
for précist’correlation of erosion-corrosion and
mass transfer behaviour (see subsequent
discussion). The particular specimens used
permit behaviour to be studied at five
different potential erosion-corrosion sites; the
tube inle@, the jet reattachment zone downstream
of the orifice, downstream of a tube expansion,
tand in two different diameter straight tube
sections (i.e. two different flow velocities).
The specimens also have the advantage that
being essentially straight tube test pieces,.it
is possible to use high accuracy bore diametral
measurements to characterize the erosion loss
profile throughout the specimen.

p ‘

Erosion-Corrosion Monitoring Methods

37. Simple weight change measurements-are
possible on all the test specimens described,
except the tube specimen channels themselves.
However, most of the effort to date has been
concentrated on monltorlng damage produced in
the orifice assembly specimens, and this has
been done principally by the use of high
accuracy bore diametral measurements, and thin
layer surface activation methods.

38. Bore Metrology. Measurements of bore
diameter have been made on test specimens using
a "Diatest"” internal bore measuring instrument.
This instrument permits diametral measurements
to be made with a precision of *1 ym, and on a

/

-uniform tube surface, the reproducibility was

better than *2 um. The tubes used in the present
work are typically either drawn, or machined

from bar material and have a honed surface finish.
In both cases, the quality of the tubes used is
sufficiently good to permit measurements to be
made with the reproducibility quoted above.

39. On non-uniform tubes, or heavily eroded
surfaces where the diameter changes rapidly, the
‘reproducibility of measurement is reduced,
principally due to the relatively poor longitudinal
precision (#0.5 mm) with which measurements are
made at present. Measures are currently in

hand to improve this by using an automated
measuring procedure. Nevertheless, in all cases

to date it has been possible to produce highly
accurate bore loss profiles from the test
specimens.

ts

40. Surface Activated-Specimens. Erosion-
corrosion losses of a number of specimens have
been monitored in situ by the-use of thin layer
activation of the specimen. To date this has
only been employed with orifice assemblies, but
can in principal be used for any type of
specimen.

/
consists of activating to a.
of the specimen surface by
particle bombardment (ref.38).
Metal loss from the specimen can then be deter-
mined by monitoring the loss in activity from
the ngcimen surface as erosion-corrosion proceeds.
In the present work, small areas of .the internal
tube surface (5 to 10 mm x 1.75 mm) have been

41, The, technique

high energy charged /

" activated by bombardment with 10.8 MeV protons

at angles of 10° or 20° to the tube surface.
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" The bombardment of >

6Fe with high energy protons
produces 96Co which has a half-life of 77.3 days,
and the principal y-ray emitted on decay has an
energy of 845 keV. The maximum depths of
activation for bombardment with protons at 10°
and 20° are around 35 and 70 um respectively.
Deeper activation is possible by bombarding
normally to the tube surface, or by increasing
the incident proton energy. The total 36Co
activity versus depth curve for bombardment at
10° to the tube surface is shown in Fig. 6.

42, Loss of material from the specimen surface
has been determined in-situ by monitoring the
y-ray emissions from the sample using a
scintillation detector placed in close proximity
to the autoclave containing the active specimen.
These have permitted measurements of erosion loss
to be made as a function of time with an accuracy
of #0.1 ym in the case of an activation depth of

35 um.

43. Full details of the experimental téchnique

will be reported elsewhere (ref.39).
N .

Theoretical Work

44, If erosion—corrosion is controlled solely
by the rate of mass transfer of Fe from the
eroding surface, then the erosion-corrosion rate
may be expected. to vary according to

dm _ _
rri K(Cs Cb) o 3

Where K = mass transfer coefficient

C = concentration of iron in solution at
s . . .
the oxide-solution interface

Cb = concentration of iron in the bulk

solution
dm :
It - rate of metal loss.

45, The value of the mass transfer coefficient
K varies with the local hydrodynamic conditions.
Its dependence on these is usually expressed in
dimensionless form using the corresponding
Sherwood number Sh, where Sh = KD/D, D = duct
diameter and D = diffusion coefficient for iron
in solution. This is normally expressed in terms
of the Reynolds (Re) and Schmidt (Sc) numbers in
empirical correlations of the form

"Sh = arePscY S @)
where a, B andy are constants determined by
experiment; y typically has a value around 1/3,
whilst the value of B is usually in the range
2/3 to 7/8, Correlations of this type are
already dvailable for a number of hydrodynamic
situations of concern in erosion-corrosionm, and
two of particular interest in the present work
are those for turbulent flow in straight pipes
(ref.40), and downstream of an orifice (ref.41).
These have the form: -

Straight pipes: Sh =0.0165 Re0.865‘:9.33 )
ré
Dovnstream of - 0.67.°0.33
Shmax 0.27 ReN Sc 6)

an orifice:
{ .

where Sh in equation (6) refers to the maximum
Sherwood™2* number observed downstream of the
orifice, and Rey the orifice Reynolds number.

The overall variation of mass transfer
coefficient K in the tube downstream of .the
orifice is illustrated in Fig. 7.

46. The value of in equation (3) may\ .
clearly be determined experimentally for any
given erosion-corrosion situation, and for most
situations of practical interest will be very
low, probably less than 10 ug kg'l. However,
the concentration of iron in solution at the
oxide-solution 'interface cannot be so easily
evaluated. In the first instance, it might be
assumed that this term may be equated with the
equilibrium solubility of the surface oxide,
which at temperatures above about 100°C is
usually taken to be magnetite. If however some
metastable intermediate oxide such as Fe(OH),
is invoked, then a different solubility would

be appropriate.

47. The solubility of magnetitée is known to be
dependent on temperature, pH and hydrogen’
partial pressure (ref. 42).  Fig. 8 shows the
variation in magnetite solubility with pH and
temperature at 1 bar gartial pressure of
hydrogen (1585 ug kg™ ') derived from the data of
Sweeton and Baes. However, these solubilities
are much higher than would be anticipated in
operating plant, where the partial pressure of
hydrogen would be much lower (v1-5 pgkg™l).
Under these circumstances the equilibrium
solubility of magnetite, when taken with the
expected mass transfer coefficients is far too
low to explain the observed erosion-corrosion
rates (ref.43). This analysis would indicate
that the solubility of the surface oxide is

much higher than that expected for magnetite in
equilibrium with the bulk partial pressure of
hydrogen. It is possible; however, that the
solubility may be sufficiently enhanced locally
by the high equivalent partial pressure of
hydrogen which results from the high local
corrosion rate. Once established, the high
local solubility in turn assists in maintaining
the high erosion rate. Electrochemically this
is equivalent to the dissolution process ’
occurring at relatively negative potentials,
which is in agreement with the general observation
that actively eroding areas are normally covered
with magnetite, whereas nearby non-eroding
surfaces are frequently covered with haematite.
This possibility may be analysed theoretically
in the following manner:

. 48, At equilibrium, the dissolution of

magnetite to form Fei+ ions in solution (the
dominant species under the conditions of interest)
may be expressed as:

Fe,0, +2H,0 +2H" +2e T 3Fe(0H), T 3Fe’* +60H
: ’ )

for which the aﬁpropriate Nernst-equation is

_ 8 RT ~ . 3
E=E -2 in Fe(om), ] (8

[#72 *
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which. gives
i 1vefu+m8/3 { o )
,’-F 24 ] \_ v ‘ -ZF(E - E ) \ (9)
e R % €XPI T 3RT !
. S 2
+
{_Fe(OH)Z]LH] \

where K =

2
1]

The cathodic current i, of the corrosion reaction

resulting from hydrogen discharge at the surface

of the magnetite film may be expected to vary

exponentially with the surface potential E of the
1 =

film, as follows:
.  BFE \
c FBexP( RT)

If the anodic current i, at this potential is
limited by the rate of removal of Fe“* ioms
from the surface, and since i + i = 0,

(10)

. |
2+ { o _ BFE
2 FK -fe ‘! G, {= FBexp RT 1§ 8D
1f [ Fe2+1 and B8 = 1 then substituting

from equation (9) and eliminating E gives

} ) o 4
- w | e
Fe = = exp g% (12)
- K 3B2 B
2

In this case the Fe2+ solubility of magnetlte at
the surface is dependent on the square of the mass
transfer coefficient K, giving an overall
dependence of the erosion rate on the cube of

the mass transfer coefficient, through equation

(3).

49. This treatment may be extended to include:
all soluble iron species under the conditions
of interest, and the effects of a non negligible
bulk concentration of iron. The expressions
become more complex in this case, but still
indicate a dependence of erosion—corrosion rate
on the cube of the mass transfer coefficient
(plus smaller terms in K2 and K). Further
analysis of the mechanistic aspects of erosion-
corrosion is still under consideration, but this
rather unexpected dependence of the rate on the
cube of the mass transfer coefficient is born

out by experiment. -
Results
50. Plate 2 shows the erosion-corrosion zone

downstream of the orifice generated in a mild
steel orifice assembly test specimen. Although
the surface loss at the erosion maximum is
relatively large (+150 um), scalloping of the
surface, of the type shown in Plate 1 has not
"yet developed. However, the oxide film present
. in the eroded area is extremely thin, as shown

in Plate 3.
!
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51. In the case of specimens undergoing very
rapid erosion-corrosion wastage, the films are
sufficiently thin to exhibit interference colours.
With lower erosion—corrosion rates, howevet,L the
erodlng surface is black, as for non—~eroding
areas of the tube surface -

52. Micropitting of the tube surface to a
depth of about 5 uym is evident in the erosion
zone shown in Plate 3, and this is associated
with accelerated attack of the pearlite grains
of the steel. Effects of this type have also
been observed in plant specimens.

53. Most of the work to date has involved the
use of mild steel orifice- assembly specimens,

and Fig. 9 shows a typical erosion-corrosion loss
prof11e downstream of the orifice, obtained
using the bore measuring technique outlined
prev1ously. The general similarity to the mass -

 transfer profile shown in Fig. 7 is immediately

apparent. However, it is clear that the

straight tube losses are quite small, whereas

Fig. 7 shows the mass transfer coefficient decays
asymtotlcally to that appropriate to the straight
tube, which is about 1/3 to 1/4 of that at the
mass transfer maximum. It is important to note
however, that the maxima in both curves occurs
approximately 2 tube diameters beyond the orifice.

54. Experiments exposing several specimens at
different flow rates under the same conditions
may be used to establish the flow and hence mass
transfer dependence of the erosion rate, and

. Fig: 10 shows the velocity dependence obtained at

148°C using pairs of specimens at three different
flow rates. The slope the plot indicates a V
dependence of erosion rate on flow, which
according to equation (6) would indicate a
dependence on mass transfer coefficient cubed.
Further confirmation of this K3 dependence is
shown in Fig. 11, where the erosion loss
,profiles of individual specimens have been compared
point by point with the correspondxng mass

transfer proflle of the type shown in Fig. 7.

From this it is seen that not only do the

maximum losses downstream of the orifice conform
with the K3 dependence, but the erosien~corrosion
rates over nearly jthe whole profile of the
specimens correlate with K-.

55. Whilst this alone does not substantiate
the theoretical treatment outlined in the
previous section, it does provide strong support
for the type of mechanism invoked, and indicates
that further development of the theory along
these lines. should prove very fruitful.

56. Fig. 12 shows the erosion-corrosion loss
of an orifice assembly specimen downstream of
the orifice as a function of time, determined
from the act1v1ty loss of a surface activated
spot in the erosiom—corrosion zone. It is
evident that under the particular conditions
used, there is a substantial initiagion time
before any erosion-corrosion loss is observed.
Once initiated, the erosion-corrosion rate
rose rapidly to a high value, and then remained
constant for most of the remainder of the test
(the reduction in rate towards the end of the

f




tes} shown in Fig. 12 is -thought to be due to
changes in experimental conditions). This type

of behaviour has been observed on a number of
occasions, although the initiation time can vary
widely with the experimental conditions, generally
being much shorter under more aggressive
‘erosion-corrosion conditions. The cause of such
initiation periods is not certain at present.

In some cases this most likely represents the

time taken to remove a thin oxide film produced
during start-up of the rig, when specimens are
exposed to low flow for a few hours. In other
cases it is tbought that thin air formed oxides
produced during welding ‘of the test specimens

were responsible. However, in some cases, an
initial loss of a few microns has been observed,
after which no loss has occurred for up to 200
hours, before true erosion-corrosion attack has
been initiated with a continuing linear loss as:

a function of time. This would suggest that
initiation is more complex than simply removing

a pre~existing oxide film, and may indicate
changes occur in initially formed fxlms under
erosion-corrosion conditions. ~

57. The pH dependence of erosion-corrosion rates
has also been investigated using orifice assemblies
and Fig. 13 shows the results obtained at 14890C,

 The upper iimit of, the data is essentialiy
derived from the maximum linear rates observed
using surface activated specimens. The rates
derived from cther specimensg are average>raCes,
which are in general lower as a result of a
ifi k initizrion time. The \

erosion-corrosion rates decrease by a factor of
about 7 over the pH range 9.05 to 9.65, which i
equivalent to a variation v1th[?+]1 4, This is
a somewhat higher dependence than chat seen by
Apblett (ref.26) at 99°C, where the erosion-—
corrosion rate varies as{H*|i-

A
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international research.
has occurred in a wide varzety of nuclear steam
generators, but unlike corrosion resulting from

in PWRs and h¢s

solute copncentration, relatively little work on
the problem has been reported in the open
literature. The available experlence, previous
urrnn- understand ng ¢f the
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been possible to accurately correlate erosio
corrosion rates with the corresponding mass-—

fransier ce.

Under the particular conditions

_of erosion-corrosion loss as a functiom of time,

60.  Since.mass-transfer coefficients can be
calculated for a wide variety of hydrodyramic
situations, at least under single phase -
conditions, it should be possible to use
correlations of this type to predict plamt
behaviour over a wide range of conditioms.

61. Increasing pH has been shown to markedly
reduce erosion—-corrosion rates over the range
9.05 to 9.65, in agreement with other studies of
the effect at lower temperatures. In mamny plant
situations, therefore, this option should prove
effective in controlling erosion-corrosion
damage. It is likely to be especially useful
when other options such as materials change or
oxygen addition are mot feasible.

62. Details of the mechanism of erosion—
corrosion damage have still to be established,
but the use of surface activation in the present
work has proved to be extremely valuable for
monitoring losses in-situ. Using this technique
it has been possible to establish the linearity

after some initiation period, and it will.
undoubtedly be usefull in studying erosion-
corrosion behaviour under transient conditioms.
In conjunction with electrochemical techniques,
therefore, it should prove very valuable in
elucidating aspects of the corrosion mechanism.
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‘oxygen required, in general,

" pH25°C between 8.0 and 8.5 (ref. 7).

Paper 96. The influence of oxygen and hydrazin'e on the erosion-corrosion

feedwater conditions

NEC-JH_72

| behaviour and electrochemical potentials of carbon steel under boiler

. S. WOOLSEY BSc, PhD, G. J. BIGNOLD, BSc, PhD, C H. DE WHALLEY, BSc, MIChemt,
and K. GARBETT, BSc, PhD, CEGB. Central Electricity Research Laboratories, Leatherhead :

carho

In the tempefatuxe range 100 to 250°C

stcel lS highly susceptlble to er051on—corr0510n

The

erosion-corrosion process can be compleLely inhibited by addition of low levels of oxygen to the
feedvater, but experiments have shown that the process continues essentially unaffected below a

critical oxygen threshold.

The oxygen level required to inhibit the process depends on the local

oxygen mass transfer coefficient to the eroding surface, and the existing metal loss rate. An
upper limit for the threshold concentration can be derived from the rate of oxygen mass transfer to

the surface required to match the ongoing erosion-corrosion rate.

Under these circumstances, the

cathodic current normally supplied by the hydrogen evolution reaction can be substituted by an

equivalent one due to oxygen reduction.

surface required to inhibit erosion corrosion is achieved,
shifts several hundred millivolts positive of that previously maintained.

When the critical rate of oxygen mass transfer to the

the surface electrochemical potential .
Oxygen has been shown to

inhibit erosion-corrosion and control the electrochemical potential of carbon steel even in the
presence of large excesses of reducing agents such as NpH, and Hy, at temperatures up to 250°C.
However, removal of the oxygen by reaction with hydrazine allows the erosion-corrosion process to K

re~initiate rapidly.

Hydrazine alone does not significantly influence the potential of actively

eroding surfaces, but does appear to reduce the erosion-corrosion rate as a result of the increased- i

high temperature pH. -

" INTRODUCTION

1. 1In the temperature range 100 to 7)0°C
-carbon steel is highly susceptible to erosion-
¢orrosion damage in deoxygenated boiler feed-
water if fluid velocities and hence mass
transfer coefficients are high enough (ref. 1).
However, oxygen in the feedwater has an inhibi-
" ting effect on the erosion~corrosion process

(ref. 2 to 5), to the extent that when oxygen
levels are high enough,
suppressed. However, the exact amount of
to inhibit the
process under a given set of cond1t1ons has not
been established.

2. Various feedwater chemistries have been
developed in recent years which utilisé nxygen
dosing at some level which would be expected to
‘be successful in suppressing erosion-corrosion
damage under single phase flow conditions. The
NOLC, - Reutral Oxygen Low Conductivity (ref. 6)
and Combined Oxygen-Ammonla (ref. 7) water
chemistry regimes employ relatively high levels
of oxygen in the feedwater, without or with
ammonia dosing respectively. Specifications
for the NOLC regime require »50 pg kg™' oxygen
(ref. 6), whilst the combined regime has been
optimised with oxygen levels in the range 150
to 300 ug kg-l and ammonia dosing to give a
However,
a variation of the combined regime adopted for
CEGB gas cooled reactor once—through boilers
employs much lower levels of oxygen dJosing,

15 Lg kg

Al Jeee
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the attack is completely

, with a pH25°C from ammonia >9.3. It

removed in the higher temperature sections of
the boiler. This is to eliminate its possible
influence on corrosion in the 9CrlMo steel
evaporator and zustenitic superheater sectionms.
3. Both the high and low level oxygen water
chemistry regimes have been shown to be succes- -

-sful in preventing erosion—corrosion damage

(ref. 2-5), but for the combined regime adopted

"in the UK, which uses low oxygen levels, it-is

important to define the limits of its applica-
bility, particularly since it involves dosing
excess hydrazine ultimately to remove the
oxygen which provides protection. Work has
therefore been carried out at CERL to establish
the oxygen concentrations required to inhibit
erosion-corrosion under a variety of experi-
mental conditions ‘and in particular as a func-
tion of the metal loss rate and hydrodynamic
conditions. In addition, it has sought to

~establish the influence of hydrazine on the

process and the ability or oxygen to inhibit
erosion-corrosion in the presence of excess
nydrazine, particularly as a function of
temperature. '

4. The work has also made it possible to _
establish the relationship between the high and
low oxygen dosing regimes, with respect to
erosion-corrosion damage, and to explain why
the incidence of damage can be rather variable
in plant operating under nominally deoxvgenated
AVT water chemistry, where feedwater oxygen \
levels are <10 ug kg™ ' and hydrazine is dosed
as a scavenger . for residual oxygen.
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EXPERIMENTAL STUDIES -
5. The erosion-corrosion studies descrlbed
here were carried out ‘using the CERL high
velocity isothermal water loop. Full details
of the test loop have been given elsewhere
(ref. 1, 8). 1t incorporates four main speci-
men flow channels, two in the main loop, and
two in a secondary polishing loop. The rig is
largely constructed from Type 316 stainless
steel and designed to operate up to 330°C and
21.78 MN m2 pressure. The experimental
programme has shown it to be capable of
operating for long periods with very precise
control of both physical and chemical condi-
tions. The control limits are indicated below:

Temperature, *1°C

Flow to test specimens, *1Z up to 1031 kg
h~

pH of circulating water®,
with NH3 dosing

Conductivity of water after cation
exchange, <0.2 uS cm

‘Dissolved active silica in recirculating
water, <6 ng kg'l

Dissolved Fe in circulating water*, <10 ug
kg™

<*0.05 pH unit

" *Valuye depends on specific conditions of
test, typically much lower values of dissolved
Fe are obtained.

6. For the present studies, test specimens of
the type shown in Fig. 1 were used. These are
very similar in principle to those used
previously in our experimental programme (ref.
i1, 2), but have been modified to allow electro-
chemical monitoring of the specimen. The basic
specimen design employs an inlet orifice, made
from erosion resistant material (Inconel 600),
to- produce highly turbulent conditions in the
mild steel tubing downstream, which in turn
gives rise to the erosion-corrosion damage.

The variation of mass transfer coefficient
dovnstream of an orifice i1s well characterised
(ref. 9, 10), as shown in Fig. 2, with the
maximum value being defined by the relationship:

Sho = 0.276 Reg 7 502 e (D)

max
where Shp .. = maximum Sherwood number observed
) downstream of orifice
Rey = orifice Reynolds number
Sc = Schnidt number

The mass transfer coefficient, K. is expressed
in terms of the Sherwood number by the relation-
ship Sh = KD/D, where D = duct diameter and D =
diffusion coefficient.

7. The erosion—corrosion loss in. the region of
the post orifice maximum was monitored in-situ
by observing the activity loss from specimens
which had been surface activated with Co, as
indicated in Fig. 1. Full details of the

- technique used have been given elsewhere (ref.

11). The loss sensitivity in the present
studies was better than $0.15 um, allowing very
accurate determination of specimen response to
changes in the water chemistry and in particular
to the oxygen dose level.

.PAPER 96: WOOLSEY ET AL,

potentials with respect to an internal Ag/AgCl/
0.01 M KCl reference electrode. As shown in
Fig.-1l, the potential was measured in the
region of maximum mass transfer coefficient and,
therefore, of maximum erosion-corrosion loss,
by inserting a PTFE tube through the specimen
wall to form the soluticn bridge to the
specimen. Measurements of the chloride concen-
tration remaining in the reférence elecirode
after experiments lasting up to 1200 hours
indicated substantial loss of electrolyte to
the recirculating water. Consequently, the
electrochemical potentials measured do not
str1ctly refer to a 0.01 M KCl reference, but
more closely to a saturated AgCl solution at
the appropriate temperature. This does not
affect the general analysis of specimen
behaviour, however, since it is based on large
potential shifts over relatively short periods
of time (a few hours), when the electrode would
have reached equilibrium with the environmental
conditions.

CONDITIONS AND MONITORING OF WATER CHEMISTRY

9. The experiments described here were
carried out in deoxygenated AVT feedwater, to
which controlled levels of oxygen and hydrazine
were then added. The pH of the recirculating
water was controlled with NH3. This was
effected both by dosing make-up water with the
appropriate level of NH3 and by controlled
removal and release of NH3 by hydrogen and
ammonium ion form cation exchange resin beds in
the secondary water clean-up circult.
Experiments were conducted at various pHs in
the range 8.0 to 9.3, with the pH typically
controlled to better than *0.05 pH units.
However, during hydrazine dosing to the loop
water pH control proved less satisfactory (see
below). 4

10. The influence of oxygen and hydrazine on
erosion-corrosion behaviour was examined by
dosing either aerated water or N, sparged
hyvdrazine solutions into the loop water approxi-
mately 1 m upstream of the test specimens. 1In
the case of hydrazine, the reagent rapidly
recirculated around the loop and a stable
concentration was maintained at the test speci-
mens by balancing the dose rate with hydrazine
decomposition and removal on the ion exchange
columns: Unfortunately this displaced NH3 from
the ammoniated resin making pH control more
difficult, particularly during periods when it
was necessary to change the NjHy; level in the
water.

11. In the case of oxygen dosing into the
loop, when it had previously been operating
under deoxygenated (reducing) conditions for
some time, magnetite on the loop surfaces had a
substantial capacity for removing oxygen in the
recirculating water. As a result of this 0y
'gettering', it was usually. necessary to run at
a constant 0, dose level for some time before
steady oxygen levels were established at the
inlet to the test specimens. This also ensured
equilibration and negligible 07 loss in the
sample lines, which were located approximately
15 cm upstream of the specimens. Valves in the
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mixing of the dose and recirculating water
After prolonged periods of U» dosing to the
loop water, it was found to recirculate around
the loop and the 0» level at the test specimens
rose cumulatively, as indicated in Fig. 3.

12. Because of the difficulties of sampling
and measuring O, at the very low levels
involved in the present work, great care was
taken to ensure the accuracy of such measurc-
ments by multiple method determination at -
various points in the loop ¢ircuit. Samples
were drawn continuously from a sampling point at
the inlet to the test specimen in the flow - -
channel being dosed and from an equivalent
point in the parallel flow channel ahead of a
second test specimen.  This provided a check on
oxygen recirculation around the loop and
alloved 'differential' experlments to be
conducted where erosion-corrosion was main-
tained in the undosed flow channel, but
inhibited in the dosed one. The O concentra-—
tion in the recirculating wvater was also
monitored downstream of the ion exchange column
in the polishing loop by batch analysis and on
a continuous basis in some experiments.

13. The oxygen levels quoted in the present
paper were measured using an Orbisphere model

2713 membrane polarographic 02 monitor.

Measurements were normally made with a total
sample flow rate of around 80 ml min~! and a
‘flow of 9 ml min~l through the monitor itself.
With flow rates of this order and strenuous
efforts to ensure minimum 02 ingress on the low
pressure side of the sampling system, measured
07 levels in He sparged 'blank' water were
typically in the range 0.2 to 0.3 ug kg
Similar values were obtained from loup water
after operation under deoxygenated conditions
for a few days. With lower sample flow rates
slightly higher oxygen levels were
Oxygen measurements obtained using the contin-
uous autoanalyser version of the leuco-methvlene
blue method (ref. 12) were in good agreément
with those obtained using the Orbisphere
instrument and indicated the absolute values to
be accurate to about 0.5 g kg'l in the 0. to
10 g kg™t range.. : )
14. As noted earlier, the absolute 027 levels
measured may be unrepresentative of that

reaching the specimenif significantoxrore con-
. sumption occurs within the sample lincs As. a
rule, therefore, several hours equilib rution

any given oxyvgen dosec level to
level determined was indeed
representative of that reaching the specimen.
Typically, howewver, when 02 dose levels were
changed, the majority of the increment was scen
within an those cases whera O
recirculation around the leoep could be demon-—
strated not to have occurred, the exvgen levels
were cross checked by comparisen with the
theoretical values expected from the 0> dose
rate. Fig. 3 shows a good example of such a
comparison for Op dosing at 1153°C. Only at

the end of the dosing period is 0, rec1rculd—
tion evident and prior to this agreement between
measured and theoretical 02 levels is good.

15. At temperatures of 1809C and above,
increased 0y consumption by loop surfaces and

mada valiahla Avvrann maacnvamanto

were allowed at
ensure that the 02

hour or se. In

mAamalan 11nannA

‘ture, it pre

observed. -

more difficult. Under these circum—

stances, it was necessary to use the theoreti-
cal oxvgen level derived frem the rate o
clve an upper limit for the oxvgen level at the
test specimen, While this ailowed demonsira-—
tion of effects due to low levels of 03,
equiivalent to those observed at lower tempera-
ciuded accurate quantitative
assessment. Similarly, it was uot possible to
measure oxygen concentrations in the prescnce
of hydrazine at these temperatures and data
again had to be related to the theoretical 0O»
dose. At 1500C and below, however, the’
hydrazine—oxygen reaction was sufficiently
to allow measurement of 02 in the presence of
hydrazine. In both cases it was possible to
demonstrate clearly the effects of oxygen in
the presence of excess hydrazine.

16. Hydrazine in loop water was monitored
continuously using the p-dimethylamino-
benzaldehyde hydrazone auto-analvser method
(Technicon Auto Analyser Industrial Method :
147-71WM, 1973). Hydrogen in the loop water
was determined by gas chromatography of the
dissolved gases; which had been stripped from
the sample water by diffusion through a
silicone rubber membrane into a helium carrier
gas (ref. 13). It was not possible to coatrol
hydrogen in the loop water and its concentra-
tion increased. progressively with temperature
as a result of the increased corrosion of steel
surfaces in the loop (from around 15 pg kg~ ! at
1159C to 90 ug kg™l ar 210°C).

dose

slow

RESULTS -AND DISCUSSION
Influence of Oxvgen on Erosion-Corrosion

17. Fig. 3 shows the influence of a progres—
sively increasing 02 dose on a specimen under-
going rapid erosicn-corrosion loss (0.99 mm
year™1) at 1159C and pH 9.1. The 07 level was
progressively increased to 2.1 ug kg™+ without
any noticeable effect on the erosion~corrosion
race over a period of about 70 hours. However,
the specimen showed a progressive shift to more
negative potentials with ircreasing oxvgen
level over this range. This effect has been
roted previously at low c;rm(raturL (ref. 2),
but its origin is unclear at pr*s;nt
Increasing the 07 vonLLntrnglon to 3.8 ug kg‘l
can be seen to have caused a reduction in rhe
erosion-corrosion rate over a period of 24
hours and shifted the specimen potential
positive again. In view of the continuiny
positive drift of the specimen potential at the
cnd of this period, it is possible that further
exposure at thils oxygen concentration would have
stopped the ¢rosiecn-corrosion loss eventually,
However, increasing the concentration to no more
than 6.2 ng kg'i caused the potentiai to shifit
sharply more positive and stopped further
eresion-corrosion loss. Oxvgen recirculation
around the loop prevented more precise control
of the 0y concentration and heace more accurate
defianition of the concentration required tn
inhibit -attack.

18. Fig.. 4 shows similar data for 07 inrhibition
of erosion-corrosion at 130VC and at a rather
lover pH, around 7.8. The low pH adopted in
this case was to ensure high erosion-corrosion
The initial nvvoon

more

vratoe at thic tomnpratura



‘after 45 hours (4 9 wg kg™h
aused: the ongoing e érosion~corrosion
mm year~l to be inhibited.

the’ oxygen concentratlon to

g xg 1_Lcontmued to 1nh1b1c the

]spec1men pocéntlal However reducxno the
:oxygeu concentration to 3.2 ug kg~ L allowed
. Lroslon-cprr051ow to rclnltlatc rdpidly, at a
" rate similar to that seen previously. At the
“time, the specimen potential was seen to shift
" :sharply: negatlve to a valde -similar to that
-':ooserved prior to O2 d051ng SubsequenLly, the
- erosion~corrosion rate increased te 1.58 mm
'yLdr‘l ‘and. continued at: this. value durxng
oxygen dosxng unt11 the 05 conceritration was
raised: above 6 5" Hg kg 1~;vAgaln the ipositive
shife in) Specxmen .potential and’cessation of
. _er051on-corr051on loss was almost immediate on
+raising:the concentration’ wbove . the thireshold.
19, . Experiments..q.

‘given erosion-corrosion rate’ 1s,ﬁtherefore to .
- compare the rate’ under fullv deoxygenated

'requ1red to balance it if the crosxon-gorr051on

'vaRER:%i_:\'&_’ObLé-E.Y;ET'AL;T e

also consistent hlth Lhe Tate. of oxyge
tion being controlled by the rate:of
mass transfer to the speclmen surfac“
reasonable initial approach™to; asses
oxygen concentration necessary to thlb't iany. ;

conditions with the race of ‘oxygen. mass
transfer to the specimen surface’ ruqulred to
inhibit "the process. This is, to equate ‘the. ¢
anodic reaction rate with the equlvalent e
cathodic reaction (4)), - which ‘would have been

loss had continued unaffecred. 1 e.;”
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rates encountered
0. note that ‘the". oxygen
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"temperatures up-to .
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. (Erosion-Corrosion- Rate)/owko’
'stra1ght 11ne of. sxope 0'285'

"from our data at 115°
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required to inhibit erosion-cotrosion than
sould be. predicted by equating the loss rate to
-he rate of oxygen mass transfer to the surface.
[he latter dees appear to represent an upper
limit to the amount required for 1Ph1b1t10n
though.

?25. Whecher the 00 threshold for inhibition

‘eases with increasing temperature as

imuicated by Figs. 5 and 6 is uncertain. The
jata at 115° and 150°C can be treated as a
single set, but there is then greater scatter
»f the threshold values. It may at first seem
surprising  that the 0p thresholds are less than
:hose predicted by the mass transfer analysis,
sut it appears tobe consistentwith the mechanism
iroposed for the erosion-corrosion process by
:he present authors (ref. 1, 2). In effect the
)rocess is self accelerating, due to the need
:0 evolve hydrogen at progressively more
legative potentials in order to match the
modic .dissolution rate. This, in turm,

-aises the solubility of the magnetite corro-
;ion film, allowing even higher mass fransfer
imited dissolution rates. When oxygen reduc-
:ion starts to compete with hydrogen evolution
s the cathodic reaction, the potential will
tart to shift in the positive direction,
educing the solubility of the magnetite film.
'his, in turn, will lead to further reductions
n the mass transfer limited dissolution

rocess and, as the oxygen level is increased
urther, to a very sharply reducing erosion-
orrosion loss rate. Our observation of a
elatively narrow range of oxygen concentra-
ions over which the loss rates are reduced,

ut which do not completely inhibit the

~~cess, appears to match this view of the

‘bition mechanism. Further analysis of this

spect of erosion—-corrosion behaviour is under
avestigation.

26. As drawn, Figs. 5 and ¢ show a positive
atercept of 1.5 ug kg™l for the 0y threshold

t zero erosion-corrosion rate. Equation (5)
redicts that the intercept should be zero.

art of this offset may be accounted for by the
>sitive 'blank' oxygens measured, typically

.2 to 0.3 pg kg~l, and by the difficulties of
:curate measurements at such very low oxygen
sncentrations. However, the data do not
ceclude the possibility that the threshold
.ses more rapidly at these very low 0)
mcentrations, with a rather lower intercept
1an that indicated. This would be consistent
.th the view that for very low ercsion-
'rrosion rates, where the self accelerating
:chanism of the process is much less
portant, the threshold approximates more
osely to that given by equation (53).

fluence of Oxygen in the Presence of Hydrazine
7. As noted earlier, oxygen is effective 1in
hibiting erosion-corrosion in the presence of
cess hydrogen.~ Fig. 7 shows the influence of
ygen in the presence of a vast excess of
drazine at 18n°¢C. It was not possible to
asure the oxygen level reaching the spec1men,
2 to the reaction with hydrazine in the rig
tween dosing and_sampling point) and down
" the sample line. Consequently, the

Fig. 7. This represents the upper limit of 09
which could have been present at the specimen,
but even these modest levels (<7 pg kg™!) were
sufficient to inhibit an ongoing erosion-
corrosion rate of 0.79 mm year™! in the
presence of around 180 ug kgl NoH,. Fig. 8
shows that oxygen is equally effeLtlve at 210°C
for inhibiting erosion-corrosion in the
presence of around 300 ung kg~ 1 NZHA’ although
the loss rates were much lower at this
temperature. In both cases there was also a
large excess of hydrogen present over the
oxy¥en concentration (d, * 90 ug kg™l at 210°C).
It is clear, therefore, that low levels of
oxygen control the incidence of erosion-
corrosion even in the presence of huge excesses
of the two common reducing agents likely to be
present in boiler feedwater, namely H7 and NpH,,
and our data shows this to be the case up to
250°c. _

28, Since oxygen is the potential controlling
species with carbon steel up to 250°C, it is
likely that other corrosion or oxide deposition
processes are influenced by very low levels of
oxygen in the feedwater, even though excess H,
or VZHA may be present. Of course, these
reduc1ng agents will remove Oy from the feed-
water given sufficient time, but the reaction
kinetics are sufficiently slow, particularly at
the lower temperature end of our investigationms,
that Oy can penetrate many metres through the
feed system and into the boiler. It is,
therefore, clear why haematite is frequently
observed in the low temperature (<2500C) parts
of power plant boiler and feed systems, even
with nominally deoxygenated feedwater and added
hydrazine. The data of Ribon and Berge (ref.
15) provide a good example of such behaviour in
a conventiognal boiler operating with a
deoxygenated AVT feedwater chemistry with
addition of hydrazine. Up to 2659C, haematite
was the major oxide phase observed in corrosion
product samples taken from the boiler system.
Above this temperature magnetite predominated.
It is also clear why zones of active erosion-
corrosion damage, where the metal surface is
covered with magnetite, can be surrounded by
adjacent ones covered by haematite. While
oxygen levels are insufficient to inhibit damage
in the highly turbulent regions, they are
sufficient to shift the surface potential to
more positive values in areas of lower mass
transfer and, hence, to lead to the formation
of haematite. Similarly, some boiler feed
systems operating with nominally 'deoxygenated'
feedwater may suffer serious erosion-ocorrosion
problems, whilst others which are apparently
similar; but in reality have slightly higher
feedwater oxygens, show none.

29. When reaction times are long enough, Fig.

"9 shows that hydrazine will efficiently remove
-02 at low levels (<5 ug kg"l) and allow

erosion-corrosion to reinitiate rapidly.

Direct Influence of Hvdrazine on Erosion-

Corrosion

30. Fig 10 shows the influence of hydrazine

on eroslon—ocorrosxon in the absence of oxygen
(<0.5 ug kg™ 1y at 180°C and essentially
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PRE-FILED REBUTTAL TESTIMONY OF DR. RUDOLF HAUSLER
REGARDING NEC CONTENTION 4

Q1.  Please state your name.

Al. My name is Rudolf Hauslér.

Q2. Have you previously provided testimony in this proceeding?

A2.  Yes, I provided direct testimony in supbort of New England Coalition, Inc.’s (NEC)
' {

Initial Statement of Position, filed April 28, 2008.

Q3. Have you reviewed the initial statements of position, direct testimony and exhibits
filed by Entergy and the NRC Staff concerning NEC’s Contention 4?

A3.  Yes. I have reviewed the section of Entergy’s Initial Statement of Position on New
England Coalition Contentions (May 13, 2008) thét concerns NEC’s Contention 4 and all
Exhibits thereto, and the Joint Declaration of Jeffrey S. Horowitz and James C. Fitzpatrick on
NEC Contention 4 — Flow;Acceleratéd Corrosion (May 12, 2008). I have also reviewed the

section of the NRC Staff Initial Statement of Position on NEC Contentions 2A, 2B,.3, and 4 that



/

concerns NEC’s Contention 4 and all exhibits thereto, and the Affidavit of Kaihwa R. Hsu and
* Jonathan G. Rowley Concerning NEC Contention 4 (Flow-Accelerated Corrosion) (May 13,

2008).

QS. Did you prepare a report of your evaluation of the\Entergy and NRC Staff Initial
Statements of Position and direct testimony on NEC’s Contention 4?

AS. Yes, [ did. This report isfiled with this rebuttal testimony as Exhibit NEC-RH_05.

Q6. Please briefly summarize your conclusions as stated in your repdrt filed with this
testimony as Exhibit NEC-RH_05, and the bases for your conclusions.

A6.  Entergy witness Dr. Horowitz has testified that it is not necessary to recalibrate or
“benchmark” the Checworks model with plant inspection data following a twenty pércent power
uprate. Joint Declaration of Jeffrey S. Horowitz and James C. Fitzpatrick on NEC Contention 4
— Flow-Accelerated Corrosion at A33, 34. Rather, Dr. Horowitz contends thét the only update to
the Cheéworks model that is necessary following a twenty percent power uprate is the input of
new values for flow rate and temperature into the model. Horowitz at A33, 34. Dr. Horowitz.
bases these assertions on his view that “‘[ﬂow-accelerated corrosion (FAC)] wear rates vary
foughly with velocity and do not increase with velocity in [a] non-linear (éxponential) manner. . .
.”, Horowitz at A49, and his belief that the Checworks model can accurately predict any
Variétions in FAC rates related to geometric features. Dr. Horowitz contends that the Checworks
model accounts for any localized variations in FAC associated with geometric %eatures through

the use of * ‘geometric factors’ to relate the maximum degradation occurring in a component,

such as an elbow, to the degradation predicted to occur in a straight pipe.” Horowitz at A47, 48.

As explained in detail in my report, Exhibit NEC-RH_05, I agree that the rate of FAC

generally varies almost linearly with fluid velocity; however, this linear relationship transitions

5



to an exponential one as the local'turbuience becoﬁes such that erosional features become
manifest. Whether such transition actually occurs when flow velocity increases following a
power uprate must be determined experimentally. [ do not agree that the Che_cwérks model, or
any model, can fully account for variations in the rate of FAC due to geometric features and
discontinuities.- Some things cannot be speciﬁed. For exampie, the internal residual weld bead
from the root pass may be 1/8 inch high in one case, and % inch high in another case. The
upstream and downstream turbl;lence surrounding the weld bead will be more severe in the latter

case, and a power uprate may disproportionately affect the flow over the larger bead.

Dr. Horowitz defines FAC as corrosion in proportion to the flow rate, and excludes\from
the definition of FAC the more severe forms of localized corrosion — erosion-corrosion,
impingement and cavitation. See, Horowitz at A46. This definition of FAC is entirely arbitrary.
Erosion-corrosion, impingement and cavitation are extensions of FAC as the local flow intensity
due to turbulence increases. The transition from one'to the others is continuous and difficult to
identify. If Checworks is unable to predict these more severe forms of localized corrosion
related to high ﬂow rates, which can particularly occur aﬁe; a power uprate, then this is a serious

shortcoming of the model and its application.

The accuracy of Checworks has been said to be within +/- 50%. This statement is based
on an erroneous intérpretation of the graphic representation of predicted vs. measured wear.
A'ctually, the accuracy is within a factbr of 2 — the measured wear rates range from twice the

. AN
prediction to half the prediction. A factor-of-two difference between measured and predicted

corrosion [or corrosion rate] can be quite significant with respect to selecting a particular item

(line) for inspection during a refueling outage. Indeed, the “EPRI Checworks Wear Rate



Analysis Results for Cycle 22B,” Exhibit E-4—29,- shows that the time predicted to reach the
critical minimum wall thickness in a majority of cases is many years negative. This means that

the item should have failed a long time ago. The remaining time to failure might just as readily

!

be grossly overestimated. But one will never know unless the proper inspections are performed

\.

and the model is recalibrated.

Q7. Does this conclude your rébuttal testimony regarding NEC’s Contention 4 at this

{
|

time? :

A7. Yes.



I declare under penalty of perjury that the foregoing is true and correct.

/\%o(of/ A ey G

Rudolf Ha%rer, PhD

ﬁy@@_ Texas, this 424 day of May, 2008 personally appeared Rﬁdolf
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I

Flow Assisted Corrosion (FAC) and Flow Induced Localized Corrosmn
Comparison and Discussion

Summary

The tomputer model Checworks, used to manage aging of hot high pressure water
and steam carbon steel lines was designed for Flow Assisted Corrosion (FAC)
phenomena. Erosion Corrosion, Impingement and Cavitation are expressly
excluded as unrelated to FAC. It is shown that the latter three corrosion
phenomena are extensions of FAC as the local flow intensity due to turbulence
increases. The transition from one to the.othefs is continuous and difficult to
identify. FAC therefore is only one manifestation of Flow Induced Localized
Corrosion (FILC).

The localized corrosion rate under the umbrella of FAC varies, per definition,
almost linearly with fluid velocity; however, this linear relationship transitions

- into an exponential one as the local turbulence becomes such that erosional

features become manifest. Whether such transition actually occurs following a
power upgrade (PU) must be determined experimentally. It cannot be estimated
from within Checworks.

It has been stated that “the algorithms used to predict the FAC wear rate are based
on extensive laboratory and plant data. This assures that the FAC wear rates
predicted by Checworks are accurate.” This accuracy is said to be within +/- 50%.
However, this statement is based on an erroneous interpretation of the graphic
representation of predicted vs. measured wear. Actually, the accuracy is within a
factor 2. The measured wear ranges from twice the predicted to half the
prediction.

Partial review of the result from the pipe inspections using Checworks in 2003
and 2006 shows significant unexplained discrepancies.

Introduction

The direct testimony by Dr. Jeffrey S. Horowitz and Dr. James C. Fitzpatrick" with
regards to NEC Contention 4 — F low Accelerated Corrosion has raised a number of
questions, which are being discussed below:

D Joint Declaration of Jeffrey S. Horowitz and James C. Fitzpatrick on NEC Contention 4 — Flow-
Accelerated Corrosion, May 12, 2008.
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e Is the model called Checworks based on sufficiently broad scientific
understanding of all pertinent corrosion phenomena?

e Is the model called Checworks broad enough to capture all flow-assisted
corrosion phenomena, or more broadly Flow Induced Localized Corrosion
(FILC) in general?

e Is the model called Checworks suitable to manage aging of the hot water and
steam piping system at the Vermont Yankee Power Plant?

e s the predictive power of the model called Checworks within a probability
range to prevent unforeseen catastrophic failure? ’

e Does the model called Checworks require extensive recalibration?

In order to tackle some of these questions I shall discuss some of the pertinent
background and try to unravel the conundrum of language, which has, 1t seems to me,
caused some misunderstandings if not outright confusion.

II. Background
1. The Chemical Nature of the Passive Steel Surface

It is well established that under certain conditions corrosion occurs in carbon steel hot
water pipes in nuclear (and fossil) power generation plants. The chemical nature of
this phenomenon is straightforward: iron reacts with water to form iron ions and
hydrogen. The reaction is thermodynamically favored. 2

\However, the physicochemical nature of the processes occurring in conjunction with
~ the oxidation of iron, is infinitely more complex and, although investigated in great
detail,” generally not easxly understood. /

Ferrous (Fe™) or ferric (Fe*?) ions are not stable by themselves at the prevailing
temperatures (~300 F) at a neutral or slightly alkaline pH. Either ion will react with
water and form hydroxides, oxy-hydroxides, or oxides. The reaction occurs on the
surface of the metal where an oxide layer forms, which slows the corrosion reaction
or prevents it from occurring altogether. The phenomenon is called passivation and
makes it pOSSIble for iron, steels, or stainless steels to be used as industrial materials
to begin with. At the temperatures in question the passive layer is a thin crystalline
“coating” of magnetite on the surface of the steel, Fe304, a mineral also found in
nature. Fe30; is a combination compound formed from FeO and Fe,O; generically
called a Spinell. Because of the nature of the Spinell-type oxide combining in essence
a two-valent iron with a three-valent iron ion, magnetite is electrically conductive and’

2 NEC-RH_03: R. H. Hausler, Discussion of the Empirical Modeling of Flow-Induced Localized
Corrosion of Steel under High Shear Stress, April 25, 2008, pg 3.

) See ACS Symposium Series Vol. 89 (1982), Editors: G.R. Brubaker, and P.B. Phipps, Chapters by
Maurice Cohen, Vlasta Brusic, and J.E. Draly.
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forms a contiguous thin, non-porous albeit crystalline layer on the surface of the
metal. (

2. The Physical Nature of the Passive Magnetite Layer

‘Steel in the passive state will not corrode or only at extremely slow rates (1 07 to 107
mpy). The question then is: What makes iron in the passive state corrode? Why do
hot water or steam pipes in nuclear power generating units fail due to corrosion? Why
are the failures predominantly local while the rest of the structure remains intact and
passive for many years?

Any phenomenon that can destroy the protectiveness of the passive Iayer or assist in
removing the passive layer will cause the steel to corrode at rates 10° to 10* times
faster, i.e. at corrosion rates observed in the power plants.

What are these phenomena? In order to better understand this one needs to understand
that magnetite is an electronic conductor. It can pass electrons from the metal side to
the water-side where they can be consumed by an electrochemical reaction.
Magnetite, however, cannot conduct ions. Neither iron ions nor oxide ions are mobile
in magnetite.” The phenomena that destroy the protectiveness of the passive layer
are essentially chemical in nature, but may, however, be assisted by physical effects.
For instance, chlorides in the water will convert magnetite to iron-oxy-hydroxy-
chlorides, (various modifications thereof), which are much more soluble than
magnetite and also can conduct ions. The result is that the passivity has been lost.”)
This is the mechanism that prevails in the crevices of the steam generators of PWR’s
and is the primary cause of denting.

Magnetite has a finite, albeit very small, solubility in hot water. The dissolution of
minerals in water is aided by agitation, i.e. forced convection. Salt-(sodium chloride),
e.g., will not dissolve in stagnant water, but will readily go into solution when the
solution is agitated. The dissolution process will stop when the solution is saturated-
with the salt. This is in essence how the corrosion process of steel in hot water has to
be visualized. I have trled to sketch the physical reality as simplified as reasonably
permissible in Figure 1.” The water layer close to the magnetite surface is saturated
with iron oxide in equilibrium with the magnetite layer. The iron concentration in the
bulk water phase is practically zero. Therefore a concentration gradient develops from

4

 Because of the physical nature of magnetite iron, it is also called a valve-metal (in analogy to aluminum).
However, the magnetite layer is distinctly different from such corrosion product layers as iron sulfide or
iron carbonate. Iron sulfide, for instance, is a p-type conductor based on iron ion vacancy mobility. This
layer therefore can grow from the solution side, a process not possible with magnetite, because magnetite
cannot conduct iron or oxide ions. :

%) The phenomenon is well known in the nuclear industry since it is the prlmary cause of “denting”
observed in stream generators of PWRs.

% Note that this Figure and the mechanism derived fherefrom essentially mirror Dr. Hopenfeld’s
explanations: NEC JH_36 at pg 3 and Fig. 1.
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the magnetite surface across the stagnant boundary layer. The solubility of iron (from
magnetite) is very, very low. Hence, the mass transfer of iron ions across the stagnant
water layer near the magnetite surface, which occurs by diffusion and is controlled by
the concentration gradient, is very low as well. The thickness of the stagnant layer,
which is infinite if there is no flow, is reduced as flow over the surface increases.
Therefore, as the flow [rate] over the surface increases, the stagnant layer (also called
the laminar boundary layer or the diffusion layer) is reduced in thickness, the
diffusion rate increases, and hence the dissolution rate of the passive layer. The
thickness of the passive layer (which is very small to begin with) becomes a steady
state value when its formation rate (the corrosion rate) equals the removal rate
(dissolution and mass transfer rate). The latter is controlled by the flow rate.
Therefore, this type of corrosion has been termed Flow ‘Assisted Corrosion
(FAC). However, as we will see below, the fact that the creators of Checworks have
decided that the main characteristic of FAC is its proportionality to the flow rate is
entirely arbitrary.

3. The various forms of FAC

If the flow (laminar or turbulent”) is strictly uniform over the entire surface area of
interest then the entire area will corrode uniformly and wall thickness loss is uniform.

However, at the prevailing flow rates (24 ft/sec in many cases) the flow pattern is not
uniform because of the non-uniformity of the cross sections of the flow channels. In
particular, where flow upsets are built into the system, such as orifice plates,
flanges, etc., localized turbulences occur which are much more intensive than are
normally described by general flow equations. The engineering approach is to
characterize the flow at such flow disturbances by means of differential pressure drop
and an average shear stress occurring at the disturbance. However, the difficulty is
that the localized shear stress within the turbulence cannot be captured in this manner
and is in general orders of magnitude higher than the average numberss) would
indicate. ‘

The different paradigms can perhaps be explained by means of Figure 2 (below). Any
geometric feature in a flow channel (pipe for instance) that reduces or expands the
[hydraulic]-diameter, or changes the direction of flow, creates a flow disturbance
(including sensors inserted into the pipe for temperature, pressure or other
parameters). This means that the flow regime, which in the straight sections of the
pipe may be fully developed laminar or turbulent flow changes to one, that also
incorporates local turbulences (eddies). This leads to locally enhanced shear stress
and hence enhanced mass transfer and therefore locally increased corrosion.

Just as flow in a pipe can be characterized by the pressure gradient, flow upsets, such
as are shown in Figure 1, can be characterized by an average pressure drop (and

7 For definition of turbulence in the general sense see Figure 2 Ref. 2.

¥ ¢.f. for instance Figures 4 and 5 of Ref. 2
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hence an increased average shear stress. Engineering practice has done this for a large
number of flow features (elbows, orifices, t’s, etc.) of varying diameter for the
purpose of being able to calculate the pressure drop along complex piping systems.

Checworks now uses these flow features (56 of them) to record and classify observed
and measured corrosion rates in a data base along with a host of environmental
parameters (pressure, temperature, water chemistry, etc), physical parameters (flow
rates, metallurgical features, and many more), as well as boundary conditions such as
minimum critical wall thickness etc. Once the database has been established,
statistical routines, such as multiple linear correlation, can be applied in order to
extract explicitly and quantitatively the dependence of corrosion rate within the
parameter space. The resulting correlations can then be used to predict corrosion rates
for individual situations, which can be characterized well enough to be
accommodated in the database (one of the 56 features). Certain theoretical concepts
are combined with the multiple correlation, in particular the notion that corrosion
increases proportionately with velocity.”

Therefore, there are two major principles imbedded in Checworks:

e Flow features have been standardized in traditional engineering fashion (an
elbow is always an elbow, an orifice is always an orifice, etc.). However, for
certain features that could not be done: a weld is not always a weld and a
flange is not always a flange (see discussion below).

e A linear (or near linear) relationship between flow rate and mass transfer, i.e.
corrosion rate, has been built into Checworks. It is for this reason that Dr.
Horowitz indicates that certain failures, which had been identified as being
caused by erosion or impingement could not have been predicted by
Checworks, but that this lack of prediction does not 1nvahdate the predictive -
value of Checworks.

It has been shown theoretically that the shear stress governs the mass transfer.
Accepting this one can readily understand that at locations of high shear stress the
magnetite dissolution is high and therefore the corrosion rate is high as well. This has
led to the notion of flow induced localized corrosion (FILC). Clearly the phenomenon
is “flow assisted” but it is localized. By that one does not mean pitting; rather, one
refers to areas of some extension, which corrode faster than the adjoining metal.
Much has been made of the extent of the areas subject to FILC (or FAC) because the
risk associated with the resulting failure will be governed by the extent of

corrosion. '’

% See Ref. 1 Horowitz at A 49. v 3

19 Understandably, the damage from a half-inch to one-inch “pinhole” may be considerably limited versus
the damage from a pipe that splits open the length of several feet.
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If only a small area corrodes due to enhanced local turbulence a small pit and
eventually a small hole may result with only minor consequences. If on the other
hand FILC (FAC) occurs over a larger area, the pipe may split open (as has indeed
happened) with potentially disastrous consequences. '

One can now reasonably ask the question as to what happens if the flow intensity
exceeds that which has been empirically correlated in Checworks. In other words, if a
certain localized enhanced corrosion rate has been observed over a period of years in
the past and all of a sudden the flow rate (and hence the flow intensity) is increased,
(EPU, power upgrade), will the local corrosion rates simply increase proportionately
in accordance with the established laws relating average shear stress to mass transfer,
or will the local corrosion rates increase exponentially as has been suggested earlier?
In the first instance Checworks would predict the new corrosion rate, in the second
instance Checworks would have to be recalibrated, or even fundamentally modified to
accommodate the new relationships. This is the fundamental question that must be
answered before Checworks can be accepted as the basic tool to manage aging of
these pipes.

Indeed additional phenomena related to high flow rates, high shear stress, have been
documented with failure rates in excess of those attributed to FAC. These phenomena
are described as erosion corrosion,'" impingement corrosion,'? and finally
cavitation.'” All three phenomena result in a much more severe attack than what has
broadly been called FAC, and which is at the basis of Checworks (see definitions
below).

It is important to highlight this since the phenomena covered by Checworks do not
include the most severe corrosion, which can occur particularly after a power
upgrade. In fact Dr. Horowitz dismissed as irrelevant with respect to Checworks
actual catastrophic failures attributed to erosion corrosion or impingement corrosion
and therefore outside the scope of Checworks. This is a serious shortcoming of the

'V This is actually a misnomer in this context since erosion corrosion generally involves solids carried in
the fluid stream. However, it is recognized that the terminology is not used consistently. Erosion corrosion,
which I prefer to characterize as FILC, starts at some unevenness on the surface (inclusion, scratch, etc.).
The high flow rate causes local eddies, which leads to higher removal rate of corrosion product than over
the surrounding areas. As the area of enhanced corrosion grows, the flow disturbance grows in intensity.
Consequently the rate of penetration is not constant with time.

12 Impingement is caused by liquid droplets carried in the gas to hit the surface. This can occur from any
angle depending on the direction of the flow vector. When a droplet approaches the surface the liquid
between the droplet and the surface has to be displaced. It turns out that the velocity of the liquid parallel to
the surface increases exponentially as the droplet approaches values many times higher than the estimated -
average velocity of the bulk liquid relative to the surface.

1) Cavitation occurs when the liquid flows relative to the surface (or the surface moves relative to the
liquid) with oscillations such that at one point in time a vacuum is generated and a bubble is created, while
right afterwards the pressure increases such that the bubble collapses. This causes enormously high
oscillating fluid velocities parallel to the surface and tremendously increased mass transfer and very likely
mechanical damage to the corrosion product layer (the passive layer) as well.
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model and its application, because if the model forms the basis of aging management
of the steam and hot water pipes it must, absolutely must, include the occurrence of
all corrosion phenomena including those that lead to the most severe corrosion
damage, not be restricted to just the average corrosion. But herein lies the rub as
follows:

Checworks fully recognizes the fact that the severity of flow induced corrosion
depends on geometric factors as described previously. Checworks, it appears,
specifies in excess of 56 different geometric features. However there-are things that
cannot be specified. For example, the internal residual weld bead from the root pass
may in one case be 1/8 inch high, in another % inch. The upstream and downstream
turbulence surrounding the weld bead are obviously much more severe in the latter
case, and a power upgrade may dlsproportlonately affect the flow over the larger
bead.

While an increase in flow rate will affect the mass transfer rate (and hence the
corrosion rate) proportionately under conditions of well defined (turbulent) flow, the
flow intensity in local turbulences, such as eddies upstream and downstream of
mechanical (geometric) flow disturbances are increased exponentially (see earlier).
And here exactly is the uncertainty highlighted by Dr. Hopenfeld and denied by Dr.
Horowitz. As I have also documented, industry consensus is that the flow intensity in
local turbulences is increased to a much larger extent due to a power upgrade than the
flow intensity in well-developed turbulent flow.

There are however additional phenomena, which have to be taken into account.
Protective corrosion product layers can be destroyed not only through dissolution but
by mechanical forces with turbulent areas. The fracture strength of corrosion product
layers, such as iron sulfide and iron carbonate (highly protective formations), is
extremely high (of the order of many hundreds of mega Pascals). Generally the
compressive forces within turbulences are not that high. ' It has been observed,
however, that isolated events occur within the turbulences that match the fracture
strength of the corrosion product scale. These events have led to the definition of a
critical shear stress (or critical flow intensity) beyond which the protectiveness of the
layer is lost. I am not suggesting that this absolutely happens. I am however
‘postulating that past experience as built into Checworks cannot account for such
occurrences. Therefore, the aging management process has to be revised or
Checworks calibrated accordingly.

III.  Discussion of Specific Experiences Involving Checworks
1. The Reliability of the Predictions B
It has been said that Checworks can predict the “wear” [cumulative corrosion] within

© +/- 50 percent. If this were the case the modeling program would indeed be
outstanding. However, the notion of predicted rates being with +/- 50% of the

) This discussion relates to the “freak waves” alluded to earlier (see ref. 2).
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measured ones is derived from a representation of the data as shown in Figure 3
below. It is true that when the measured wear data are plotted against the predicted
ones most of the data points lie between two lines that are plotted +/- 50% off the 45
degree equivalency lines. This interpretation is totally misleading and scientifically
dishonest. - ‘

First, one sees that there is no correlation between the predictions and the actual
measurements. Second, one also sees that measurements which we are made to
believe are within 50% of the predicted value are really twice as large or larger;
similarly, on the other side one sees that measured values are half or less of the
predicted ones, again a factor of 2 different.

Conclusion: The accuracy of Checworks is such that the measured values are
within a factor of +/- two [+/- 2] of the predicted values rather than +/- 50% as
claimed.

A factor-of-two difference between measured and predicted corrosion [or corrosion
rate] can be quite significant with respect to selecting a particular item (line) for
inspection during a given refueling outage. Indeed the report of the “EPRI Checworks
Wear Rate Analysis Results for Cycle 22B”'> shows that the time predicted to reach
the critical minimum wall thickness in a majority of cases is many years negative.
This means that the item should have failed a long time ago. Similarly, the remaining
time to failure may be grossly overestimated. But one will never know unless the
proper inspections are performed and the comg)uter model recalibrated, a process Dr.
Horowitz and Entergy seem to find irrelevant. 2

Examination of the data from March 2003 (RFO 23) showed average and measured
corrosion rates of the order of 28 and 21 mpy, respectively, for the outlet “P-1-1A” on
line 001-16-FDW-01. In May of 2006 these same rates have come down to 7.524 and"
5.712 mpy, respectively.'” It is hard to see how this could have happened. There is in
the program something called “Line Correction Factor.” This factor has been defined
by Dr. Horowitz as the relationship between predicted and measured corrosion rate
(see below'g)). However in 2003 this factor was 0.649 and by 2006 it had become
0.175. It is amazing to observe that fudge factors are built into the program which

19 Exhibit E-4-29.

') Joint Declaration of Jeffrey S. Horowitz and James C. Fitzpatrick on NEC Contention 4-Flow-
Accelerated Corrosion: A 34. '

1) Exhibit E-4-30.

' HOROWITZ’S TESTIMONY STATES THE FOLLOWING ABOUT THE ABOVE-MENTIONED
“CORRECTION FACTOR” AT A28: “A Pass 2 Analysis compares the measured inspection results to the
calculated wear rates and adjusts the FAC rate calculations to account for the inspection results. The
program does this by comparing the predicted amount of degradation with the measured degradation for
each of the inspected components. Using statistical methods, a correction factor is determined which is

applied to all components in a given pipe line — whether or not they were inspected.”.
. ( :
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allow the operator to manipulate the data such that they meet certain criteria. (In the
particular case mentioned above apparently negative times to failure were quite
inconvenient). '

Further examination of the data reveal that for the same line the corrosion rate on
“QOutlet P-1-1C” is exactly the same within 4 digits (+/- ~0.01 percent). Under the
circumstances, it is very hard to gain confidence in Checworks and the manner in
which it is apparently handled.

Finally it should be mentioned that with all the work that has been done, theoretical
and empirical, around the problem of Flow Induced Localized Corrosion the matter is
still not understood. In discussing the failure which occurred in April 2004 at the
Kewaunee plant, Dr. Horowitz states that the line in question is not FAC-susceptible
because apparently it is part of the “raw water system.” Therefore it was not analyzed
with Checworks and is not covered by NSAC-202L.

This is obviously a very unfortunate approach to the problem of corrosion in its
entirety. "

Whenever corrosion is dependent on transfer of corrosion products away from the
surface, or transfer of corrodents to the surface, the corrosion rates are mass transfer
dependent and hence flow dependent.

In the case of raw water, the oxygen content in the water is responsible for the
observed corrosion. The corrosign rate is dependent on the oxygen concentration as
well as on the flow rate. Flow rate dependence of corrosion is almost universally true
except in a very few cases which are not relevant in this context.
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Figure 1
The Concept of Flow Assisted Corrosion
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Figure 2

Visualization of Average and Local Shear Stress
Straight Pipe with Weldment
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Areas of high Local Turbulences and Accelerated Corrosion

The local shear stress is in no explicit relationship to the average shear stress
And can be orders of magnitude higher depending on geometric factors
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~ Figure 3
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In accordance with 10 C.F.R. § 2.1207(a)(2) and the Atomic Safety and Licensing
Board’s (“Board”) November 17, 2606 Order,' New England Coalition, Inc. (“NEC”) hereby
Subrﬁits its Rebuttal Statement of Position (“Statemént”) on NEC’s Content‘idns 2A and 2B
(environmentally-assisted metal fatigue analysis), 3 (steam dryer), and 4 (ﬂow-acc?lerated

corrosion). In support of this Statement, NEC submits the attached rebuttal testimony of Dr.

Joram Hopenfeld” and Dr. Rudolf Hausler,’ and the Exhibits listed on the attached Rebuttal

Exhibit List.

L. NEC CONTENTIONS 2A AND 2B

' Licensing Board Order (Initial Scheduling Order) (Nov. 17, 2006) at 10(D) (unpublished).
? Exhibit NEC-JH_63.

3 Exhibit NEC-RH_04.



(EnvironmAentally-Assisted Metal Fatigue Analysis)

The evidence cqntained in Entergy’s anci the NRC Staff>s direct testimony and
exhibits fails to prove the validity of Entergy’s CUFen Reanalyses. Indeed, NRC Staff
witness Dr. Chang has testified that the NRC Staff cannot detérmine the conservatism of
Entergy’s analysis, and must therefore rely on Entergy’s proposed fatigue monitoring
program to demonstrate its conservatism during the period of extended operation. See;
Chang Rebuttal Testimony at A10. The Board should therefore ciécide Content\ioris 2A
‘and 2B in NEC’s favor. The Board sbpuld find that Entergy \has failed to satisfy §
54.21(0)’(1)(ii) by projecting its environmentally-assisted metal fatigue TLAA to the end
of the period of extended operation, and therefore must now rely, pursuant to §
‘54.21(0)(1)(iii), on an aging management program to provide reasonable assurance of
public health and safety. NEC should then be permitted to litigate its Contention 2, now
held in abeyance, which addresses the sufficiency of Entergy’s éging management plan
for environmentally-assisted metal lfatigu-e. | |

NEC’s rebuttal evidence concerning Contentions 2A and 2B is contained in the

N _

prefiled rebuttal testimony of Dr. Joram Hopenfeld, Exhibit NEC-JH_63 at 2-19 and
additional rebuttal Exhibits NEC-JH_64 — NEC-JH_67: |

A. The NRC Staff Misconstrues the Requirements of 10 CFR §
54.21(c)(1).

The NRC Staff’s (“the Staff”) Initial Statement of Position misconstrues 10 CFR

§ 54.21 (c)(1). By the Staff’s cc(mstruction of this rule, Entergy could resolve any of
NEC’s Contention 2A and 2B criticisms of the CUFen reanalyses through a commitment
to-continued “refinement” of these analyses after the close of the ASLB proceeding. The

Staff’s position is inconsistent with standard rules of statutory and regulatory
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" construction, as well as with this Board’s treatment of NEC’s Contention 2, 2A and 2B in

this proceeding to date. Most importantly, it would defeat the ability of any license

S~

\

renewal intervenor to litigate an applicant’s Time Limited Aging Analysis (“TLAA”)
methodoiogy. |
ASection 54.21(c)(1) allows a license renewal appiicant three options to address an
aging—felated health and safety issue that it has.evaluated under its current license
through’analye.is that involves time-limited assumptions. It reads as follows:
(¢) An evaluation of ﬁime-lirﬁited aging analyses.
(1) Alistof time-limi!ted aging analyses, as defined in § 54.3, must be provided.
The applicant shall demens_trate that —
(i) The analyses remain valid for the period of extended operétien
(i) The analyses have been projected to the end of the period of extended
operation; or

(ii1) The effects of aging on the intended function(s) will be adequately
managed for the perlod of extended operation.

10 CFR § 54.21(c). Under § 54.21(c)(1)(i), the applicant may demonstrate that the

analysis performed under its current license is valid for the period of extended operation.

N

YIf the applicant is unable to satisfy § 54.21(c)(1)(i), it may project the analysis to the end
of the period of extended operation under § 54.21(c)(1)(ii). Finally, if the applicant is

unable to demonstrate reasonable assurance of public health and safety through a TLAA
. ,

' aﬁalysis under § 54.21(c)(1) or § 54.21(c)(ii), it must then develop an agirig management

plan qnder § 54.21(c)(1)(i1i).

Entergy’s CUFen reanalyses are properly subject to 10 CFR § 54.21(c)(1)(i1) —

Entergy has performed these reanalyses in an attempt to demonstrate that its CUFen
{

- TLAA has been projected to the end of the period of extended operation. This was the

Voo



NRC Staff’s view in August, 2007. Then, the Staff rejected Eﬁtergy’s license renewal
commitment to complete its CUFen reanalyses prior to entering the period of extended
opefation on grounds that “in order to meet the requirements of 10 CFR § 54.21(c)(1), an
~ applicant for license renewal must demonstrate in the LRA that the evaluation of the
time-limited aging analyses (TLAA) has been completed.” See, Exhibit NEC-JH_62 at
* Enclosure 2. |

Now, however, the NRC Staff takes the position that Entergy’s CUFen
Reanalyseé constitute a “corrective action” to “manage the effects of aging” that falls
under 10 CFR 54.21(c)(1)(iii). The Staff ﬁas thus reve;éed its view of when Entergy
must complete its CUFen reanalyses. It is now the Staff’s opinion that Entergy may
perform the CUFen Reanalysis as part of its aging management program after its license
renewal dpplication Is granted, poSsibly even during the period of extended operation.
The Staff explains:’

If a licensee chooses to satisfy § 54.21(c)(1)(i) or (ii), the ‘demonstration’

must be in the LRA, and a commitment to perform analyses projecting 60-

year CUFs prior to the period of extended operation is 1ncon51stent with

the regulatory language. However, if the licensee chooses to satisfy §

54.21(c)(1)(ii1), the licensee must instead demonstrate that effects of aging

will be adequately managed and a commitment to perform refined CUF

analyses in the future as part of an aging management program is
acceptable. -

' NRC Staff Initial Statement of Position at 1 1-12 (emphasis in original).
| The Staff’s interpretation of § 54.21(c)(1) is inconsistent with its plain language,
and with standard rules of construction. Part 54.21(c)(1)(iii) is properly interpreted as a
requirefnent to manage aging in the event the TLAA cannot be projected to the end 6f the
license renewal period. In other worés, an applicant .may avoid the obliga‘tion tb develop

( -~ .
an aging management plan under § 54.21(c)(1)(iii) if it satisfies § 54.21(c)(1)(i) or

~



54.21(c)(1)(i1) by including a demonstration that the TLAA is either valid or can bé
'projecied for the period of extended operation in the LRA. Under the NRC Staff’s
construétion, parts 54.21(c)(1)(1) and'54.2i(c)(l)(ii) collapse into part 54.21(c)(1)(iii):
that.is, the TLAA demonstration becomes a component 6f the aging management plan,

instead of a means to avoid the obligation to develop an aging management plan. The

Staff’s construction is therefore invalid. Cf, Dunn v. CFTC, 519 U.S. 465, 472,473,117

¢

S.Ct. 913,137 L.Ed.2d 93 (1997) (rejecting an interpretation of a statute that would have

-~

left part of it “without any significant effect at all,” because "‘legislative enactments

should not be construed to render their provisions mere surplusage.”).

-

The Staft’s interpretation is also inconsistent with the Board’s interpretation of
NEC’s Contentions 2, 2A and 2B in this proceeding to date, which treats Entergy’s

CUFen reanalyses as distinct from its metal fatigue aging management plan, and as an

alternative to a management plan. The Board ruled that NEC’s Contention 2 addresses

the sufficiency of the metal fatigue management program. It held Contenticn 2 in

-

abeyance, to be litigated only if NEC prevails on Contentions 2A and 2B, and Entergy

then reverts to reliance on fatigue rrianagement. The Board’s Order of November 7, 2007 .

reads in relevant part as follows: ’

When this litigation began, Entergy’s application showed certain CUFs to
. be greater than unity, and Entergy indicated that it would manage such

metal fatigue over the 20-year renewal period. NEC’s original Contention
2 challenged the adequacy of Entergy’s demonstration of its metal fatigue
management program. Now Entergy says it has recalculated the CUFs to
show that they are all less than 1, thus eliminating the need to manage
metal fatigue over the renewal period. NEC Contention 2A challenges

~  Entergy’s recalculation of the CUFs. If NEC Contention 2 is successful
and Entergy’s revised CUF analyses are not shown to be sufficient, ‘then
Entergy might return to relying on a fatigue management program as a
way of satisfying the Part 54 regulations.

s



Thus, we conclude that NEC Contention 2A will be litigated now,
and NEC Contention 2 will be held in abeyance. The proviso is that the
parties are not to litigate Contention 2 unless and until Entergy returns to
reliance on a metal fatigue management program (as would likely happen
if NEC prevails on NEC Contention 2A). ’

Memorandum and Order (Ruling on NEC Motions to File and éc’lmit New Contention),
November 7, 2007 at 12. \ | n

Finally, the Staff’s position that Entergy’s environmentally-assisted metal fatigue
TLAA analysis shoulc; be treated as a component of its metal fatigue aging management
‘plan under § 5.4.2l(c)(1;)(iii) has significant consequences for the rights of NEC and other
license renewal intervenors to obtain information aB’out and contest the validity of

A

TLAAs. Per the Staff’s view, the applicant may comply with § 54.21 through.a -
commitment to perform the TLAA analysis after the application is granted, an appr\oach
that will obviously frustrate public scrutiny of the TLAA methodology.

These consequences are already playing out in the ASLB proceeding concerning
Entergy’s license renewal (applicatior,l for the Indién Point plant, in which both the State
of New York and Riverkeeper, ino. have petitioned for admission of a contention similar
to NEC’s Contention 2. Entergy has taken the pOsiti;)ns that it should not be requirevd"to
| provide any information about its éUFen analyses for the NUREG/CR-6260 locations
until after the close of the ASLB f)proceeding, and the Staff should accept.a commitment
to perform CUFen analyses as part of the Fatigue Monitoring Program per' 10 CFR §
54.21(c)(1)(ii1). See, Exhibit NEC-JH-67 at Attachment 1, Enclosure 2, (see dischssion |
of D-RAI 4.3.1.8-1 and D-RAI 4.3.1.8-2). The NRC Staff has gpparently acquiesced in

f , \
Entergy’s effort to avoid public scrutiny of its CUFen methodology, and withdrew
requests for this information. Id. /
C .



The Board should reject thve Staff’s interpretation of 10 CFR § 54.21(c)(1). It should
f"md that Entergy’s CUFen Reanalyses fall under § 54.21(c)(1)(ii), and must be completed
as part of E;ltergy’s License Renewal Application. The Board shduld further find that
Entergy cannot sétisfy § 54.21(c)(1) with ‘a~licen-se renewal conﬁmitment to fix any
problerﬁs in its CUFen Reanalyses, de‘riqonstrate the conservatism of those analyses, or
finish those anélyses after the close of the ASLB proceéding. /
| B. Entergy’s Evidence Does Not Include Ihformation Necessary to

Validate its CUFen Reanalyses; Entergy Therefore Fails to Satisfy its
Burden of Proof.

Dr. Hopenfeld testifies that Entergy has not provided to NEC or filed in the
\evidentiary record before the Board the following information necessary to validate its
CUFen Reanalyses:

1. Drawmgs of the VY plant piping from which it would be possible
to validate Entergy’s assumptions of uniform heat transfer distribution,
including orientation angles, weld locations and internal diameters,
Hopenfeld Rebuttal at A18, Exhibit NEC-JH 03 at 8;
2. A complete description of the methods or models used to
determine velocities and temperatures during transients, Hopenfeld
Rebuttal at Al9 Exhibit NEC-JH_03 at 9; and:
3. Information regarding exactly how the number of plant transient
cycles was determined for purposes of the 60-year CUF calculations, from
which it would be possible to evaluate the conservatism of the cycle count,
. Hopenfeld Rebuttal at A21.
Regarding the first two issues, Entergy represents that some information was
provided: 36 drawings, a copy of the Design Information Record, and some information
regarding the calculation of flow velocity in response to Counsel’s inquiry. Entergy

~ Initial Statement of Position at 14. Dr. Hopenfeld testifies that the information Entergy

provided is insufficient. Hopenfeld Rebuttal at A18 and A19.
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Entergy further faults NEC for failing to request any additional information it
considered necessary to a complete evaluation of the CUFen analyses in “discovery.” 1d.
This argument of course ignores the_fact that, to its tremendous disadvantage, NEC has
no right to formal discovery in this >Subpart L proceeding. See, 10 CFR § 1.1203,
Hearing file; prohibiti“on on discovery; In the Matter of Entergy Nuclear Vermont Yankee,
LLC, and Entergy Nuclea; Operation;s, Inc. (Vefmont Yankee Nuclear Power Statibn), 64
NRC 131, 202, ASLBP 06—849—03-LR, (Septe‘mbef 22,2006)(“under the ‘informal’
~ adjudicatory procedures of Subpart L, discovery is prohibited except for certain
mandatory disclosures.”).

‘More imp‘ortantly‘, Entergy’s argument that NEC should have requested
information in fictitious “discovery” misses the point. Entergy has the burden of proof
regarding whether its CUFen reanalyses satisty 10 CFR § 54.21(c)(1)(ii), ar&d proi/ide
reaéonable assurance of public health and safety. Entergy does not even attempt to
explain why its record évidence concerning tHe VY pipe configuration and the methods
_or models it used to determine velocities and temperatures during transients is sufﬁcieht

: , {
to validate its CUFen reanalyses. Entergy therefore fails to meet i.ts burden.

With respect to the third igsue above, the transient cycle count, Dr. Hopenfeld
testifies that the explanétion stated in Entergy’s direcf testimony of its means of
determining the number of plant transients for p_urposesﬁof its CUF calculations is
inconsistent with information Entergy provided in its LRA and in the reports of the
CUFen anaI;Ises proauced té NEC. Hopenfeld Rebuttal at A21. Entergy’s direct
testimony on this subject is vague, and cvloes‘not indicate that an allow:ance was rﬁade for
the likely incfeése in plant tr_énsients resulting from the 20 percent power ﬁpra;e or the

J



fact that the number of plant transients is likely to increase as a piant ages. Id. Dr.

Hopenfeld is unable to determine whether Entergy’s transient cycle count is conservative.

)
Id.

The NRC Staff’s‘lnitial Statérﬁent of Position misrepre\:sents the testimony of
NRC Staff Witness Dr. Chang with respect to the transient ’cycle count. The Statement of
Position represents that the Staff “disagrees with E\IEC’s’assertiOn thét Entergy’s
éssufnptions about the number of transients in its ahalyses are not conservative,” and
states that “[t]he Staff’\s position is thatvEntergy’s assump‘ti.on; are appropriate.” NRC
Staff Initial Statement of 'PosAition at 18. In fact and to the contrary, Dr. Chang testifies
h 4

that the staff, like Dr. Hopenfeld, “cannot determine the level of conservatism reg'afding

the number of transient cycles at this gime,” and therefore relies on Entergy’s Fatigue

Monitoring Program to “ensure that the cycle projection is valid and that the fatigue

- .

analysis fesults are conservative.” Chang Rebut_tal at A10 (emphasis added):

Thus, per the testirﬁony of NRC Staff wit,ness Dr. Chang, Entergy has not
prO\./ided information to the NRC, or filed evidence before the Bbafd, from which it is
possible to determine whether its CUFen analysis results ate conservative. Again,

Entergy has not satisfied its burden of proof, and the Board must decide Coﬁtentions 2A

and 2B in NEC’s favor.

C. Calculation of the Fen Multiplier : R

1. The NRC Staff and Entergy are Incorrect that the ASME Code Does
Not Regquire the Fen Correction.

" Both Entergy and the NRC Staff contend that the ASME Code does not require

N

any accounting for the effects of coolant environment on component fatigue life. This is

incorrect. The Code requires that the code user must account for conditions in which
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the environment is more aggressive than air. RebuttalTestimony of Joram Hopenfeld at
A5, citing, ASME Code, Appendix B at B-2131.

2. NRC Staff guidance that sanctions use of the equations and ~
procedure described in NUREG/CR-6583 and NUREG/CR-5704 to
calculate Fen multipliers is not dispositive. The Staff must prove the
validity of this guidance, but has not done so."

In response to Dr. Hopenfeld’s argument that Entergy used outdéted statistical
-equations published in NUREG/CR-6583 and NUREG/CR-5704 to calculate Fen values,

2

when it should have instead considered data much more recently published in
NUREG/CR-6909 (February 2007), both the NRC Staff and Entergy cite NRC guida’nc_e
stated in Section X.M1 of the GALL Repdrt, NUREG-ISO], Vol. 1, which sanctions use
of the NUREG/CR—6583 and N{JREG/CR-5704 equations to calculate Fen multiﬁliers.
Entergy and the Staff also note that Regulatory Guide 1.207 recommends reference to

’

NUREG/CR-6909 only for fatigue analyses in new reactc;rs. .
These guidance de)cuments are by no means dispositive of NEC’s criticisms of
Entergy’s method of caleulating Fen values. “Agency interpretations and policies ere not
| ‘carved in stone’ but must rather be subject to re-evaluation of their wisdom on a
' continuing basis.” Kansas Gas and Electric Co. (Wolf Creek Generating Station, Unz“t 1), ,
| 49 NRC 441, 460 (1999), citing, Chevron USA, Inc. v. Natural Resources Defense
Council, Inc., 467 U.S. 837, 863-64 (1984)).
The GALL report and Regulatory Guide 1.207 do not contain legally binding

regulatory requirements. The Summary and Introduction to NUREG-1801, Vol. 1

‘includés the‘:ﬂfqllowing explanation of its legal status: C

10



“Legally binding regulatory‘ requirements are stated only in laws; NRC
regulations; licenses, including technical specifications; or orders, not in
NUREG series publications.

‘ The GALL report is a technical basis document to the SRP-LR, which
provides the Staff with Guidance in reviewing a license renewal

application . . .. The Staff should also review information that is not
addressed in the GALL report or is otherwise different from that in the
GALL report. \

NUREG-1801, Vol. 1, Summary, Thtroduction, Application of the GALL Report

(emphasis added). Likewise, the face page to Regulatory Guide 1.207 states the -
following: “Regulatory Guides are not substltutes for regulatxons and compliance w1th
them is not required.” Regulatory Gulde 1.207; See also, In the Matter of ]nlernatzonal
Uranium (USA) Corporation, 51 NRC 9, 19 (2000) (“[INRC NUREGS, Regulatory
Guides, and Guidance doeuments] are routine agency policy pronouncements that do not
carry the binding effect of regulations. . . .”).

NUREG-1801, Vol. 1 and Regulatory Guide 1.207 do not preclude this Board
from considering the question at the heart of NEC’s Contentions 2A and 2B: What is the
most appropriate method of calculating the effects of the environment on fatigue?

[NUREGs] do not rise to the level of regulatory requirements. Neither do

they constitute the only means of meeting applicable regulatory

- requirements. . . . Generally speaking, . . . such guidance is treated
simply as evidence of legitimate means for complying with regulatory
requirements, and the staff is required to demonstrate the validity of its
guidance if it is called into question during the course of litigation.
In the Matter of Carolina Power & Light Company and North Carolina Eastern
s
Mumczpal Power Agency (Shearon Harris Nuclear Power Plant), 23 NRC 294 (1986)
citing, Metropolztan Edison Co. (Three Mile Island Nuclear Statzon Unit 1), 16 NRC

1290, 1298-99 (1982) (emphasis added); See also, In the Matter of Connecticut Yankee

11



» , |
Atomic Power Company (Haddam Neck Point), 54 NRC 177, 184 (2001), citing, Long

Island Lighting Co. (Shoreham Nuclear Power Station, Unit 1), 28 NRC 288, 290
(1988)(“NUREGs and similar documents are akin to ‘regulatory guides.” That is, they
pfovide guidancé\ for the Staff’s review,lbut set neither minimum nor maximum -
regulatory requirements.”); In the Matter of Private Fuel Sto;age, LLC, 57T NRC 69, 92
(2003)(“[Aln intervenor, though not allowed to challenge duly promulgated Commission

regulations in the hearing process. . . is free to take issue with . . . NRC Staff guidance
i

and thinking . . ..”).

J
./

~

_‘The Staff is required in this proceeding to prove the current valbidity of its
guidance concerning the calculation of Fen multipliers, but has produced little if any
' evidence of this. Entergy and the NRC Staff offer only one substantive reason’ for use of\
the NUREG/CR-65 83 and NUREG/CR—57Q4 equations over information contained in
NUREG/CR-6909: both contend that the NUREG/CR-6909 “proCedure” is less
conservative and Wi‘l'l generally prvodu,ce‘lower Fen multipliers for operating reactors. A
~ See, Fair Rebuttal at A5 and A6, Stevens Rebuttal at A50. Dr. Hopenfel'c/i explains that
the overall NUREG/CR—6909 “proceduré’f could be considered less conservative because
NUkEG/CR-6909 contains new air fatigue curves that are less conservative that the
current ’ASME Code fatigue curves. Hopenfeld Rebuttal at A6. He further testifies,
however, that he has never recommended use of these new air fatigue curves. Until the
current fatigue curves in the Code are officially modified, theée curves m&st be

considered the “best representation of fatigue life in air.” Id. -

4

/

* The Staff also offers a nonsubstantive reason: i.e., that it would be inconvenient to change its guldance
while a number of license renewal applications are pendmg or anticipated.

12 , ,



Dr. Hopenfeld explains that the alleged greater conservatism of the NUREG/CR-
6583 and NURI’EG/CR-5704 “procedure” is irrelevént to his main point about how
Entergy should have used information containeq in NUREG/CR-6909 in its CUFen
analyses. Hopenfeld Rebuttal at A6, A7. As Dr. Hopenfeld has previously testified,
NUREG/CR-6909 describes many factors known to affect faﬁgﬁe life that are not
accounted for in the‘ ANL 1998 Equations co‘ntained in NUREG/CR-6583 and
| NUREG/CR-5704. Dr. Hopenfel&’s rebuttal testimony provides a summéfy of these
factors at AS, Table 1, and observes that Entergy’s direct testimoﬁy addresses’only one of
them surface ﬁn1sh Hopenfeld Rebuttal at AS. This is the relevant information Entergy ,
should have taken from NUREG/CR 6909. Hopenfeld Rebuttal at A7. Entergy and
NRC staff witnesses fail to explain why this 1nformat1\on contained in NUREG/CR-6909,
published after the GALL report, shogl'ld b(e ignored in the licénse renewal process. ,

Dr. Hopenfeld testifies that, given the current state of the technology, it simply is
not possiBle to calculate Fen mlzltipliers that are precision-adjusted to plant f:onditions, as
Entergy purports to have done. Hopenfeld Rebuttal at A7. Given the many uncertainties
in the calculation of Fen, he recommends use of bounding values contained in

NUREG/CR-6909 — 12 for austenitic stainless steel and 17 for carbon and low alloy steel.

Id.

3, - NEC’s Rebuttal Evidence Concerning Calculation of Fen Multipliers
NEC witness Dr. Joram Hopenfeld’s rebuttal testimony addresses the following
additional technical issues regarding the calculation the Fen multipliers raised by Entergy

and the NRC Staff.

13
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[ Dr. Hopenfeld disagrees witB NRC witness Dr. Chang that Fen values of
12 for austenitic stainless 17 for carbon and low alloy steel reprev‘sent a “‘worst case |
scenario,” or that application of these values is unreasonably conservative. Hopeﬁfeld
Rebuttal at A9.

u .Dr. Hopenfeld disagrees with Entergy \'Nitness Mr. Stevens that Fen=17
applies only to high oxygen and temperature environments that do ﬁot exist at VYNPS.
Hopenfeld Rebuttai at A10.

= Dr. Hopenfeld does not agree with Entergy and NRC Staff witnesses that
any léok of conservatism in Fen values calculated by the ANL 1998 Equations is
counterbalanced by exc'ess conservatism ‘in the ASME Code desigﬁ fatigue curves. He
observes that there is no general agreement émong researchers that the current Code is

conservative. Hopenfeld Rebuttal at A12.

L] Dr. Hopenfeld disagrees with Entergy witness Mr. Fitzpatrick that Entergy
properly‘accbunted for surface roughness effects through use of ASME Code design
- fatigue cufves that include a “safety factor” to account for these effects. Hopenfeld
Rebuttal at Al13.

(] Dr. Hopenfeld disagrees with Entergy witness Mr. Fitzpatrick that Enterg;/
has demé)nstrated its use of bounding values for oxygen as an input to the ANL equations
in all its CUFen ‘analyses. Hopenfeld Rebuttal at A14. Mr. Fitzpatrick ;efers to steady
state values as determined by a computef Code called BWRVIA that Ehtergy has neither
described nor provided to NEC. Id. Mr. Fitzpatric}< does not address the impact on Fen

of oxygen concentrations that occur during transients at higher levels than at steady state.

Id.

14



= Dr. Hopenfeld testifies that it was inappropriate for Entergy to exclude a
correction factor for cracking in the cladding and base metal of the feedwater nozzles
based on results of its 2007 inspection of these nozzles for cracks in the base metal.

J
Hopenfeld Rebuttal at A15.

D. | 'Calculation of 60—Yeaf CUFs
| NEC witness. Dr. Joram Hopenfeld’s rebuttal testimony addresses. the folloWing
| issues, in addition to the above-discusséd potenti'a\ll lack of conservatism in projecting
transient cycles, reggrdiﬁg the calculation the 60-year CUF's raised by Entergy and the
NRC Staff. | ~
| - Dr. Hopenfeld disagrees that Entergy’s/CUFen analyses properly applied a
heét transfer equation that applies on’ly to a fully developed"turbulen‘t flow to the VYNPS
'no\zzles. Specifically, he disaérees with Entergy witneés Mr. Stevens that flow iﬁ the
feedwater nozzle is fully developed bscause the upstream horizontal pipe is 48 inches
long. Hopenfeld Rebuttal at A16. Dr. Hopenfeld further 6bser\}es that Mr. Stevens did
not explain why, in tjansiénts where the flow stops aﬁd heat transfer occurs by natural
conve(ction, a correction was not inade for cifcumferential variatién of the heat tfansfer
both during single phase flow and during condensation. Id.
| Dr. Hopenfeld disagrees with Entergy witness Mr. Stevens that it is
unnecessary to correct a heat transfer equation used in the CUFen Reanalyses by the ratio
of the viscosities evaluated at the bulk and wall temperatures during each transient

because there are minimal differences in temperature between the pipe wall and the bulk

of the fluid. Hopenfeld Rebuttal at A17. Mr. Stevens did not quantify actual temperature

15



differences, which could only be determined from data on wall and bulk fluid

temperature histories for sample transients. Id. Such information was not provided. Id.

v —,

m  Dr. Hopenfeld disagrees that Entergy’s use of the simplified Green’s
Function methodology in its Initial CUFen Reanalysis introduced only a small error.
Hopenfeld Rebuttal at A20. vEntergy has neither explained nor investigated the physical
reasons for discrepancies between results obtoined by the Green’s Function methodology
and the more exact methodology, classic NB-3200 analysis. Id. i{esglts obtained by the
Green’s Function methodology therefore incorporato unquantified uocenainties. Id.

E. Error Analysis

| NEC witness Dr. Joram Hopenfeld’s rebuttal testimony addresses the following
issues regarding the need tor error analysis raivsed by Entergy and the NRC Staff.

. Dr. Hopenfeld disagrees with Entergy’s witness that it was not necessary
to perform an error analysis to validate ifs analytical techniques because the stress
analysis is based on bounding values. Hopenfeld rebuttal at A23.

) . | Dri{openfeld disagroes with NRC witness Dr. Chang that an error

analysis was unnecessary because of conservatism built into the ASME Code and the

- :
ANL 1998 Equations. Hopenfel/d Rebuttal at A24.

. HI. NEC CONTEE‘JTION 3 (Steam Dryer)
NEC’s rebuttal evidence concerning Contention 3 is contained in the prefiled
‘ robuttal ;ostimony of Dr.J oram Hopenfeld, Exhibit NEC-JH_63 at 20-24, and additional
rebuttal Exhibits NEC;JH~68 and NEC-JH_69.

A. The Issue Before the Board is Whether a Steam Dryver Aging
Management Plan Uninformed by Knowledge of Stress Loads on the

.16



Dryer for Comparison to Fatigue Limits is Adeguate to Provide
Reasonable Assurance of Public Safety. . ~

The validity-of the steam dryer stress load modeling Entergy conducted during
implementation of the VY power uprate as a basis for Entergy’s steam dryer aging
management plan during the period of extended operations has not been litigated in this
* proceeding or otherwise established. The Board has ruled that the assessment of this
modeling conducted during the EPU proceeding was not dispositive for purposes of life
extension:

Entergy’s apparent assertion that the history of the steam dryer issue in the”

separate EPU proceeding should resolve the issue in this proceeding is . . .

without foundation. As demonstrated by Entergy’s own pleadings, steam

dryer issues were addressed in the EPU proceeding primarily in regard to

the power ascension toward EPU levels and the first few operating cycles

thereafter.

In the Matter of Entergy Nuclear Vermont Yankee, LLC, and Entergy Nuclear
Operations, Inc. (Vermont Yankee Nucleaf Power Station), 64 NRC 131, 189
(September 22, 2006).

Moreover, Entergy represented in its Motion for Summary Disposi%ion of NEC’s
Contention 3 that its steam dryer aging management program will consist exclusively of
periodic visual inspection and monitorihg of plant parameters as described in General
Electric Service Information Letter 644 (GE-SIL-644), will not involve the use of any

analytical tool to estimate stress loads on the steam dryer, and will not rely on the finite

element modeling conducted prior to implementation of the extended power uprate

(EPU) in 2006 for knowledge of steam dryer stress loads.
In partially granting Entergy’s Motion for Summary Disposition, the Board

accepted Entergy’s representation that its steam dryer aging management plan would not

AN
N
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reqy on the pre-EPU steam dryer modeling. Memorandum and Order (Ruling on Motion
for'Summdry Disposition of NEC Contention 3), September 11, 2007 at 10 (“Entergy’s
expert confirms that this program doeé‘ not réquire'the use of the CFD and ACM
computer codes or the finite element modeling conducted during thé EPU.”). In doing
so, the Board rejected NEC’s argument fhat it should be permitted to litigate the validity
of the EPU steam dryer modding as the basis for aging managerhent. NEC’s pleading in
opposition to Entergy’s Motion for Summary Dispositioﬁ stated the following regarding -
this issue:

As stated in the attached Third Declaration of Dr. Joram Hopenfeld,
Entergy’s claim that its steam dryer aging management program-will not

" involve any means of estimating and predicting stress loads on the dryer
simply is not credible. Exhibit 1, Third Declaration of Dr. Joram -
Hopenfeld (“Hopenfeld Declaration 3””) § 6. A valid steam dryer aging
management program must include some means of estimating and
predicting stress loads on the steam dryer, and determining that peak loads
will fall below ASME fatigue limigs. Hopenfeld Declaration § 5.

Entergy represents that it did conduct this analysis as part of the Vermont
Yankee EPU power ascension testing using the ACM and CFD models.
Hoffman Declaration 4 11-13. Entergy now proposes sole reliance on
visual inspection and plant parameter monitoring during the renewed
license period. Such reliance must be based on Entergy’s previous
ACM/CFD-based predictions that stress loads on the dryer will not cause
fatigue failures. Hopenfeld Declaration § 7. NEC’s concerns regarding
the validity of the ACM and CFD models and the stress and fatigue
analysis Entergy conducted using these models therefore remain current
and relevant.

New England Coalition, Inc.’s Opposition to Entergy’s Motion for Summary Disposition
of_NEC’sContention 3 (Steam Dryerj (May 9,.2007) at4. |

. Both Entergy and the NRC Staff now céntend that Entergy’s steam dryer aging
management program does in fact rely on the steam dryer modeling conducted during EPU

implementation for knbwledge of dryer stress loads. See, Entergy Initial Statement of
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Position at 32 (“[T]he loadings on the dryer derive from plant geometries . . . that have not
changed'since the uprate was implemented, so there has been no change to the loadihgs on

i

the dryer and the resulting stresses.  Therefore, there is no reason to provide continued

instrumentation to measure loa\dings or further analytical effons.:”); NRC Staff Initial
Statement of Position at 19 (The Staff’s position is that stress analysis as a means of
estimating and predicting étress loads during operations “is not ﬁecessary because the results
of the EPU pbwer ascer‘l‘sion program demonstrated that the pressure loads during the EPU
operations do npt result‘in stress on the steam dryer that exceéd ASME-atigue sttéss

limits.”). g
In light of the above-discussed procedural history, and Entergy’é prior 7

representations, the Board must disregard these current contentions that the modeling of the

dryer during the EPU power ascension program is a proper basis for aging management.

‘ | '
This issue has not been determined, and the Board took it off the table in its decision of

. ! . ~
Entergy’s Motion for Summary Disposition. The issue now properly before the Board is
whether an aging management plan that consists s\olelyof plant parameter monitoring, and

‘ : J
partial visual inspection, uninformed by knowledge of dryer loading, can provide reasonable

assurance of public safety.

B.  Hopenfeld Rebuttal

Dr. Joram Hopenfeld provides the following rebuttal testimony regarding the -
above-stated issue properly before the Board. \
] - Dr. Hopenfeld testifies that the ability to estimate the probébility of

formation of loose parts requires knowledge of the cyclic loads on the dry\er to ensure that

’

bl
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the dryer is not subjec:ted to cyclic stress that would exceed the endurance limit.
Hopenfeld Rebuttal at A28.

\ m Dr. Hopenfeld observes that\Mr. Hoffman and Mr. Lukens do not provide
a single quaﬁtitative assessment m support of this positio‘n‘, discussed in A56-62 of their -
testimony, that the inspection programs at VY ensure that the dryer will not fail. Id.

- Dr. Hopenfeld disagrees with Entergy witness Mr Lukens that “operating
experience after the EPU (exempliﬁéd by the data collected during the 2007 inspection
and the subsequent year of monitoring ;f plant operating parameters) demonstrates that
the stresses experienced by the dryer ére insufficient td initiate and propagate fatigue
. cracks.’f Hopenfeld Rebuttal at A29. | / - |

- Dr. Hopenfeld provides a section of the Entergy Condition Report
previously filed as Exhibit NEC-JH_59 that inc‘ludies General Electric’s statement that
“continued [stear;l dryer crack] growth by fétigue cannot be ruled out.” This section of
the Condition Report was previously inadvertently excluded due to a clerical error.
Hopenfela Rebuttal at A29. Dr. Hopenfeld also disagrees With Entergy witness Mr.

_ , . y ,
Lukens that the:inspection phofographs proy/ided in Entergy’s Condition Repoft, Exhibit
" NEC-JHS59 at 2-8, show that the ¢racks are ir\;active. Metéilographic exe\iminations would
be required to demonstrate this, not remote camera photos. Hopenfeld RAe'bUttal at A31.
. Dr. Hopenfeld observ;:s that IGSCC cracks that now exist in the VY s;ceam
dryer can provide sites for corrosion attack which would in turn accelerate crack growth |

under cycling loading. The rate of crack propagation would depénd on load in%ensities

and duration. Id.

y , ,
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[ Dr. 'Hopenfeld; disagrees with Entergy witness Mr. Hoffman that design

basis loads (“DBA”) cannot cause dryer failure. Hopenfeld Rebuttal at A32.
\ ]
- Dr. Hopenfeld disagrees with Entergy witness Mr. Hoffman that it is not

3y

necessary to estimate and predict dryer stresses because “[cJonfirmation that stresses on
the VY steam dryer remain within fgtigue limits 1s provided daily by the fact that the
dryer has been able to withstand without damage the increased loads imparted on 1{
during power ascension and for the two years of operation since EPU was implemented.”ﬂ
| Hopenfeld Rebutfal at A33. Vibration fatigue is a time-related phenomenon; the farct' that .
the dryer has not failéd to date is not at all an indication that it will not fail in the future.
Id. ; ] : o N

-  Dr. Hopenfeld testifies that Entergy has not provided a quahtitative

. , _

estimate of the probability of crack detection, b}lt should have done so, since the entire »
dryer is not accessible to Visuai inspectio\n. Hopenfeld Rebuttal at A35.

1

IV. NEC CONTENTION 4
(Flow-Accelerated Corrosion)

NEC’s rebuttal evidence concerning Contention‘4 is contained in the proﬁled ‘
rebottal testimony of Dr. J oram Hopenfeld, Exhibit NEC-JH_63 at 94-41; additional
‘ rebuttal Exhibits NEC-JH_ 70— NEC-JH_72; the prefiled rebuttal te‘stimonyxof Dr. Rudolf
Hausler, E>v<hibit‘ NEC-RH_O4; and Dr. Hausler’s re}oort fitlod “Flow Assisted Corrosion
(FAC) and Flow Induced Localized Corrosion: Comparison and Discussion,’;Exhibit
NEC-RH_05. /

Entergy witness Dr. Horowitz has testified that it is not necessary to recalibrate or

“benchmark” the CHECWORKS model with plant inspection data following a twenty
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percent power uprate. Joint De_:cla'{ation of Jeffrey S. H;)'rowitz and James C. Fitzpatrick
on NEC Contention 4-— F low-Ac\celerated Corrosion at A33, 34. Rather, Dr. Horowitz
contends that the only update to/;[he CHECWORKS model that is necessary following a
twenty percent power uprate is the input of new values for flow rate and ;temperature into
the model. Horowitz at A33, 34. Dr. Horowitz bases these assertions on his view that
“[flow-accelerated corrosion (FAC)] wear rates vary roughly with velocity and do not |

- increase with velocity in [a] non-linear (exponentiaﬂ) manner. . ..”, Horowitz at A49, and
his beliefs that FAC is not fundamentally a local phenomena, and the CHECWORKS
model can accurately predict any variations in FAC rates related to gebmetric features.
Dr.'HoroWitz contends that .théﬁ CHECWORKS model accounts for any localized

(133

variations in F AC associated with geometric features through the use of “‘geometric
factors’ to relate the maximum degradation o‘ccurring in a component, such as an elbbw,
to the-degradation predicted to occur in a straight pipe.” Horowitz at A47, A48.

- Dr. Hopenfeld and Dr. Hausler disagree with Dr. Hbrowitz that recalibration of
the CHECWORKS ’model 1S unnecessary following substantial changes ip ﬂo'\;v velocity
and/changes in temperatﬁre, and reépond regarding Dr. Horéw'itz’s grounds for this
opinion as follows.

= Dr. Hausler testifies that the linear relationship between F AC rates and .
fluid velocity transitions to an exbonéntiél one és the local turbulence begomés suc‘h‘ that
erosional features become manifest. Whether such transition actually occufs when flow

velocity increases following a power uprate must be determined experimentally. Hausler

Rebuttal at A5, Exhibit NEC-RH_05. -
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] Dr. Hopenfe]d stresses that “FAC is fundamentally a local phenomenon
due to variations of local turbulence in curved pipe, nolzzles', tees, oriﬁces? ete,” and that
corrosion rates can bg expected to “vary with location depending on the intensity of the
local turb\ulence.” Hopenfeld Rebuttal at A42, A52, A53, A54 He'aiso disagrees with
Dr. Hérowitz that the rate of FAC qorresponds weakly with the velocity, and varies less

N

than linearly with time, and disp\utés the relevance of the data Dr: Horowitz cites in
support of( his position. Hopenfeld Rebuttal at A41, A46, A53, ASS. \

" Di. Hausler does not agree that the CHECWORKS model, or any model,
can fully account for i/ariations in the rate of FAC due to geometric features apd
discontinuigies. Hausler Rebuttal at A6; Exhibit NEC-RH_05. Some things cannot be
spc?ciﬁed. For example, the internal residual weld bead from the root pass may be 1/8
inch high in one case, and Y4 inch high in another case. 1d. The upstream and |
dc;wnstream turbulence surrounding the we_ld bead will: be more severe in the laft\ter\ case,
and a power uprate may dispréportio'nately affect the flow over the larger Bead. Id.

[ Dr: Hopenfeld observes that, while Dr. Horowitz denies the need to
recalibrate CHECWORKS, he recognizes the need to increase the FAC inspection scope
by 50% to account for th¢ power uprate. 'Hopenfeld Rébuttal at A48. Entergy does not
disclose what fraction of the total FAC susceptible area in the VYlplant the p;ropésed
increased monitoring Wouldbrepresent, and its significance is therefore entirely unclear.
Id.

Bot.h Dr. Hopenfeld and Dr. Hausler fake issue with Dr. Horowitz’s definition of

FAC as corrosion in proportion to the flow rate, Horowitz at A46, and observe that this

definition excludes the more severe forms of localized corrosion — erosion-corrosion,
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impingement and cavitation. Hausler Rebuttal at A6; E>-<hibit NEC-RH_OS; Hépenfeld
Rebuttal af A45. Both Hope'nfeld' ar’ld Hausler observe that this definition of FAC is
entirely arbitrary. Erosic))n—corrosion, impingement and cavitation are extensioné of FAC
as the local flow intensity due to turbulence increases. The transition from one to the

others is continuous and difficult to identify. Id. If CHECWORKS is unable to predict

these more severe forms of localized corrosion related to high flow rates, which can

N |
\

particularly occur after a power uprate, then this is a serious shortcoming of the model

\
and its application. Id.

Dr. Hausler and Dr. Hopenfeld also address the following additional issues:

n Dr. Hausler observes that the accuracy of CHECWORKS has be_e}n said to
be wit};in +/- 50%, but this statement is béséd on an erroneous interbretation of the
graphic representation of predicted vs. measured wear. Hausler Rebuttal at A6; Exhibit
NEé—RH_OS. Actually,;_the accuracy is within a factor (;f 2 — the measured wear rates
range from twice the prediction to half the prediction. »Id;- A factor of two difference
between measured and predicted ‘corrosion [or corrosion rate] can be quite significant
with respeét to selecting 21 part/icular item (line) for inspection during a refueling outage.
Id. ' | | |

. u Dr. Hopenfeld diségrees with Dr. Horowitz’s evaluation of industry FAC
. N
experieﬁce, and his contention that this experience \demons)trates the efficacy of
CHECWORKS. Hopenfeld Rebuttal at A39, A40, A49, A52, AS3. Dr. Hope‘n'fel‘d
specifically disagrees that, in assessing industry FAC experienée, a distinction should be

drawn between pipe failures due to leaks and failures due to ruptures. Hopenfeld

Rebuttal at Ad4, AS3.
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Pans

-

[ Dr. Hopenfeld faults Entergy for its failure to specify the total FAC-
J - ( / ‘
susceptible area that is inspected during a typical outage. Hopenfeld Rebuttal at A43.

/

n Dr. Hopenfeld disputes Dr. Horowitz’s:suggestion that the oxygen
- concentration at VY did not change in 2003. Hopenfeld Rebuttal at A51.
-V CONCLUSIONS
Extended operation of VYNPS as \]‘Sntf:rgy has.proposed in its LRA will

jeopardize public health and safety. The LRA should be denied unless the important -

issues addressed by NEC’s Contentions 2A, 2B, 3 and 4 are resolved.

June 2, 2008 : New England Coalition, Inc. .
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