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“NOP-L:P:2001-01 . , Site: ‘G201

CONDITION REPORT | G Numbei

TITLE; EXPONENT FAILURE ANALYSIS REPORT CLARIFICATIONS REQUIRE FENOC: TECHNICAL REVIEW

DISCOVERY DATE . 'TIME | EVENT DATE! TIME ‘SYSTEM . ASSET#

6/7/2007 1600 hours. 6/7/07 S 1600 hours-
EQUIPMENT DESCRIPTION N/A
FLOC System | FLOC.

ZO—=APZ—0—TO

DESCRIPTION OF CONDITION and PROBABLE CAUSE(if known)-Summarize any attachments. identlfy what when.
where, why, how
Exponent Failure Analysis-‘Associates submitted:an electronic document to provide clarification for
questions raised by FENOC related to the: Exponent Report.(reference CR'G201 07-17452)
submitted to FENOC ‘and reviewed under CRs G201 07-16077, G201 07-17452, and:G298 07-
.20722. The clarifications: provided. by the vendor, Exponent Failure Analysxs Associates, document
responses-to discussions held between- FENQC and Exponent on Wednesday June 6, 2007 and.
Thursday June'7, 2007 regardlng technical questions associated with the original Exponent. Report
submitted:te FENOC in December 2006.

This:CR is being:written.to track the- technlcal revuews of the clarifications provided.in the Exponent
submittal. Review should include possible- effects on Davis:Besse and Beaver Valley Units.

Responsibility for review-coordination éndtcdrh'pila'tion_' is being assigned to Fieet Engineering; FDEN.

PDF file containing clarification submittal is-being attached to this CR for reference purpgoses.

IMMEDIATE ACTIONS TAKEN / SUPV COMMENTS. (Dlscuss CORRECTIVE ACTIONS completed ‘basis for closure.)

Directéd to.write.CR to ensure: comprehensnve review task is assigned and tracked to completlon
Clarifications are related to history.of deposits on‘old reactor head removed:from Davis Besse and
do not apply to current RPV head in:sefvice, SRO Review Requiired block checked yes'to provide
inforfnation’to Contral Room Staff; operabmty issue does-not exist.since old head has been removed
from the station. . Initial review of the contents:shows:the. clarification:documentto include
explanations and rationale for conclusions: contained in the previously submitted formal report
Submitted:to: control room at: Davis-Besse for: information..,

QUALITY ORGANIZATION USE ONLY | IDENTIFIED BY. (Check one) [ SelfRevesled T ATTACHMENTS:
Quality Org. Initiated Uloves 1 M IndividualWork Group T Internal Oversight
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ORIGINATOR "ORGANIZATION | DATE.  SUPERVISOR © 7 DATE PHONEEXT.
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NOP-LP-2001-01

Site: G201

CONDITION REPORT

CR Number
07- 21815

TITLE: EXPONENT FAILURE ANALY:SIS REPORT CLARIFICATIONS REQUIRE FENOC TECHNICAL REVIEW'

[maintRule.  [Z]oE Evaluation

SRO [T EQUIPMENT  |OPERABILITY: 'ORG. _ | IMMEDIATE ORG.  |MODE CHANGE
p REVIEW | GPERABLE ,ASSESSMENT NOT!FIED INVESTIGATION NOTIFIED RESTRAINT’
L A SREQUIRED o REQUIRED' o ‘
- Ml ves: INe [ ves [ine. M N ! 1 Yes. Mo - O ves W No [ 'VYes No
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L T - R TR
: R
g '‘DECLARED' INOPERABLE | REPORTABLE? o
(Date / Time). g £§§§i§i§'§ffi§
Ye VALY oAl {§§
g N/A - g es e ‘M Juz e
F - __|Eval Required. e
A Foel Reapien. T
T COMMENTS .
[ This. condition report was:written-to track the technical reviews of the document-submiitted by
O | Exponent Failure Analysns Associates. As stated in the- Superwsor comments the.repait provides.
N clanfymg information having-to-do with the old reactor vessel. head corrosmn event ‘The head'has
S | beenreplaced-and theré is no Operablhty impact to: anyinstalled plant equipment, therefore,
Equment Operable is N/A. This is: not a reportable condutton
Curren,t Moqe. Unit 1| Power. Level -Unit 1’ ‘Current Mode - Unit 2 | Powér Level - Unit-2 z
A U . S NA
SRO -UNIT 1 . SRO - UNIT-2 ’ DATE ‘
‘Boissoneault, P Baldwm J -6/8/2007
CATEGORY/ EVAL ASSIGNED ORGANIZATION ~ DUE DATE RE_PE)RTA!BL-'E’Z
CF ' FDEN- 77232007 £ CJves Mo [JLERNO:.
crpa| TREND CODES Comp Type /1D . Cause [V REPORTABILITY REVIEWER
| | Process I'Activity /Cause Code(s) ~ (IfCauseTorW)  Org  ia) sy o
NI . ) . T Pt
LR2 : - e
SL_J,PV e - 2600 et e g DATE .
MRB .oty 06/12/07
INVESTIGATION OPTIONS' CLOSED BY’ DATE
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Site: G201

INVEST'GATION SUMMARY ‘CR Number:

NOP-LP-2001-06 07-21815

Category / Eval: CF Assigned Organization: FDEN Quality Followup Req'd:

1

[ Yes {Z}f'No

. P 0
fo o ETTeves N

& Acceptariceof the:CR Investigation signifies acceptance of theifollowing items, as.applicable:

Originator Identification  Date.
Corrective Actions:{ listed below) (listed below, if:any) {listed below; if any)
C'ausevAnalysis:a

Generic Implications

10°CFR 21 Decision Checklist.

Acceptance of Investigation: Date:: ‘Quality Apprqval: : .D‘a'te;

Site-VP Acceptance: ‘ ‘Date:

Closure Comments:

Quality Commerits:

CORRECTIVE ACTIONS
CA =S,cht;:d’ CA Cause %erzp . Accept Due ' Completed

Number: Typer  Type: Code: Codes: ‘CA Acceptance: Date: Date: Date:
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Clarifications of the Exponent Report

1.0 Statements concerning the accumulation of boric acid from the:
Nozzle 3 leak at 12FRO

In section 5.3:2 at page 5-19, the Exponent Report states:

“For Davis-Besse, we conclude that the accuriulation 6f boric acid trom
the long axial crack at Nozzle 3 at I2RFO in April-May 2000 -was.no more
‘than. 6 cubic inches (Secuon 10.2.3), and- may ‘have been much less than
-even this minute amount.”

The “6 cubic inches” citéd in this'statement is'statemeént was an efror and was fnissed in
final quality assurance checking. The cited paragraph also-contains:a second errorin the
reference to Section: [0:2.3 which was changed in the re-numbering-of the sections of
Section 10 in the final version of the report.

" Final checking of calculations and cracking/leak rate timelines resulted in a volume of
less-than 1 cubic inch, as-cited in Section 10.2.1, page 10-8:

“The maximuri botic acid accurnulation diie to this.small leak rate in‘the.
last four- months of the fuel cycle from December 1999 to April 2000
would have. been no:more thah I cubic inch-(0.05 Ib) .even assuming:all of
the leaking boric acid collected on'the:RPV head and was not €jécted
above the mirtor insulation and out into the:¢ontainment.building.”

The correct volume of 1 cubic inch of boric acid-was also cited in Section 2.7.1,-page:

2-13, which referred fo Section 10 for-its basis: .
“It is possible thatan incipient sub-surface wastage cavity formation hiad
.already begun: by I2RFO above the-crack:at CRDM Nozzle 3.....Any
boric-acid. deposits from: this:small leak would. have been.cor respondmgly
small,.no_more than. 1 cubic inch, similar:to those. found-at Oconee-1 in
November 2000.™
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2.0 Statements concerning'the: detectablllty of the Ieak at CRDM
Nozzle 3-at 12RFO :

‘Various statements-are made in the: Ex_p,onent Report-concerning tl1e de,tqctabili-’ty of three
conditions resulting from the leak at CRDM Nozzle 3 at 12RFO-in April/May 2000:

- Themaximum volume of boric:acid accumuldtion around the nozzle resulting. from.
the leakage.priot to 12RFO;

—- The incipient sub-surface wastagé cavity;

~ Théarinulus-enlargement at Nozzle 3 atthe top'sirface of the RPV head.

‘The mast complete:description of the Exponent’s:conclusions concerning the-
detectability ‘of these three conditions at [2RFO in Aprli/May 2000 is cortained-in
Section 10.2.1 at pages 10-8and 10:0:

‘e The maximum boric acid accumulation due to this small leak rate.in
the last four months of the fuel cycle from December 1999.to:April
2000 would have been rio more'than 1-cubic inch (0.05 lb) even
assuming.all of'the leaking boric acid collected on the RPV'head and
was not: CJected above the mirror insulation:and out into the:
containment building..

° Thc mmutc amount of borlc dCld would havc bccn totally ochmed by
vthe RPV head one-of wluch was: the CRDM Noz7le 3 ﬂangc
Corriplete cleaning of the: boric.acid accumulation from the RPV head
at this time: would also have removed the.very small amouit of boric
acid that. ‘originated from the:CRDM nozzle crack.

‘A miinor and insignificant sub-surface wastage volume at Nozzle 3. is
likely presentat this time, but.due to.the much lower leak rate, this
would have been much smaller ini axial and radial penetration, annular
gap,.and total wastage extent.than that found at Nozzle 2 at 13RFO.
This-size of wastage cavity would:-not have. been detectable by any
visual or:available NDE technique:

o Annulus enlargement at the RPV-head surface may have been present,
but this would also hkely have been much less than-that observed at
Nozzle 2 at [3RFO’in.2002. ‘Annulus enlargement, if present, would
not have:been detcctable with ¢ through sthe-mouse-hole” video,

GH11729,000:A0T0.0607-DB08



inspection tcchmqucs even if: the RPV head had been: complctely
cleaned of bor;c acid at 12 RI“O

The basis for- Exponent s conclus:on that there ' was*likely present™a “minor.and
insignificant sub- surface wastage volume-at Nozzle-3” at 12RFO was Exponent’s
estimate.of the leak rate from the Nozzle 3 crack at that time: The estimated leak rate
was only 0:0004 gpm, about 1/25M of the. estimated leak rate at Nozzle 2-at' 13RFOin
2002, where-a small'sub-surface ‘wastage cavity was: found. This conclusion isfurther -
supported by the very minor'annulus’enlargement and no sub-surface cavity found at
Nozzle 1 at 13RFO, where-the. maximum axial crack length above the weld was’
comparabie to. 1hat 4t CRDM Nozzlc 3 at 12RFOin Apnl/May 2000.

The basis for Exponent’s conclusion regardmg the detectablhty of a minor.and
insignificant sub-surface Wast'lg,c volume;or:sub-surface annulus enlargement. at CRDM'
Nozzle 3:at 12RFO, even if one existed, was Exponent’s underatandmgs of the: C'lpablhty_
of NDE mspect:on methods.in 2002 to ﬁnd such-small, wastage volumcs

The conclusion mg,ardmg the detectability of possnble annulus enlargement the'RPV head
- surface at 12RFO was based on Exponent’s review of the video recordsat: 13RFO. ‘That
video ciearly showed, the difficulties FENOC faced in finding minor annulus enlargément
at CRDM Nozzle 2 in 2002, even after cuttmg an access hole through the insulation; and
even with full knowledge that a: small sub—surface cavity was actually presem at Nozzle 2

~at-that time.

With rcspect to the. detectablhty of the:small’ borlc acid: accumu!atlon al IZRFO Section
7.3.6'at page 7-27 of the Exponent:Repott. added an’ addttlonal observatlon

“The. dcposmon of beric acid deposits on ‘the RPV head from flange. leaks’
1mmedmlely above the wastage cavity would have obscur ed the dxscovuy
of any boric acid deposits resulting from a‘small leak from the-annulus
around Nozzle 3 due to.cracks in the. Ailoy 600 CRDM nozzle. A
complete cleaning-of the RPV head followed by :an entire ¢ycle of reactor:
operations with no additional:xCRDM’ ﬂange leakage would be: requlred to
identify any boric acid deposits resultiiig, from CRDM nozzle: leakage.”

Additional statemc,nts regarding the detectability of thesethree conditionsappear m

Section | at- page 15, Section 2.7 at pages 2-13, 2- 14, and Section 10 at page]O -2. These
statements, while not as- complctc as those. cited-above, ‘express'the same conclusnons

CH11729.000 AOT0:0607 DBOB8



3.0 Leak rate from the weld crack and leak rate vs. axial crack
length above the'weld.

Exponent’s work and conclusions with regard’ to the leak rate from the CRDM Nozzle 3.
weld crack, and the dependence of the leak rate from the axial cracks.on crack:length

- abovg the CRDM nozzle weld-are summarized in Section 9.4-and Appendix D of the
Exponent Report.

That work showed that the attribution.of the total leak rate.of up to 0.1'5.gpm in.the Root
Cause Repoit. solely to.the 1.2: inch axial crack-at CRDM Nozzle 3'in anure 21 of'the
FENOC Root Cause Report was. incorrect.

Exponent’s work showed that the leak.rate from a crack-of this length was only around
0.02 gpin; and that itis impossible for al.2 inch long axial PWSCC crack in a CRDM
nozzle to leak at the 0.15 gpm rate that the Root Cause Report concluded it did. Thus,
the conclusions.of the Root:Cause Report first, that an axial crack and leak of this,
magriitude cxisted at CRDM Nozzle 3 for a long period of time; and second, that this was
‘the cause of most of the boric acid accumulation on the RPV head from 1996 on, are not
consistent with our calculations.

At the time the Root Cause Report was finalized in. August 2002, the existence of the
weld crack at Nozzle 3 was not known, and only. the existence of the axial nozzle crack
was considered in the Root Cause Report. Expohent: concluded:that the leak rate. from
the large weld-crack found.in the CRDM Nozzle 3 weld accounted for the approximately
0.14 gpm increase in unidentified leak-rate:evident;in the October/November 200, time
period.

Exponent’s CFD analyses described in Section'9 of the: Exponerit Report show’that fora
leak rate of around-0.17 gpm, considerable moisture is:carried up; through-the growing.
wastage cavity to the upperisurface 6f the RPV head. -Based on ‘thie-therrmal hydraulic
conditions and the NRC/ANL work-on-boric acid.corresion, Exponent concluded that.
rapid “top down” cotrosion of the RPV. stéel began in October/November 2001 as the
weld.crack uncovered; and that significant ‘enlargement of the upper region of the cavity
occurred in a few months.

Based on this; Exponeit futther.coricluded that had a leak rate of the magnitude of around
0.1 to 0.15. .gpm existed from the Nozzle 3 cracks for the period of time that the Root.
Causc Report concluded it-did — at. least 4 years: from 1998-2002, then the: enlargement of
the: wastage. cavity.by-boric acid cofrosion processes, continuously fed by maoisture-from
the. leak; would have: contmued and would have likely been:limited only by: thc extent of
the boric-acid deposit.in:the SE quadrant Therefoie;.based on:the corresion rates for the-
conditions-at the: upper head surface due to boric acid-corrosion processes, cayity
enlargement.would have-occurred to:a much gréater extent than that observed for the'
final cavity, perhaps as much as an- order of" magmtudc greater, if the jeakage began in
1998.

CH11729.000 AOT0:0607 DBOS



4.0 Exponent’s consideration of plant operational data

Throughout Exponent’s-comprehensive and detailed failure analysis.of the Davis-Besse
RPV head wastdge.event, Exporient fully consideredall of the-available planitoperational
‘data, as well as the review and analysis-of that same.data contained in the EENOC Root
Cause Report.

[t-is important‘to note that Exponent-made no a. priori “assumptions” about. any ofithe
plant operational experience:data. Rather, Exponent first established a: specxﬁc timeling
of crack growth and leakage for the long axial-crack at CRDM Nozzle 3, then-examined
the plant operational data to determine if*it was consistent with that timeline, and if"it was
not, that it could be accounted for-by other plant events. The: relevant plant operational
data:considered by Exponent are: discussed in detail in-Attachment. A, which has
previously been-forwarded:to FENOC:

CH11729:000 AOT0 0607 DBO8



| ".5.0 Initial Nozzle 3 Leakage and Iron Oxide Dep.o$its

Exponem completed detailed computanonal analyses-of the, evolution. of the; XmdI nozzle
«crack in'Nozzl€ 3 of the Davis-Besse reactorpressure: vessel (RPV) ‘héad using the:
measured crack growth rate data published by Argonne National Laboratories (ANL).

- These crack growth rate data were derived from direct méasurements completed on metal .

‘specimens extracted from Nozzle 3- following removal from the damaged RPV. head. The
‘analyses completed by Exponent provided the crack: length estimates cited inthe
- Exponent Report (pages 8-18, 10-7, 10-9).

~ Date ’ Crack Location/Length ‘
Mid:1999 | CRDM Nozzle 3 crack reached top of J-groove weld
~ Apri‘I/Méy‘ZO'OO (12RFO)Y  Crack was 0.5 inches vabovezjfgfoove'ive‘ld '

‘October 2001 Crack was 1.1 inches above J-groove weld

Fo[lowmg the developmenit: of this crack gr owth timeline, Exponent: reviewed Davis- -

Besse plant.operational data to; determine if all observations agreed with the. proncm
‘timeline. ‘One of the most significant of these: plant observations was the: ‘appearance of
‘iron oxide: deposxts in radiation'monitor filtersin May 1999, The Root:Cause’ Report
‘noted that 83 radiation monitor filter changés dccurred over the cotirse of a:2:to 3 month
| tnne span The. Exponent report considered thls information-and. noted. (page 7-20),

“Therefore, the particulate detector does not:provide.a good mcasure 0( possible,
long-term CRDM nozzle. leakage However, the potential for pluggmg the 0'3:
‘micrometer filter paper-can:be a.strong mdlcatxon ofthe. begmnmg of RPV head
wastage due to the energeuc process-associated with RCS lealngc as shown in’
Chapter 9 of this report : : '

‘The extrenu.ly low-leak rates associated with the initial flow of fluid through very: shert

. cracks in‘thick-walled nozzles-at hlgh ‘temperatures: and internal pressures.dictate that-the: .

' mmai lcakage from lhe CRDM Nozzle 3 cxack aftef 1t reachcd the top of the J- gloovc
Jet (,umng) cutcd in the Exporient Report. However this cxtremefy Iow !cak rate would
result in conditions' where:the leaking fluid would ﬂash to steam (either within'the. '
CRDM hozzle crack or within the annulus bétween the nozzle and the RPV head)-and
‘would begm ‘the corrosion (albeit sllght) of'the aHoy steel RPV head material. Basic
thermodynamlc analyses showed that'the phase ¢hange associated with foimation of the
steam: from.the’ Ieakmg high=pressure.reactor-coolant provided the mechanism-for the
alloy steel.corrosion products. (1r0n oxide) to be: transported up the annulis; above the:
mirror insulation and be swept into-containment by the ventilation system for the
CRDMs.

CH11729.000-:A0T0:0607'DB08 -



Although this leakage and corrosion mechanisms represented the: initiation of:material
removal from the RPV liead,.it-did not mean that significant’subsuiface: wastage had
begun. Asnoted in the Exponent report (page 10-7), the-leak rate. for the 0.5-inch-long,
axial crack in Nozzle 3 at 12RFO was éstimated to be approximately 0.0004-gpin (210
gal/year) While this leak rate caused corrosion within the-annular gap.at Nozzle 3 and
the deposition of fine-iron.oxide particulates' thxoughout containiient, the:flow raté was.
too-small to produce: the-energetic: processes-that: began:the formation-of subsurface
wastage cavityids described in.detailinthe Exponem Report (S(.ctlons 9 and 10):

CH1729.000 ADT0:0607 DBGS



6.0 11’0.R|1=0, 11RFO and '1:.2RFO; Flange, Leakage Summary

The Root Cause Report conclusion that an axial crack.in Nozzle 3 began leaking.in the
1994 to 1996 timie frame was derived:frorn among other things, a humber of plant
observations. Some of these observations 1ncluded,

L Assumptlon that the RPV head'was clean after 9RFO (1994)

2. Observation of an expandmg area.of coverage ‘of boric acidat TORFO'
(1996), I'1RFO (1998):and 12RFO(2000)
3. Assertion that no: SIgmﬁcant CRDM ﬂan;,e leaks oceurr ed inCycles 10
and 1T
4. Assertion that Nozzle 31 ﬂange !eaks ‘would not have resulted in-extensive:

deposits:found at 12RFO: (2000)

Exponent considered all x()‘f’tﬁe“s'e"aS‘Sumptions‘/obser.vat»ion‘s/assértio,ns-and coricluded that
the Nozzle 3 crack did.not-begin leaking until mid-cycle 12 in 1999. The information
identified by Exponent to.supportthis ¢onclusion is provided below.

6.1 RPV Head Was Clean After 9RFO(1994)

The Root Cause Report noted (page 31) that for 8RTFO (’.1,9'931
“Based on the results of head-inspection; the RPV head and flange was cleaned
with dejonized water, The effectiveness of the cleaning could not be verified in
that the RPV héad had. a!ready been'returned to'the RPV. A cledning

L,ffectweness Ainspection: was: rccommendcd ds-a follow-up activity for the. m,xt
outage:”

~ However, at the next outage'in 1994.(9RFO) the Root Cause Report.i’(’page-?» 1)also noted
that
“In ]994 (9RFO) the CRDM flanges were mspccted however,; no records have

been identified-indicating a- vrsual xnspectlon of'the RPV head was.completed.”

Since the: effectlveness of the RPV head cleaning: during 8FRO was not verified and since
no visual’ ‘inspection: of the RPV liead was: complcted during 9RFO itisimpossible to
conclude: that the RPV head was _clean, foliowmg 9RFO.

Further evidence of the. lack of complete- clcanmg in 1993 is. provnded by:outer row
CRDM Nozzle 67. ThlS nozzle had a leaking flange in 1991 but was ot repairedat: that
time. It wasstill leakmg in 1993 when it-was:finally repaired and when the head. cleanmg,
operation was. perfermed In ]996 the Root. Cause Report hotes (Att 2 page. 142)

“Video'tape of CRDM nozzle mspwtxon shows several’ patches of boric
-acid accumulatlon on the RV: head ‘CRDM nozzle 67 shows rust or-brown
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stained boron at'the bottom of the nozzle at the head The head area in. the
vicinity also. has rust or-brown-stained boron accuinulation.”

v 'Exponent concluded from the plant records that-boric:acid was left on the head after the
8RFO:- cleanmg in 1993, .not just in the center reglon around Nozzles -5 as’ tound 1111996
-and shownin the Root’ Cause Figure 20, but also at luast in the outer. regxon near Nozzle
67.

6.2 Expanding Area of Boric Acid’ Coverage W|th No Significant: CRDM
Flange Leakage

~‘(F1gure 20) from IORFO (1 996) through ]3RFO (2002) Smce the Root Cause Report
also-concluded that “therc were no SIgmﬁcant gasket leaks prior to.11 RFO,"” this
‘expansion‘in boric acid coverage was cotisidered to-be evidence of CRDM nozzle
leakage. Exponent concluded that the:plant evidence does not support this conclusion,
Hence; Exponent disagreed with this conclus:on of the Root Cause Report.

As. noted in the bxponent Report (Table 7.1), PCAQ 96 0580, and MWO 1-95-0613- 03
for 10 RFO-

“Two comporients:of the CRDM on:nézzle 48 were found in.an unexpected
‘material condition. This' CRDM was disassembled to.perform life extension.
‘Gaskets to-fiozzles 62,3,16,61,17,36,12,19 were replaced under MWO 1-95-0613-
03. The purpose of the. MWO was to inspect for leakage and replace the gasket.
withi‘a new material. No 10RFO PCAQs were found to document. any leakage for
this outage. PCAQ 98-0649 indicates "The only. flanges rebuilt in 1ORFO were
those without the:new gasket material, Only one l‘lang,c exhibited signs of leakage
during:this-outageand it was already.: scheduled for repalr "It is not cv1dunt which
flange was:leaking.”

Since one leaking flange at an unknown location was notéd at I0RFO and one of those
flanges that.was “repaired” was'the flange-on ‘Nozzle 3, Exponent concludes: that. ﬂangc
leal\agye resulted in the increase in bOl‘lC acid coverage .on the:RPV head-during: Cycle lO

There was oné documented flange leakage during Cycle I l as: noled in Table 7. l of the:
Exponent Report and in PCAQ98-0649. The leaking. ﬂrmge was located on Nozzle 31.
The repair of Nozzle 31 was deferred to 12RFO“die to the fact that the leak-was of such’
little magnitude:™ It should’ be noted.that even.a leak of “little magnitude™ can:deposit a
significant amount of boric acid over the course of an-entite fuel cycle. Exponent
completed calculatlons to evaluate the:amount of boric:acid contained in the volume of
water for various leak rates over the course of an entire reactor fuel cycle: mcludmg the
effécts-of the variation.in boric acid concentratioty in the reactor coolant systeni:during.

. thereycle, These calculations showed that even a leak of “little magnitude” onthe order

of 0.001 gpm, which is three orders of magmiuc_le below the Tech Spec: limit: for
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unidentified leak-rate (I gpm), results. in:the deposition of about 40:pounds of boric.acid,
Exponent concludes‘that ﬂange leakage: of even “little.hagnitude” resulted in the increase.
in boric acid.coverage on'the RP'V head during Cycle 11.

During Cycle 12; the Root €ause Report-and theExponent Report.note:that significant
CRDM flange leakage occurred at Flanges 31 and 11. Table 7.1 in the‘Exponent Report
noted

“Nozzle: 1 had indications of pitting-and was used in the "as found" condition.
Nozzle 31 was found to have extensive pitting and was consequently machined.”

A total of 5 flanges were repaired-during 12RFQ, including the flange on Nozzle 3.

Since all 5 flanges including’ ﬂanges 3, 11 and 31. are located dircctly within'the region of
expanding boric acid coverage: of the RPV' head; Exponent concludesthat flange leakage
contributed to-the increase in bonc acid coverage-on-the RPV head during Cycle.12

6.3  Limited Flange Leakage from Nozzle 31 in Cycle 12

The:Nozzle 31 flange was known-to-have been leaking formore that one-entire fuel cyule
(“little magnitude” at 1 IRFO.and*‘found to have extensive - plt‘um, and was.consequently
machined™at 12RFO). ‘Since the unidentified leak rate-at the end.of Cyele 12 was noted
to be‘about 0.16 gpm and 0:08 gpm at the: begmnmg of Cycle 12 (Reot:Cause: Report;
Flgure 26, page.l 13) and since the Nozzle 31 flange was:the only identified (and
repa:rcd) feaking ﬂangc at 12RFO, Exponent-concludes that'a majority: of'the'change i in
unidentified leakage from the end. of‘Cycle 1210 the beginning of Cycle 13-can be
attributed to the repair of this flange leak. This. prowdcs an estimate of the leak rate due.
to Nozzle 31 during. Cycle 12. Following the same methodology cited above and
assummg that only 50% of the unidentified leakage change:(0.04 gpm) was due to the
repair of the Nozzle 31 flange, the leak from Nozzle 31 alone would deposit over 1,600
pounds-of boric:acid.on the:RPV head duung Cycle 12. Exponeit concluded that: this
would haveiresulted in extensive deposits on the vessel head at 12RFO.

- Based on the results provided above, Exponerit concludes that ﬂange leakaﬁe and ot
‘nozzle cracks that caused-the expansion of boric acid coverage:on.the RPV head during,
Cycles 10, 11, and 12. '

Ini addition; the botic acid found on the:RPV head at 12RFO in 2000 was .notéd'in the
Root Cause Reportto be “solid rock hard deposits” (Root Cause Report-Att.2 page 147).
Expenent.concluded. that this: deéscription 'was consistent with:a phase change to metaboric
acid, with: subsequent.melting at RPV head operatlng temperature and solidification
during; shutdown: Since molten:metaboric:acid will “flow’>on.the RPV head, E; xponent
concluded that part-of the: expanding; footprint:stiown ifi‘Root Cause Report Figure 20
was-a-result of this phcnomcnon Since no estimates.of the. volume: of the boric acid
deposits.on the RPV head ‘were ever made prior o 13RFO in2000; it is not possible.from
the-available data to- equatean expdndmg deposit: footprmt to-an expandmg, volume of
deposits.
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Response to NRC 5/14/07 DFI Letter Request B

The DFL requests “‘adetailed discussion of the differences in-assumptions, analyses,
conclusions, and other rélated information of the Exponent Report.and previous technical
and programmatic root. cause reports, develbpedjbl]owing the 2002 Davis-Besse reactor

pressure vessel head-degiradation event,”

The August 2002 FENOC Root Cause Report states that “based on the visual inspections
of the DB:RPV hcad_,«.,‘con_tainment;air,acoe*l,er.::cvl'eaning:f_requengy,,’inte,rvie,ws, etc., a
reasonable time frame for'the appearance-of leakagé on the RPV head‘WaS)approx'imately
1994-1996.” ‘With respect-to-the crack initiation and growth of the long axial crack:at
CRDM Nozzle 3, the Root Cause Repoit concluded that the. PWSCC crack at Nozzle 3
initiated in 1990 (+/- 3 years), and grew to through wall at-a-rate of approximately 4
mm/year (0.16 inch/year) to above the-weld in this: 1994 to 1996 time‘per;iod (Root Cause
Report, Section 3:2.1, page 18).

At this same crackigrowth rate,(CGR), the crack would-then have reached the:observed:
point 1.23 inches-above-the weld by 13RFO‘in February 2002. The CGR assumed in the
RootCause Report was ’ri"dted_torbe “consistent with industry-data” (Root Cause Report:
Section’3.2.4, page 26) and.“‘a reasonable-approximation ioffhe more detailed type.of
calculations performed by the B& WOG safety assessment” (Root Cause Report Section
3.2.1, page 18). ‘ |

Based on-a “review of the sequence of relevaint events” including evidence of boric-acid
accumulation:on the head and other visual evidence, such-as discoloration.of the boric
acid-deposits, and increasing accumuldtion on'the RPV flange, the Root Cause Report
further.concluded that the “corrosion rate began to increase significaritly starting at aboit
April-May LIRFO (1998).and acted for a four-year period of time.” This implied an
average corrosion rate of-about 2.0 'inc\lies‘/’ycar, Wift':li»~'ai'maximuni:coﬁ‘bﬁ ion-rate néar the:

end of Cycle 13 :0f about 4.0 inches/year (Root Cause Report page 24).

Thus the Root Cause Report based.its timeline for the Wa_sft;,lge-izcaxi»i,'ty development.on'the
assumption that plant indi¢ations of boriciacid leakage notonly marked the beginning of
leakage from a through wall crack-at CRDM Nozzle 3 just.reaching the top of the weld in
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‘the 1994-1996 time, period, but also marked'the onset.of a-significant increase-in
corrosion tate around 1998.. This titmeline fitted the:track growth:developmient assumed
by the Root Cause.Report based on industry accepted CGRs.

In conftast, the Exponent Report madé no-a priori.assumptions about any of the plant
operational experience data. Rather, the Exponent Report first established the specific
timelitie for crack-growth for the long axial ¢crack-at CRDM Nozzle 3, which was
measured by ‘UT to be 1.23 inches above the-weld in February 2002 (Exponent Repoit
Section:8).. The timeline for the development of theiwastage cavity was then based ona
fundamental analysis of leakage through the-axial crack, leakage through the weld crack
(discussed below), a state-of-the-art CFD-analysis to determine the:thermal hydraulic
conditions in‘the developing.cavity,.and the identification of potential metal removal

mechanisms based on these conditions (Exponent Report Sections 9 and 10).

With this timeline as a basis, the Exponent-approach was then to examine the p”i*ant
opt;ratio_ne\_l data-to determine if it was consistent with. the timeline, and if it was not, that
it-could be accounted for by other plant events. Exponent evaluated plant operational
data that included boric acid deposits onithe RPV head, unidentified leakage rate for the
reactor coolant system, radiation monitor data, containmerit air cooler cleaning rates, and
the chemical analyses of boric acid-and iron deposits removed from the RPV head. None
of the.plant operational data available to Exponent for analysis were ignored.oromitted.
In addition, Exponent reviewed RPV. head inspection video and CRDM flange inspection
‘video from SRFO (1993) to 13RFO (2002), with the éxception of 9RFO (1994) for which
no RPV head inspection video was taken.

The Exp’oneﬁt Report relied upon new data, not known at the time the FENOC Root
Cause Report was finalized in August 2002, that was either developed by or made
availablé to the NRC subsequent to that.time: The most:significant of the new data.was
the'metallurgical examination of the Davis-Besse‘GRDM Nozzle 3 nozzle; weld-and
c’:av,ity"? the NRC/ANL ‘c-,rac‘k,_growth measurements on the. Davis-Besse Nozzle 3 Alloy
600 CRDM,-lnaié_r_’iz(l‘zj and the:NRC/ANL-data on the: ¢orrosion of-low alloy. steels i

' “Final Report: Emmmauon of the Rcacxor Vessel (RV) Head. De-nad'mon at’ D'wns~Bc,sse‘,” Repoit No.
1140-025< 0’7 24, BWXT Scrv1ces Inc., June 2003; lransm:tted to the. NRC:by FENOGC letter ‘Serial No.
2968 dated: /\ug,usl I3, 2003 (ADAMS Accessmn Nos ML03731004S ML:03231:0058, ML032510060).

2 B. Alexandreanu et al., “Crack Growth Rites iniaPWR Environmeiit ofiNickel Alloys ftom the Daviss
CH11729.000°:A0T0.0507 DT07 '
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_molten:metaboric-acid®, - The NRC was-already -aware of all of this information, which,
‘with the exception- of the metallurgtcal feport.on'the nozzle, weld and: cavity, was. also

;‘publlcly ava1lablu as conference proceedmgs OF: publlshcd reports.

The speciﬁcr-tﬂimel"inc_deve’lqped‘for thc‘axlal crack growth at Nozzle 3 was based on
detailed stress and fracture mechianics analyses which are describéd in detail in‘the
Exponent Report in Section 8 and Appendices A:and,B. The Exponent stress analysis

_produced rc_slllts similar to'an NRC '_éponsorc‘dfswess; analysis that was published-in 2005,
and the: Exponent fracture mechanics analysis:was.based on the specific crack growth.
rates for the Nozzle 3 Alloy 600 material that were experimentally determined-under the-
NRE sponsored program at ANL (referred to above): that-was published in2006..

As pointed out in'the Exponent Report(Section 8:5.2), the longaxial crack atDavis-
Besse CDRM Nozzle 3 which precipitated the chain of events that eveniually led to the
‘wastage cavity was unique in‘the worldwide history:of CRDM nozzle cracks. This crack
was measured by UT in 2002 to be .23 inches above the weld, much longer above: the

‘weld than any: CRDM axial crack plewously reported atany plant worldwide:

Wh\ilé“the Root Céu:se Report could niot and did not dffér any-‘eﬁplanati‘on“ for this, the

' reason'was concluswely established by the NRC/ANL work: reportcd in'2006 (referred to
_above). Thatwork showed that the specific Davis-Besse CRDM Nozzle 3 Alloy 600
Heat-M3935 material exhibited CGRs that were at the 95“ percentile of the EPRI

' mdustry data base, around three to four times:that previcusly used in mdustry safely
-assessments and assumed in the Root: Cause Report

,Basc:d on'this CGR ‘data-and the detailed 's,t",rcss,f_zln d fracture mec hanics analyses, the.
Exponent Report shows that this crack did not réach the:top of the weld until mid-1999,
in contrast to.the Root Cause Report which, using a much slower CGR, placed this key

Besse:and V. C Summer Power Plants;,” NUREG/CR¥ 692! U.S. Nuclear Regulatory Commlsswn,
November 2006 {manuscript complcted in November 2005),

! “Bonc Acid Corrosion of. Light ‘Water Rmctor Pressure Vessel Materlals” Argonne National’ Laboratory; .
NRC/ ANL report. NUREG/CR 6875, ANL 04/08, July: 2005 (m'musc,npt complutcd in May ’?004)

“'D:Rudland étal., “Analysis.of Weld: Remdual Stresses and Circumferential Through -Wall ‘Crack:
K=solutions for- CRDM Nozzles," Proceedings of the Conferénce.on' Yessel:-Perietration Inspection, €. rack
Growth and Repair; NUREG/CP-0191, U.S. Nuglear chulatory Commlss:on Septcmbcr 2005;
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‘event around ',1‘.994-]5‘2996.-

At 12RFO in 2000, the Exponent-Report.shows that:this crack was only around 0.5
inches-above the weld ai_l‘d‘wasﬁ‘l'géklﬁgi at only a minuscule rate (0.0004 gpm). At the
very low leakage rate that existed:in'the few-months leacllngeup to 12RFO in 2000 and the
low end-of-cycle boron coneentration in the RCS; the Exponent Répoit further COnéluded
that less than.l cubic inch (0.05 Ibs) of boric acid aceurnulation would {~l1jave;been~pl‘esent
- (Exponeént Répp_rt'.S_ection, 10). (}i_v;;:fn: the very low leak rate, the Exponent Report
“concluded that there could have been minimal wastage-cavity and no observébléannulus
enlargement at CRDM Nozzle 3 at I2RFQ, in. contrabt 1o the conclusions reached in the
~ FENOC Root Cause Report.

By mid-cycle l5’3"’in Aprll.—MayQOO..l—,» the Exponent-Report shows that the leak rate from
the crack at CRDM Nozzle 3 had reached around 0.01 gpm, equivalent to the total
leakage:fromi all leaking cracks combined.at CRDM Nozzle 2 in February 2002. Since
this level of leakage at Nozzle 2 had caused only:a minor-amount of wastage aiid-annulus,
enlar‘gcmént, the:Exponent Report concluded.thata similar minor wastage situation:like l?y .
existed at CRDM Nozzle 3 in April-May 2001, and therefore that virtually all.of the. '
~ cavity formation occurréd: subsequent to that point in‘time (Exporient Report Section 10).
This i is in contrast to the Root Cause chort which placed the: onset of qmmﬁc'mt

© Gorrosion three years. ealller in1998. '

The NRE sponsored corrosion test | program:at ANL reported in2005 (referred to: above)
‘prov1ded new data that showed that wetted: molten. metaboric acid could result inhigh.
corrosion rates of low: alloy sleel and hypothésized that such: condmons may-: havu;been
present:in:the developmg wastage cavity at Davis- Besse CRDM Nozzle 3. The -
Compiitational Fluid Dynamic (CFD) ana]yses described in Sectlon 9 of the Exponent -
Report showed that thermal. hydraullc condmons developed i in the latter half of Cycle 13 7
(al‘tel April-May 2001):such'that m“olteh”'lﬁetéboriti acid-would form on the hot metal
surfaces of the developing cavity, and that the increasing leak rate-from the growing.axial
A crack at:CRDM:Nozzle:3 would result in mmsture penetratmg into the-bottomiofithe
cavnt)‘_f,-.s These:are the very:conditions identified-in the NRC/ANL work that.caused

. ateelerated corrosion of RPV low alloy steel by:ré-wetted rriolten metaboric acid.

Even priorto the completion it 2005. of the NRC/ANL experimental programs on CGRs
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in the specific DB CRDM Nozzle 3:Alioy 600 material and.corrosion rates in molten
‘metaboric acid reférred to-above, tﬁ"é NRCitself had already récognized the inherent
limitations of the analy31s and timeline presented in the. FENOC RCR. Tr'its; cv*tluatlon
NRR, noted that:’ ' '

“The Root Cause Report does fiot enicompassall possibilities, partially becatise:
much of the data necessary to support alternate hypotheses simiply. does not exist.
'Wastage,_of»lbw alloy steel in-molten boric acid species, or in-concentrated,
aqueous solutions is ot well-described or quantified in the literature, and
especially not under the. tcmpcratu:e flow or stirring rates, and coneentration: of
species’ that may have: been present on the Davis: Besse head. The elecu ochemnml
potentlals ofithe: dlloys and-aqueous solutions mvolved are not known. Crack-
“initiation times may havg. been‘-shor_t_,‘ and:the-stress-cotrosion crack;growtllzrate
for the Alloy 182 in the J-groove weld diid the Alloy 600'in the CRDM riozzles
may have been atypically high, due perhaps-to the thermo-mechanical processing
of these: materials. [n.short, the‘degrce‘ of uncertainty and-the number of .
unknowns régarding the progression of events that led to'the development of the

cavity at Davis-Besse limits the ablhty to- quahfy the techmcal rooi cause-report
beyond* plau51b!e ‘at this'time.”

A further critical biece‘»of’-evidencerthat- was not available at the time of the Root Cause

' Report was the June:2003 detailed reportof the metalurgical exammatlon of the matefial
~ removed from around Davis-Besse CRDM Nozzle 3(referred to above). This
examination identified.a very wideand long.weldjcrack runining radially across:the weld
atthe 10° location, in line with the wastage cavity ‘(E}{p011ent Report Sections:4.and 10).

The‘crac’k’_»growthfanal);(fsiss"pr’es'entéd in the Exponent ch,oirt- (Section 8,5.1,.page 8-19,
-and Appendix B) showed that, due‘to the.very, ‘h’ighéstrésﬁ's__es in‘the Weld region; a-crack
‘oriig_inating;’atrlhe bottom-ofthe weld on the nozzle OD w,oLi‘]’dfg;groxv{morc;.rapi'dlyi?i'n the
Alloy 182 J-groove weld than in the. Alloy 600 nozzle wall. The Exponent Report further
concluded that, by'the time:the J:grooveweld crackidentified by the metallurgical -
examination was.uncovered by the downward giowing wastage cavity in ‘Ojcto_b';r}
November 2001, the crack-had-grown through the weld to.a point close to'the ﬁng‘l

>“Davis- Besse Nuclear Power Statlon Degradation:of Reactor Pressure Vcsscl Head Techiiical Sequcncc
of Events, Docket No: 50- 3467, Office of Nuclear Reaétor chllldllOn -Séction-3.06f Attachment. I to.NRC;
lme!,rated fnspection Report:50:346/03- ()4 ‘vlay 9:2003.
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‘observed size in February 2002... )

The an'alyysis-fdkes’c‘ribedyi’nut'he’ Exponent Report (Section:9.4 and Appendix D) established
‘that thiS‘«wel‘df.crack, once fully uncovered, would'leak at a 'raté-,thait_‘ §y,as».ébb_tits‘-'é‘_ifglit«f'tiine's‘f
greater than the pre-eXis’tin_g’lieakrate‘ﬁ_'t)m the'nozzle crack. No:other plant had ever
c\_x_pe_rien_ced the combination of circumstances that led to'the high leak rate thatrésulted
from thc,yn‘cQVerin_g; of this weidi‘crack‘atuNozzl'q’3.

Né’it‘h‘cr‘the"ékis‘t’énce? of the Wéld:?’crack n(f)ri;'th‘és'l'arge leakage,_tlwough it:-were known at the:
~ time:the Root-Cause’chorf was finalized. However, given the existénce of the weld
crack, clearly at sore‘point in.the evolution of theswastage cavity.at CRDM Nozzle 3, the:
YRPV head steel above this weld crack was 1emovcd and.the weld crack began to: leak at
.an mcreasmg rate.. Funher given the Exponent Reporl conclusion (noted: above) that
there was only a minor cavity and annulus enlargeiment at Nozzle 3 in April-May 2001,
‘the uncovery of the weld 'cfreick-ancvl'fth‘eslx’bStan“t'iv:ilﬂ inctease in leak rate that resulted had

to have occurred subsequent to-this pointin time.

- The Exponent Report c‘onclueéi"r.(s_ect'i(’)n_' 10:2:2) that the time:at which this occurred 'wasﬁ
' fih-OCtb"‘pl:-ef’ November 2001, ‘whe plant opérational data, principally the:unidentified leak
rate and iodine/moble g gas radiation: readmgs indicate thata significant increase in 1éak
rate into: contammem occutred. The Exponent Report further concluded that the' laroe
increase in leak rate then resulted in accclerated mietal removal in'the cavity by’ hlg,h
velocity mechanical erosion, accelerated corrosion due to»molten metaboric acid in the:
‘presence of increased. m@lsture flow assisted:corrosion. Also at this time, rapid “top.
down” corrosion began due (o moistire penetrating to-the top of thie cavity underthé pre-
:ex:stmg accumulation-of boric acid, which:was:molten metaboric acid-at'the prevailing
tempgr'z‘l,_t’u_rc,gf theupper RPV head surface: ' |

Itis rélevant to-note. that lthﬁ:»NRC‘it’_s‘élf had recognizéd-in'a Decemiber 6, 2002
attachment® to the *“Preliminary: Si gnificance Assessment” forwarded to. FENOC by the:
NRCﬂon February 235, ,’Z»,()OB'7 that'the FENOC Root Cause Report conclusions with respect.

= “*Responseto. Request for: Technical ‘Assistance - Risk-Assessment.of D'wu.-B(,sse ‘ReactorHead
. Degradation. (TIA 2002- OI)" Davns—Bcssc SFRP Attachmcnt 2, December 6 2002, Attachmént.A dt: pdg,cs
. 8 9. :
7; “Davis-Besse’ Control Rod Driveé Mechanisny Pénétration: Cracking and. Reactor Préssure Vessel Head
CH11729.000:A0T0 0507 DT07 |
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1o the tlme period: over which’the wastage cavity at. CRDM N077le 3 devetoped ‘may have
‘been incorrect. '

Af ter cmng the: FENOC root-cause report conclusmn that the wastdge cavxty at CRDM
Nozzle3 grew atan average rate:of.2 inches/year over the 4-year period of the last two: |
operating'cycles, with a:maximum corrosion-rate near the end of about 4.0 inches/year,
the NRCassesqment goes on to discuss the EPRI repotted tests of aqueous and:molten -
‘boricacid corrosion, ‘the various ccht'ai'nment“indicatoi‘é of boric acid leakage, and the
physical shape of the wastagc cavity. Based on these data the NRC. assessment then
notes that:

“Therefore, it seems prudent to: C;on‘sidmf:t;h(;i ‘possibi‘lf{y that the last stages
of cavity.growth on the Davis-Besse RPV head may have expetienced
corrosion rates on the.order of 7-inches/year. Atthat rate, the football-
shaped portion of the: cavity could have:. begun deve]opmg it latter halt
of the last operating cycle and reached its'observed size by. Pebruary 2002
‘when the cavity was discovered.” ‘

- This is precisely the.conclusion reached in.the Exponent Report.

chr‘xdqtlon Prehmmary Significance . Assessment/(Report No.: 50- 346/"009-08(DRS))” ‘February 25, ”003
fetter from J.E. Dyer, NRC R%lonal Administrator Rcsponsc (o Lew- Myers Chlcf Opcr'ltmg, Offxcu"
FENOC :
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The DFI uiso requests that FEN: oC s response. ‘-‘qddne&s; am’mjg;of('her matlers you
believe wdi'fdmed,gdg’ﬁéi:ehces between the. opér"’(étz’b’nal~<‘ex.1'_1ér’z"ence--‘data, such as the .
origin and presencevfboric-acid deposits and corrosion products o air coolérs, |
rc}dialibn. filters, the reactor vessel head, and-other components inthe ~co_nt’qiziﬁie)gt,nj‘c:ijgf

the Exponent Report assumplions for.these items.”

*“The most importarit point to note in this response.is to.repeat that the Exponent Report
made no.a priori “assumptions” ‘about any of-the plant operational experience data.
‘Rather, the Exponent Report first established-a specific timeline of crack: ‘growth: 'ind
lcakagc,‘:'for-.tl1e: long;axnal crack at CRDMNozzle 3. The Exponentapproach was then'to,
‘examine the plant operational data to detérmine-if it was C'onvs'i,stg:’n't"xy,ith-,flie--,timél-in‘e; ‘and
if it was 1iot, that it could be accounted f"t}r’ by other plant events. The relevant.,plaxit

. operational data considered by Exponent are disc';ils‘sed beld\v.,

Boric-Acid Deposits on the RPV Head

Both'the Root Cause Repoit (Section 3:3:3yand-the: Exponent Report (Section 7.3)
discuss in detail the boric acid deposits on the RPV head-from leaks.at CRDM flanges at
refuelmg outages prior 0 1996 throughto 2002, and refcrence 1s made. lo the two reports.
for these.detailed discussions.

The Root Cause_Repbrt notes that boric acid.deposit_s.«wqré observed. ﬂowing'fﬁ.o,m;thc o
RPV head service stricture mouse holes down the outside surface of the reactor vessel ..
head to the RPV flange area at both 1 lRI*O in 1998-and 12RFO-in 2000: The-Root -
Cause Report further notes that the bonc ac!d was:a reddxsh rusty color”, indicative of
corrosion of the RPV head. A photov-(of the deposits at 12RTFO is included in:both the
Root Cause Report and the Exponent Report (attachéd here as Figure 1), |

“The:Root Causé ’chdi’t"abpar‘ently interprets these “red” ¢olored boric acid deposits as
being indicative of iron oxide from RPV head corrosion due to leakage from CRDM
nozzle-cracks at Nozzle 3. Howevel, Exponent: concluded that the unqualified: ,
assumption: that the “reddish rusty color” of the-deposits. shown in‘the 12RFQ pholo was
‘the.rgsg]t ofcorrosxoxx due to boric acid’ leakagg,irom a CRDM! nozzle crack’is
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Apnl_Ma){, therawas;no sngmf cant leakage and‘no extensive: boncsagld .dQ{?.QS!tS

resulting from the axial crack at CDRM Nozzle 3.prior to 12RFO. Therefore, the “red”
colored botic acid shown-in.the 12RFO. photo‘;cqu!d not have comé‘ffom tijis :angk,,}z‘ind»
neither could the “red” colored boric-acid reported:at 1 IRFO in 1998, when the E-_xp'onent
‘CGR .‘a‘na‘lysis‘ showcd that the crack-at Nozzle 3 had not even-reached the-top-of the-weld.

:Secénd,,““red*’ boric acid deposits were noted onnumerous-occasions during the
‘inspection of the RPV head at Davis-Besse. CRDM flange leaks resulting: 3 in boric acid,
deposits onthe RPV hcad were identified by vndco mspecl;on during 8RFO (1993),
T0RFO (1996), 11RFO: (1998) 12RFO (2000) and 13RFO (2002). ‘Some of tliese bonc
acid deposits were “white” i appearance; while some appeared “red” (Exponent Report
Sections.7.3.1 0 7.317) | '

The “red” appearance was first noted during 8RFO (Exponent Report Section 7:3.1,
Figure.7.10; Root Cause Report Section 3.3.3, Figure 31), well before even:the Root
Cause Report concluded that CRDM axial crack leakage had begun; aiid $o the “red”™
color at 8RFO'was hkely the result of RPV head:steel corrosron dueto existing boric acrd |
t.deposnls from CRDM ﬂange leaks-above the head. F ollowmg areportedly complete
cleariing’ Qf borlc.amd deposns fiom the head.. at OREQ i in1994, “red” boric-acid deposits o
‘were again noted-at I0RFO, 12RFO.and 13RFO. There was only otie' CRDM flange-leak
(Nozzle #31) noted: durmg 1 IRFO, ‘and'repair of this flange leak-was deferred to IZRFO ‘
‘during which the: Nozz!e 31 flange: leak and; fom othe: leakmg flanges:-were repalred '

Aﬁer@r{*ﬁ in -1_'994‘, difﬁcmjty-w_a;s;efxpet;enced at 10RFO, TTRFOand 12111?0 o
completely, (j:]_e‘ahin_g‘l)‘O'r'iC”aci""ci?’d:'epo's‘ité from:the 'R:PV*vliea‘d;espe’&:ia-ll'.l‘y near the center -
nozzles where:the clearance between the: RPV head and the insulation was small; Thus |
throughout this time period, botic acid deposits were continually pt‘ese‘htﬁdzi the Davis-

" Besse: RPV head. Any boric acid deposits remaining-onthe RPV head at the completion
of an.outage would become molten when heated'to: 'r‘eaétbr:operat’ing;t‘emperature@ahd .
‘would flow slowly down the head and out-of the:'mouse holes.during normal operatio,
thereby résulting in the deposits observed at 12RFO shown in the Figure | photo:

There is no question that-the “red” d’t’:,]"_;’c‘is’;itS’frééulted*’fro‘mth’é. incorporation-of irom
“corrosion products into‘the boric-acid. The likely cause of this:at Davis-Besse prior to-
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Cycle 13 was due to corrosion -of thie RPV-héad underéxisting and new boric acid

deposits from CRDM flange. leakage.

Several instances-of boric-acid corrosion.of the RPV head steel. under-deposits resulting
from leakage from:above:the head: are‘describedin the Exponént.Report (Section:6. ] 2);
riotably at Beznau-1 in 1970; and at Turkey Point:4 and"Salem-2.in 1987. At the EPRI
Boric Acid Workshop that was held in 2002 after the Davis-Besse-event, pliotosof the
1987 Salem-2 event were presented showing the. “rust colored” pile of boric acid that
resulted from a canopy seal weld leak ‘a‘bO‘.vc:'t'h‘e RPV head (attached-as Fi:g}ur’ﬁé§?'2«,- 3)
The “pile” of boric acid was estimated to be 900'to 1200 Ibs, similar to that found at
Davis-Besse in'2002, but the uider-deposit-head corrosion was restricted to nine
corrosion: “pits™ on.the RPV head, which were | inchto 3:nches:in diameter with a
maximum depth of 0.4-inches. Clearly; even miner RPV head corrosion undét boric acid

déposits can resultin‘the “red” or “rusty” appearance of the boric acid deposits.

The:“red” deposits noted on the‘uriderside of CRDM nozzle flange #3 during 12RFO and
13RFO (Root Causé Report Section 3.3.3 and Figure 38) most likely resulted from the
~ gjection of RPV head corrosion/erosion products within the; annular gap. The deposits

were characterized as consisting of mostly iron borate.

The Exponent Report showed (Sections 8 ,an_d,ﬁ,,];,(l)iﬁ.)' that the CRDM nozzle crack reached
the-fop'of the J-groove'weld during the latter part.of Cyele 12 (May 1 999):and :grew'»to\;a.
length of about 0.5 inches above the J-gioove weld by 12RFO (May 2000). Although'the
estimated leak rate at this time -was small (O:OOO‘P;ép’r’ﬁ); the velocity of the fluid exiting
‘the nozzle crack within the annulus was:calculated by CFD:modeling,(Section 9):to be

" very high (&2,0@0'&]80@); Thi’s‘ve}odit;y-;wé_s sufficient to result in. mechanical removal of
the RPV low alloy steel !1'ea'd?:1néitc‘r?i‘al and.ﬂiejejé(:tri‘oh of this material out ofithe annulus

along the axis.of the nozzle.- This material‘was likely carried-abové the mirror insulation

The Root Cause Repoit estimated that:approximately 900-Ibs of boric acid'had
accumulated on:the RPY head by-the end of Cycle 13.(Root Cause’ Réport sectioh 3.2.2 -
page21. Based on thecalculated Jedk-rates from the nozzle:and weld cracks at CRDM
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Nozzie 3-and the Cycle 13 l‘joro'n; coneentrations, Exponent calculated the integrated boric
ac:ddlschargc over Cycle. 13 at approximately 450 to 550 Ibs, ,wi_th'.arbund'so%of thrs |
‘omiing from the weld crack in the last:three to four. months.of Cycle:13-and-50% coming.

 from the:axial crack-which leaked throughout Cycle 13. This quantity is:less than the

estintated 209 1bs-on the' RPV head at 13RFO, and-suggestsithat 350 to 450 Ibs:of boric
‘acid was not removed:by the 12REO cleaningefforts,

i

Unidentified Leakc.Ra‘te-

Both the:Root Cause: Rfeport (Section 3:2:2): and'the Exponent Report (Section 7.2. 3)
‘considered.the: umdentzﬁed Jeak rate data:from 1994 through 2002.. The Root:Cause.

Report nated that aﬁett the pressurizersafety valve leakage problem was cofrected in

April 1999 durmg the{mld cyclc outage, the unidentified leak rate remained in the 0.15 10

0.25 gpm range, somg of this'being attributable to CRDM flange leakage and some 10

CRDM rigzzle cracks The Root Cause Report i urther noted that latesin: Cycle 13 there

was:an. increase:of Q. 0 t0:0.15.gpmin udidentified’ leak ratc starting in.October 2001,
and thit it was possitle: that this-was “related to changing conditions at; the crack in

Nozzle 3. ‘Howevel, there was.no discussion in the Root Cause Report of what'these:
“changing conditions’ mlght be, or how: they could cause.such-a: mm ked increase in

unidentified leak rate

‘ln the Exponent. Report, the: unidentified leak. raté was used only t0 estimate: the ‘upper
botind” of ‘approXimitély 0.17-gpm that could be attributed to-att CRDM feaks at the end
of Cycle 13 (Sections 7 and 9). Tt is recognized that there are many’ ‘possible sources that
cduld’c‘c)n‘tribute‘ to uiidentified leakage; however neither the Exponent Report:nor the

Root Cause Report: andertook-a comptehenswe evaluation of plant récords to-establish

‘what ¢ther: Corntributars'to” umdent!ﬁcd leakage: i conlam ientmight -have: existed-over J
time. _ ‘
| \

The crack leak rate:a alysis described i in Section 9'and. ‘Appendix. D-of the Exponent j

Report resulted in-a tal feak rate'of 0.03 gpm from all leaking CRDM cr acks towards . |

the-end of Cyck 13 a February 2002, The: analysis further showcd that 0,14 gpm was -
entirely consistent wih a fundamental analysis: of the leak rate throughithe weld.cr ack f ‘
given its dlmensmns Since'the maximum CRDM crack leak rate:at the end of” Cycle 13 /' \

51-1-1:1:7-29;;0,00..A0T0:0511DTD” ;
13-



was limited to the 0.17 gpm established 'by,th‘ez.uﬁidéntiﬁéd leak rate, the crack leak rate

analysis and the measured unidentified leak rate are in agreement.

Itis clear that the large weld crack-at CRDM Nozzle:3 was not leaking significantly as
long as R'P‘V "hé'a‘d s{eel existed ‘aBOVe it; ‘but it‘is éq’ua’lly‘ c’!car‘that-‘at the'e’n“d beycle 13
major ,cqngglbgtp; ‘tpvl_eakz;gc_. mto the. g_rowmg wastage..cawty at-.CRDM Nozzle&.: The
average trend line- plots-of unidentified leak rate:discussed in both; the Exponént Re'p'ort
{Section 7.2.1) and the Root Cause Report: (Sectlon 3.2, 2). establish that the: only pomt in
time where this could have happened was:in.the October-November 200] time' frame

Radiation Monitors

Both.the Root Cause Report (Section 3.3.5) and the Exponent Report (Section 7.2.2)
discussed the-noble gas-and iodine radiation monitor readings inside containment in the
October-Novcmbel 2001 time. frame Both repoxts recognize the limitations of these "
momtors for: tdentnfymg and quantlfymg low level leakage from CRDM rniozzle cracks,
and the fact that the readings can not'bé-used to:discriminate betwecn leakage fi rom

nozzle'cracks: and leakage from other ‘souirces.

However, as-discussed:above, the ihcrcaset in leak rate:of -about 0,14 gpm that the
Exponent Report concluded resulted from the unéovci_fing_“offthe weld crack was:based on.
a fﬂndirm‘e‘ntal}a‘nalysi's of l‘ez‘\'kage‘athrougli cracks. of the observed dimensions. Also, an
increase in unidentified leak rate consistent with this calculated weld crack leak tate
decurred in the October-November timeframe., '

Likewise, an incréase in the re‘aain'gs f'r’(‘jm"th’eh”(’il")"l"e*"g,as; and i"O"dine*’radi'ationf'm’onit(f)fs‘
occurred i in this:same: October-Novcmber timeframe. Thus-both the leakage timéline and
the point.in time: of weld.crack.uncover mg calculated as a result of the analyses plescmcd ,
in the Exponent Report (Section 7:2.2) are entirely consistent w;th the: in-plant
measurement of unidetitified leakage and the radiation monitor readings.

The filter elemenits ‘in‘*th‘e‘fad'iéitibr‘iim’oni‘tdr'si were sub‘je‘ct to plugging by boric acid'in'the
containment atmosphere when.reactor coolant system leakage occurred and dispersed
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‘boric acid into the'containment building, and this was particularly the:case when the
- pressurizer safety valves were:leaking in early 1999. Following: the mid-\cycle:butageato
replace these valves, filter plugging continued, but the boric acid deposits on the filters
were now “brown” in color. Samples were analyzed'and the discolotation'was found to
be predoninantly due to iron oxide, indicative of steel.corrosion:somewhere in

.containment.

Since the crack at CRDM Nozzle 3 had.reached the top of the-weld by mid-1999-and a
‘slow 'metal removal process had begun, it is possible:that-some.of the'iron oxideson the
radiation monitor-filters originated from-head wastage and/or metal removal by: the leak

flow. ‘However, other:sources of iron.oxide in containment.cannot be ruled-out:

Containment Air Cooler Cleaning.

The containment ai’f coolers are subject to fouling by, beric acid-entrained. in the
¢containmeritatmosphére wheigver.an RCS leak exists; and both. the Root Cause Report
(Section 3.3.4) and the Exponent Report (Seetion: 7.3.6)discuss this. The containment.air
COQlér‘s"\'ver.e;éleanéd 17 times between November 19987and April 1999 due:to'the
pres’suﬁzer safety valve l'ca:l<age, button‘l-yat‘,w_i'c‘e»imxnéjd?iat;:‘ly after the safety valves were
repaired during the mid-cycle 12 outage (Root Cause Repoit Attachment 2, pages. 1 44-
146). '

After 12RFO in April-May 2000, containment air cooler fouling by boric.acid was again
-evident, with four'cleanings being required between Juiie.and December 2000, aid four
mote in January through May 2001 (Root Cause Report:Attachment 2,.pages 148-149),.
Since there were:no known CRDM flange leaks left un-repaired and none were found at:
-1'?3:‘R5F;O_3, the containment. air c_ooile‘r'fburl'inﬁgbwas likely:at least in part the result ofthe
increasing léak rate from the CRDM nozzle cracks.

After May 2001, no further containment air cooler cleanings were réquired. The Root
Cause Report speculates that, despite the increasing leak rate; this. was due some-change
in the in the morphology-ofthe nozzle crack leak. The Root Cause Repoit (Section 3.3.4)
'f‘m'therzp’r'o'v:i'dés a ﬁufﬁbcr‘o’f' scenarios .By' ‘which the containment air'cooler fouling:

ceased:
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. “For-example, if the corrosion cavity-at CRDM nozzle 3 enlarged
_substantially during the lasthalf of the fuel cycle (affecting exit-velocity).
or the boric acid cap.contained the leakage differently, the nature and |
-amount of particulate matter'might have changed. Lérgpr ‘pfart-icvles might.
settlerand not 'be subject to ingestion by‘the CACs. (The later-theory has
:some aniecdotal support based oti:observations that the boric acid dust on
‘horizontal CTMT surfaces-was more granular in T3RFO, as opposed to
fine pb’W’déf5'i'nnéa'rliér"buta'g;es);”c T’hes’e‘obﬁ"e‘i‘vzitiOns%suppé‘rtf«‘th‘c chang‘e.jn
annular flow-characteristics'that were calculated to have occurred in the
May 2001 timeframe in «gh,e-Exponéﬁt’Kepo’k‘t'(Section 9.6.3). However, as
‘the Root Causc .R.eport also notes; gqn,tzi_inmcm;ziir:coo[‘er foul‘in g by its@;lf B
~ “could not be directly:correlated with CRDM riozzle leakage.”

n'its December 2002 assessinent of the Root Causé Repott (cited previously) the:
- NRC offered a similar explanation for the decrease.in containment air cooler

‘cleaning as the ‘I_‘{‘Ao‘q.t'C_aus'e Report:

“An‘intcresting coincidence is that there was ani abrupt décrease-in the -
necessary rate for CAC cleaning in May-of 2001, suggesting that
something about the leakage path h‘advch'ahg'e"d‘at that time. The change
‘may have been-onlyin the path past{thc insulation that the airborne h
p&ﬁi_qleS followedt‘o reach the containment atmosphere; or it may signify
that the leakage had been directed into the pool in the cavity at'that time,
.starting the formation of the football=shaped portion; The containment
‘radiation monitors showed-continuing increases in the RCS leak rate. unil
about December 2001 '

Likely-not.cdincidentally, the cessation iﬁ-‘bﬁﬁtﬁi?ﬂﬂém air cooler plugging dectifred
_around the time the Exponent Report.(Section I’O‘.2‘.’2)f;conclude_s_-.,thai*downward;gro,win g.
wastage cavity intersected with the upward growing axial nozzlé crack, when the »
irection of the fluid flow in the-annular region near thecrack changed‘from upwards to
more laterally oriented. Tlli's;dirci;t.ion:z{l change in the fluid flow:from the axial nozzle
crack could well have markedly reduced the entrainment and:carry. over of boric acid into
the containment atmosphere.. ' ' |
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Chemical Analysis of Boric Acid and Iron Oxide Deposits

Both the Root Cause Report (Section 3.1.5)-and the Exponent Report, (Appendix E..
Section E.5) discussed: the chemical evaluation of boric acid:and iron oxide deposits.
‘removed from thé RPV head and wastage cavity near Nozzle 3, the results of which are
contained intwo reports (Root-Cause Report References 8.2.14-and 8.2.15). The'Root
Cause Report noted that:

“The samples taken from the reactor head were collected by scooping the:
material with a:long handled tool. Due to the difficulty of collecting the:
field samiples, the probability of €ross contaiination is.fa irly-high-and
.could lead to false orcompromised results.... .,a[twhqugh sample integrity is
not.assured, the sample results.are consistenit with other evidencethat the.
‘material on the reactor head originated primari 'I‘ycfat; nozzle 3, and flowed:
or extruded away fiom that location.” |

One’important conclusion of the analysis reports was that, “the mos‘t«.pr'obab‘i'e»s'ourcc;-;of
theiron is'the carbon steel of the reactor vessel head.”.

The Exponent review of these same:sample-analysis reports (Exponent Report

Appendix E,:Section E.5, References: 1 l.and 12) noted an additional observation that for
these analyses, metallic fragments-that could be readily. isolated from the bulk deposit
samples-were removed from the samples before analysis. Thé-exponént Report
éoncludes that “the mechanical removal of m’ctélli'c.-‘ﬁ’fa'gménts was likely a result-of water
jet cutting orabrasive water jet cutting of the RPV. head dufifig periods of high nozzle
leakage late in Cycle 13

Although the Root Cause Report notes the possibility of “droplet and. particle
impihgement-¢rosion and p‘t)’teht:ia‘l]y*S't’eaxﬁ-'~‘6'utti'n'gf’Ia‘s;«.m"etéi.‘-]"‘»removaI m’echani'sms;(:Root.
Cause Report Section 3.2.4, page 25), there is no discussion of the presence:of metallic

fragments in‘the-samples collected foranalysis.
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Summary

It should be noted in conclusion that the.conventional wisdom prior to.the 2002 Davis-
Besse event was:that'it was-conservative to use indus{ry accepted:CGRs for Alloy 600 in
' ‘saf‘etys_asscs‘sm‘cnt's of CRDM nozzle-cracking; that-any low:level boric acid leakage from
cracks would either rapidly evaporite leaving only-dry boric acid which was’ th‘dughtiv.to‘
be non-corrosive 16 the Tow alloy steel RPYV head, or that potential wastage rates from -
such low level leakage would be low. | |

Coﬁt‘_r;;'ry to this, the Dayi_sze‘ssé event:showed that'a unique:set of unforeseeable factors
comibined to cause the accelerated wastage cavity formation in as little as4'to 5 months.
At'CRDM Nozzle 3, these ,fa'c(‘to’r,s%«\_’%?@ﬁré;

. A very. hlgh CGR at the 95 percentlle of the:industry:data: resultmg in-an
axial crack growmg at three to:four times.the c\(pcctcd ratey

« A very large weld crack thatresulted.in.a: rapxd increase in leak rate as it was;
uncovered i m the Octobcr—November 2001 time period;.

+ Previously undefined accelerated-corrosion due to-molten metaboric acid in
the présence of moisture.. ‘

None of these factors were known at the time the FENOC Root Cause. Report was
completed in: August 2002. ‘ ‘
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Figure, 1. Boﬁic'acid.and :_vi‘r_o'n:oxidg:d‘epojsits,on‘Dayi_s-:Bes;se reactor pressure vessel
flange at.12RFO: [Root Cause Report — Figure 4, page 91 and Exponent:
Report, Section 4 Figure 4.1, page4-23] | |
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Figuré‘Z. Boric acid and iron oxide deposits on'Salem Unit 2 reactor pressure vessel

head-(August: 1987). Reactor coolant: system. ]cakage was due to:canopy
seal. weld leakage. [EPR[ Boric Acid Corrosmn Workshop, 2002 (MRP-

M) | | ‘
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Figure 3.
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Boric acid and iron oxide deposits on"Salem Unit 2 féactor"‘prés;‘_suré,"v
head (August 1987).. [EPR] Boric Acid Corrosion Workshep, 2002

(MRP-77)]




